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FOREWORD

The Fifteenth Combustion Research Meeting, hosted this year by the Chemistry Department,
Brookhaven National Laboratory, is being held from June 2 through June 4, 1993. As in the past,
the purpose of this meeting is to foster colla:,_ration, cooperation, and exchange of current research
ideas among those grantees and contractors of the DOE Office of Basic Energy Sciences (BES)
whose research is related to the understanding of combustion processes. This meeting affords a
singular opportunity for the scientific community most directly involved with the chemistry and
dynamics underlying combustion processes to contribute to the direction of the DOE basic research
efforts related to combustion.

The BES program is not a combustion program. Rather, it is a basic research program with the
long term objective of providing knowledge and concepts needed by scientists and engineers to
model and optimize the performance of combustion-based devices to meet national goals of energy
efficiency and environmental protection. The research efforts comprising this program cover a
broad range of activities including:

Chemical Reaction Theory

Provision of accurate potential energy surfaces and calculation of dynamics on these
surfaces to serve as a basis for developing and testing semi-empirical models for predicting,
with proven accuracy and reliability, the effects of temperature and pressure on gas phase
chemical reaction rates.

Development of efficient, accurate methods for calculating potential energy surfaces and for
performing dynamics calculations.

Provision of potential energy surfaces and reactive and elastic scattering cross sections for
prototypical systems.

Experimental Dynamics and Spectroscopy

Determination of the angular dependence of reaction cross sections as functions of collision
energy and internal energy of prototypical reactants and products.

Characterization of molecular dissociation processes as functions of internal energy.

Development of molecular beam and spectroscopic techniques for providing such data.

Thermodynamics of Combustion Intermediates

Provision of bond dissociation energies of stable molecules and free radicals

Development of methods for measuring these quantities and assessing their accuracies.

Determination of the structure and relevant energy states of combustion intermediates.

Chemical Kinetics

Provision of reaction rates and branching ratios of reactions important in combustion,
preferably at temperatures and pressures characteristic of combustion environments.

Development and demonstration of new methods for determining chemical reaction rates.

Provision and assessment of critical data for assessing the predictive accuracy of theories
and models for the temperature and pressure dependence of combustion reaction rates.
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Reaction Mechanisms

Identification of critical paths in combustion systems through study and analysis of
reaction subsystems such as pyrolysis and/or oxidation of classes of compounds.

Development of methods for analyzing reaction mechanisms.

Estimation of constituent reaction rates where these are not available by more dire_:t
means.

Identification of key chemical reactions in combustion processes.

Combustion Diagnostics

Development and evaluation of techniques for species identification and for measuring
species concentrations in flames and combustion devices.

Provision of reference data and models for the calibration of combustion diagnostic
methods.

Development and evaluation of techniques for measuring temperatures and velocities in
combustion devices.

Fluid Dynamics and Chemically Reacting Flows

Development and application of methods for characterizing species concentrations in flames
as functions of time and position, and for characterizing turbulence structure in flames.

Development of theories and computational techniques for characterizing turbulence in
flames.

Development of theories and computational methods for treating fluid dynamics and
chemistry on comparable time scales.

This meeting brings together scientists who might not otherwise have occasion to communicate
directly with each other. To this end, time that might have otherwise been assigned to additional
presentations has been set aside for participants to discuss and plan work of mutual interest. To
this end also, the extended abstracts are made available at the start of the meeting and serve in
place of poster sessions. If the meeting accomplishes its objectives, its success will be due in large
measure to the conscientious efforts of ali the participants to engage in candid discussions of each
other's work, to seek assistance from others with appropriate expertise, and to offer assistance to
those encountering problems in the pursuit of their research.

This book of abstracts contains, in addition to the extended abstracts of all projects related to
combustion and supported by the DOE Office of Basic Energy Sciences, the agenda for the meeting
and the list of invitees. The abstracts, including those corresponding to this year's formal
presentations, are in alphabetical order according to principal investigator or, if more than one, by
the name of the first author on the abstract.

Special thanks are due to Ralph E. Weston and Nancy Sautkulis of the Department of Chemistry,
Brookhaven National Laboratory, for the organization of this year's meeting.

William H. Kirchhoff
Fundamental Interactions Branch
Division of Chemical Sciences

Office of Basic Energy Sciences
U.S. Department of Energy
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Analysis of Turbulent Reacting Flows
W. T. Ashurst, P. K. Barr & J. M. Card

Combustion Research Facility
Sandia National Laboratories

Livermore, California 94551-0969

Program Objective

Numerical simulations that treat one aspect of combustion in great detail, while treat-

ing other features more crudely, have been developed irt order to highlight various aspects
of combustion. This allows the full computer power to be devoted to simulating a single

feature in each model, and simulates that feature weil, rather than poorly representing ali

features. As an example, direct simulations of constant density Navier-Stokes turbulence
have been used to determine premixed flame geometry. This recent work has shown that

the most probable flame shape is that of a cylinder, caused by the tube-like shape of the

most intense vorticity, and so this result implies that detailed flame-vortex interactions,
which include chemistry and heat release, may be dorte irt two-dimensional configurations.

Currently, a four-step reduced chemical kinetic scheme is being used to estimate the effect of

flame shape upon temperature and quenching behavior irt a two-dimensional flame-vortex
model.

Flame Propagation in Three-Dimensional Turbulence

Constant-density premixed flame propagation irt three-dimensional Navier-Stokes tur-
bulence has been simulated, x An advantage of this constant energy turbulence simulation is

that the statistics of flame propagation are gathered in a statistically steady turbulent flow.
A zero-thickness flame model with specified flame speed Sz has been used. A continuous

scalar G evolves according to

aG

--_+ u.VG --Sr_lVGl

and becausetheflameisa passivescalar,thecontinuousscalarG contributesstatistical

informationon flamepropagationateachnumericalgridpointwithinthecomputational

domain. Thus, a small system of only 643 grid points yields results comparable to larger

•systems in which a flame with finite thickness occupies only a small fraction of the total
volume.

Comparison of flame curvature with experimental information, obtained in grid turbu-

lence with the premixed flame stabilized near a wall, show that computed and measured

curvature distributions agree, where each distribution is reduced by its own variance. 2 Fur-

ther comparisons of flame curvature as a function of flame location within the turbulent

flame zone are being done: Preliminary results indicate that the mean positive curvature

(convex with respect to unburnt gas) does not vary with location, while the mean negative
curvature increases with increasing distance from the front of the flame zone. Additional
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features of the flame geometry will be examined in order to amend models of turbment

premixed flame zones.

Front Propagation Through Strong Turbulence

Direct simulations of turbulence have revealed the intense vorticity to be tube-like,

with au apparent length of six diameters. The local swirling flow around the tube axis has

several effects on flame propagation: 1) it produces the cylindrical flame shape described

above; and 2) it enhances the flame advancement through the flow. The overall propagation

rate is defined as the turbulent flame speed ST, and its dependence upon the turbulent

velocity flucations u t and the laminar flame speed SL is required for engineering design
purposes.

Simulations with the passive flame model in three- and two-dimensional flows have

shown that flame propagation may be considered to have two components: 1) flame ad-

vancement within a swirling eddy; and 2) flame propagation between eddies. To simplify

the concept, consider that the flow between eddies does not, on average, enhance the flame

front propagation rate above the value of SL. And, consider that within an eddy the flame

front moves at speed u I + SL. This structure of a flow composed of swirling eddies which
are intermittently located in space yields an upper limit on the effective turbulent flame

speed ST. This limit occurs because only within an eddy does the flame front move at a

speed larger than SL, and so th_ time duration required for the flame moving at SL to

encounter the next eddy becomes the rate-limiting step as the turbulence becomes more
intense, u t > > SL.

From the passive flame simulations described above we obtain the result that STSL =
(1 + u_/SL)/(a + lme/SL) where the coefficients a and b represent the eddy diameter and
the spacing between eddies with values of a _ 1 and b < a. This functional form exhibits

a square-root behavior for STSL when u t < SL, and appears to agree with some data

correlations of turbulent flame speed. 1 Another interesting possibility is when the space

between the eddies is actually occupied by eddies of a much smaller size, which might

occur when the turbulence becomes stronger. If a new set of eddies at the smaller length

scale did exist, then the _,bove model could be repeated upon itself as a recursion relation.

This recursion model is not completely formulated at this time, but simple conjectures

lead to the overall behavior of ST depending upon the levels of eddies within the flow and

the swirling magnitude at each level. As a spectulation, such eddy-level concepts could

explain the mixing transitions noted in experimental results by Dimotakis. 3

Flame- Vortez Interaction

Previous simulations 4 of a vortex interacting with a diffusive flame sheet indicated the

formation of a flame tongue with the possibility that the highest temperature occurs at
the flame tip. Note, this diffusive flame structure does not have the propagation effect

described above for the premixed flame, and because of the lack of a propagation mech-
anism, the diffusive flame zone is trapped in the neighborhood of the vortex. From the
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three-dimensional turbulence simulations we infer that these intense vortex tubes have a

long lifetime due to an extensional strain rate along the tube axis. This axial strain can

maintain a constant vortical diameter, as in the Burgers' vortex solution where vorticity

has a Gaussian radial distribution. The trapped diffusion flame lies outside the vortical

region and the flame tip is formed at the radius corresponding to the maximum swirling

velocity. The tip feature is a balance of the swirling convection and the diffusion of fuel and

oxidizer. Simple model estimates 5 indicate that under most gaseous combustion condi_,ions

the flame tongue will not wrap completely around the vortex.

This work has been extended 8 to include a two-step reduced chemical-kinetic mecha-

nism for a methane-air flame. An analytical treatment has been done by assuming that

the flame tongue has a parabolic shape, and so the tip curvature and magnitude of diffu-

sion at the tip are free parameters in this study. As before, the peak temperature occurs

at the flame tip, suggesting that pollutant formation may be different at the tip. If the

formation is greatly different than that created in the planar counterflow configuration,

which is commonly used to represent a turbulent flamelet, then inclusion of flame tips in
models of turbulent flow could be required. Numerical simulations that include more steps

in a reduced kinetic model, and additionally include multi-component diffusion, have been
initiated.

Future Research

Simulations of premixed flame propagation in three-dimensional turbulence will be

done with inclusion of volume expansion due to chemical reaction. Considering the cur-
rent agreement between experiment and simulations without heat release, then volume

expansion effects upon the burnt gas vorticity may not be that important to the flame

front dynamics. This apparent sucess of the constant density work could be related to

the flame propagation, that is the flame moves into the unbumt vortical structure and
leaves the burnt gas flow structure behind. Furthermore, the density ratio across the flame

reduces the effect of the burnt gas vorticity upon the flame (motions in the dense gas

will dominate those in the light gas). However, the burnt gas vorticity structures will be
important for slow reactions behind the flame zone, such as the formation of water and

carbon dioxide, in that these vortical structures will affect the mixing of post-flame gases.

The current turbulence simulations of premixed flame propagation, without heat re-
lease, provide strain rate conditions for further study of flame structure. It may be im-

portant that _,hemost highly strained flames are in a swirling shear flow. In this swirling

flow around a vortex tube, the strain rate along the tube axis is less than the strain rate
created by the shear. 7 If the shear is close to cylindrical symmetry, then there may be no

shear effect upon the flame structure. However, if the flame structure is not a stable one

in this shearing motion, then the actual flame structure may exhibit transitions to other
forms and, hence, create other pathways for pollutant formation. Another implication of

the current work is that while it is appealing to use reduced chemical-kinetic schemes in



multi-dimensional flow problems, it is not certain that these reduced schemes will have the

same dynamical behavior as more detailed chemical-kinetic models. Again, the current

turbulence simulations can provide transient information for consideration by researchers
interested in the detailed kinetic models of flame structure. Confirmation of the conditions

under which the detailed kinetics may be replaced by reduced schemes is vital for reacting
flow simulations.
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The Energetics and Dynamics of Free Radicals, Ions, and Clusters

Tomas Baer
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University of North Carolina
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PROGRAM SCOPE
The structure and energetics of free radicals, ions, and clusters are investigated by

photoelectron photoion coincidence (PEPICO) and analyzed with ab initio molecular orbital
methods and statistical theory RRKM calculations. The aim of the research is the collection
of accurate structural and energetic data for free radicals, ions, and clusters. Equally
important is the advancement of our fundamental understanding of ionization and
dissociation processes. Among these is the effect of autoionization on the ion states
produced by photoionization. The application of molecular orbital ab initio calculations is
of central importance not only for the structuralstudies, but also because these calculations
provide vibrational frequencies for the RRKM calculations. As a result, it is possible to
carryout these rate calculations with only one adjustable parameter, namely the activation
energy.

In the PEPICO experiment, molecules are prepared in a molecular beam so that
their internal as well as translational energies are cooled to near 0 K. The coincidence
condition between energy analyzed electrons and their corresponding ions insures that the
ions are energy selected. The primary experimental information includes ionization and
fragment ion appearance energies, and the ion time of flight (TOF) distributions. The latter
are obtained by .using the energy selected electron as a start signal and the ion as the stop
signal. These types of experiments allow us to measure the ion dissociation rates in the 104
to 107sec"trange. Such ions are commonly referred to as metastable ions. In addition, the
TOF peak widths are related to the release of translational energy in the ion dissociation ..
process.

SUMMARY OF MAJOR RESULTS
Perhaps the most important advance during the past year has been in the field of

cluster photoionization. We have developed an experimental method for differentiating
similar mass cluster ions produced by the reactions:

(AS). + hu--> (AB). + e"

(Ab),+= + hu--> (AB),++ (AB)m + e" (2)

This method is based on the kinetic energy of the ions measured by TOF. The release of
kinetic energy is an essential part of ali dissociation reactions. Because the initial velocity
of the molecular beam in the direction of the ion extraction is extremely small, the parent
time of flight (TOF) is exceedingly small. Thus any dissociation reaction, with its
concomitant release of energy results in a much broader ion TOF peak. As little as 10 mev
of translational energy can be measured by this approach.

Although it is now generally recognized that neutral clusters often dissociate upon
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ionization,few studies have obtainedunequivocalproof of this. Furthermore,the large
electronenergyin the electronimpact ionizationhas been generallyblamedforthis cluster
ion instability. Our resultsshow thatmanyclusterions are unstable even whenproduced
with photoionizationat the very lowest photon energies possible, lt is worth noting that
when the cluster ions are produced by resonance enhanced multiphoton ionization
(REMI'I),this problemis considerablyless prominentbecause in thistwo stepprocess,the
intermediate state can relax and provide more favorable Franck-Condonfactors for
producingthe clusterion.

The studyof acetyleneclustershasshownthatneutraldimersand trimerscannot be
ionized directly. All C4H4. and C6H6. signalcomes fromdissociativeionizationof trimers
and tetramers,respectively. Froma statisticaltheoryanalysisof the kineticenergyrelease,
it is possible to extractthe final ion internalenergy. This analysisdemonstratesthat the
C4H4. and C6H6+ ions are producedwith 2 and 4 eV of vibrationalenergy respectively.
This indicatesmassiverearrangementof the clusterion structureupon ionization. In fact,
the C4H4. and C6H6. ion structuresare completelydifferentfromthe neutraldimer and
trimerstructures. They are so different,that it makes no sense to speak of an ionization
potential for these clusters. The clusterions are simplyunstable.

Molecular orbitalab initiocalculationssupport the experiment. No stabledimeror
trimerion structurecould be found. Geometryoptimizationalwaysproduceda stable ion
withrealchemicalbondsin a structurethatwas totallydifferentfromthe dimerand trimer
neutrals.

Not ali clusters ionize dissociatively. For instance, the acetone-Ar hetero dimer
producessharpTOFpeakswhichindicatesthat it is stable. On the otherhand,the acetone
dimerformsno stabledimer ions. Instead,we observea broadmonomersignalwell below
the monomerIP. How can this be? We propose the followingmechanism:

(Ac)2 +_ hu --> En. + Ac + e"

where Ac = CH3COCH3 (acetone) and En ffiCH2COHCH3 (enol of acetone). The enol
ion is about 1eV more stable than the acetone ion. The acetone ion evidentlyisomerizes
to the more stable enoi structureas the neutr_dacetone unit leaves.

The TOF peak width method has _ been applied to the study of free radicals.
One of the problemsin a pyrolyticsourceis thata largeassortmentof stablemoleculesand
free radicals are produced. When this mixture is ionized, it is sometimes difficult to
distinguishan ion thatis formed bydirectionizationof its precursor,or if it is a productof
a dissociativeionizationfromsome unknownparent structure. The narrowpeak widthsin
the TOF spectrum are clearsigns that the AB. ion has come fromthe AB neutral.

Finally,a studyof the buteneion dissociationhas shed lighton the role of rotational
energyin such reactions. The buteneionswerepreparedin two ways:a) byphotoionizing
a cold samplein a molecularbeam andb) by photoionizinga warm sample. The rateswith
low J's were measured and analyzedby RRKM calculations, includinga version of the
variationaltransitionstate theory (VTST). The measuredrates forthe warm samplewhich
consisted of a distributionover the vibrationaland rotationalenergies could then be
analyzedwiththe previouslydeterminedcold rates. The suppressionof the H loss channel
versus the much looses CH3 loss channel as the sample is heated is evidence for the
rotationalbarrierin the formerreactionpath.



FUTURg PLANS

We plan to extend the study of cluster photoionization to determine what classes of
clusters can be directly ionized. For instance, one might expect that non-polar, spherical
molecules such as (CH4), clusters might have favorable Franck-Condon factors for
ionization. Similarly, NO dimers are thought to ionize directly, but this has so far not been
confirmed. Accurate ab initio calculations of ammonia dimers [Tachibanaet al J.Phys.Chem.
95 9647 (1991)] including barriers to rearrangement to NH4NH2+ have been reported. From
a knowledge of the neutral and ionic structureswe will be able to calculate Franck-Condon
factors (FCF) for dimer ionization and compare them to the experimental results. Because
of the low FCF's at threshold, the ammonia dimer probably ionizes only dissociatively. On
the other hand, the calculations also indicate that the mixed dimer, NH3-H20, has a high
barrier for rearrangement and formation of either the NH4+ + OH and the NH2 + H3+
products. Thus, direct ionization of this neutral mixed dimer should be possible. In
addition, we will be able to measure the barrier for isomerization followed by dissociation
to H30 + + NH2.

The study of free radicals produced in a pyrolytic cell followed by supersonic
expansion will be continued. Cooling of the free radicals has already been demonstrated
by TOF mass spectrometry. The aim is to prepare t-butyl radicals in well characterized
energy states and to measure the dissociation rate for CH4 loss. The analysis of the
dissociation rates using our calculated vibrational frequencies will provide us with a good
value for the ion heat of formation. This approach avoids the problem often encountered
in ionization potential measurements which rely on good Franck-Condon factors for the 0-0
transition.

Finally, the role of rotations in unimolecular decay will be continued. The
comparison of cold and warm data for reactions with loose and tight transition states can
shed considerable light on this problem. The effect of rotations on the reaction rates is
quite subtle and thus difficult to determine if ali other parameters are not carefully
controlled. The use of ab initio calculations which give vibrational frequencies and
transition state moments of inertia are absolutely essential for the success of this study.
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ENERGY TRANSFER PROPERTIES AND MECHANISMS
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Many chendcal reaction systems are dominated by energy transfer. The
principal motivation for this Iesearch is to characterize energy transfer processes in
highly vibrationallv excited molecules of moderate size, where individual states
cannot be resolved; The over-aU objective of this work is to develop a_.curate and
practical models for describing and predicting energy transfer properties.

In previous work, we have used the infrared fluorescence technique to
investigate energy transfer in azulene, benzene, benzene-d6, toluene, and toluene-
d8o This work, which has used a single emission band (the C-H stretch mc,ies near
3050 cm-1 or the C-D stretch near 2250 cm-1), is capable of estimaCng the ensemble
average excitation energy (the "bulk average energy", <<E(t)>>) as the excited species
are being deactivated by collisions. The average energy in this "collisional energy
cascade" is used to determine <<_E(t)>>, the bulk average energy step size, which is
a function of time and, hence, of the bulk average energy. In ali cases investigated
so far, the results show the same approximately linear energy dependence at low
energy and there is a distinct tendency for <<AE>> to become less dependent on
energy at higher internal energies.

The aim of the these experiments is to determine how the population
distribution evolves du_hng the deactivation process, because this is indicative of the
co'dision step-size distribution (the "Holy Grail" of large molecule energy transfer
studies). In particular, we want to measure not just the mean energy (the first
moment), but the higher moments of the evolving distribution, as weil.

We have now succeeded in carrying out the first o.xperimei:ts measuring the
variance of the energy distribution (second central moment) for t,he benzene and
benzene-d6 systems, where a small fraction of the species are excited and are
deactivated by the bulk of unexcited gas. This is the first time such detailed
information has been obtained over essentially the entire collisional cascade. This
was accomplished by a) the use of the time- and wavelength-resolved infrared
emission spectrum of highly excited benzene and b) two-color IRF measurements of
the fundamental and overtone emissions from the C-H (and C-D) stretch modes.
The data analysis approach we have developed can be easily extended to other
experimental techniques, including time and wavelength resolved ultraviolet
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absorption,as longas suitablecalibrationsexist.Thisapproach resultsinrefined
esRmatesofboth themean energyand thevarianceoftheenergydistribution,and it
issuperiortothe one-colorIRF techniquewe have used previously,becausemore
dataareused intheanalysis.

The resultsare shown in Figure1,which shows the width of the energy
distribution_L_a functionoftheaverageenergyduringthecollisionalcascade.We
have carriedout MasterEquationsimulationsofthesesystemsand have found that
the width of the distributionis much more sensitiveto the assumed stepsize
distributionthan isthe mean energy.Although thesimpleexponentialmodel isa
good approximationtotheover-allbehavior,a bi-exponentialmodel (i.e..including
"supercollisions")isbetter.
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Figure 1. Widths of the time-dependent energy distributions during collisional
cascades (initial excitation near 40,000 cm'l).

We plan to pursue this line of experiments and extend the measurements to
deactivation by weak colliders, such as the rare gases and small molecules (although
the experimental difficulties will increase significantly). We will also investigate
deactivation of toluene and toluene-ds.

In a parallel effort, we have begtm experiments using pump-probe techniques
to measure the final state distributions of species involved in energy transfer
collisions. The initial experiments have utilized REMPI probes of the collider,
following excitation of benzene at 248 nm. We will also investigate fluorescence

' prcl)estodetermi_etheirusefulnessinsuch experiments.
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Turbulence-Chemistry Interactions in Reacting Flows

R. S. Barlow and C. D. Carter
Combustion Research Facihty
Sandia National Laboratories
Livermore, Cal!ifornia 94551

Interactions between turbulence and chemistry in nonpremixed flames are
investigated through multiscalar measurements. Simultaneous point measurements of
major species, NO, OH, temperature, and mixture fraction are obtained by combining
spontaneous Raman scattering, Rayleigh scattering, and laser-induced fluorescence (LIF).
NO and OH fluorescence signals are converted to quantitative concentrations by applying
shot-to-shot corrections for local variations of the Boltzmann fraction and collisional
quenching rate. These measurements of instantaneous thermochemical states in turbulent
flames provide insights into the fundamental nature of turbulence-chemistry interactions.
The measurements also constitute a unique data base for evaluation and refinement of
turbulent combustion models.

Experimental work during the past year has focused on three areas: 1) investigation
of the effects of differential molecular diffusion in turbulent combustion; 2) experiments on
the effects of Halon CF3Br, a fire retardant, on the structure of turbulent flames of CH4
and CO/I-I2/N2; and 3) experiments on NO formation in turbulent hydrogen jet flames.

Differential Diffusion Effects in Turbulent Flames: Recent experimental
and computational work has indicated that the degree of differential diffusion in a reacting
flow can have a significant influence on the structure of the reaction zone and the
relationships among species. In collaboration with the University of California, Berkeley,
we have conducted an experimental investigation of differential diffusion in nonreacting
and reacting flows over a wide range of conditions including laminar opposed flows and
turbulent jets. A mixture of 36% H2 mad 64% CO2 was used to match the density of air,
while providing components in the fuel stream with widely differing molecular weights.
Spontaneous Raman scattering was used to obtain point measurements of major species
concentrations. Results in nortreacting laminar opposed flows are in good agreement with
calculations and show that differential diffusion effects are independent of strain rate for
this geometry. Data from nonreacting jet flows show that, on a conditionally averaged
basis, the effects of differential diffusion disappear quickly as Reynolds number increases.
Measurements in flames show strong effects of differential diffusion at ali Reynolds
numbers (up to 30,000). Current turbulent combustion models either neglect differential
diffusion or assume that the degree of differential diffusion in turbulent flames is the same
as in laminar flames. Experimental results showed that neither of these assumptions is
correct for turbulent flames with intermediate Reynolds numbers.

Effects of CF3Br on Turbulent Flames: We completed an extensive series
of experiments to determine the effects of Halon CF3Br, a fire retardant, on the chemical
structure of flames. The experimental program included: i) measurements of the Raman
spectra (and fluorescence interference spectra) in laminar premixed flames with CF3Br; ii)
additions to the Raman polychromator to include channels for CF3Br, CF20, HBr, and
HF, as well as the existing channels for ali the major species in hydrocarbon flames; and
iii) multiscalar measurements in laminar and turbulent nonpremixed flames. Fuels included
CH4 and CO/H2/N2 mixtures. Experiments covered a wide range of mixing conditions
from laminar flames at low strain to turbulent flames near extinction. The resulting data
base, which includes simultaneous measurements of temperature and thirteen species, will
be useful in understanding the effects of flame retardants and other halogenated compounds
on turbulent flame structure. These data will also serve as a baseline for investigations of
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compounds to replace environmentally undesirable CF3Br. This work was conducted in
collaboration with Prof. A. R. Masri of Sydney University.

NO Formation in Turbulent Hydrogen Jet Flames: The capability to
measure NO concentrations by laser-induced fluorescence was added to the multiscalar
Raman/Rayleigh/LIF system. The NO fluorescence signals are converted to quantitative
concentrations by applying corrections for shot-to-shot variations in the collisional
quenching rate and Boltzmann fraction. These corrections are based on the simultaneous
measurements of major species, OH, and temperature. The signal-to-noise ratio for the
system is greater than 8: I for [NO]=2xl013 cm -3 (4 ppm in a 1550K flame). This new
capability was applied to the study of NO formation in turbulent H2-air jet flames.
Multiscalar measurements were obtained in jet flames of H2 and helium-diluted H2 at
several Reynolds numbers. All cases were chosen to match conditions for which gas-
sampling probe measurements have been reported in the literature. Results in Fig. 1 show
a gradual increase in NO levels with increasing streamwise distance. Figure 1 also shows
that, at a given mixture fraction, the fluctuation in NO concentration decreases relative to
the mean, as streamwise distance increases. This features of the NO measurements can be
attributed to the streamwise evolution of reaction zone structure from thin, strained
flamelets near the nozzle to broad diffuse regions near the flame tip. Favre average and
conditional average results for NO versus mixture fraction are compared in Fig. 2. The
Favre average is a density-weighted average, which yields results analogous to those from
a gas-sampling probe. For the conditional average, data within a narrow interval of
mixture fraction are averaged, independent of radial position in the flame. The present
measurements show that the Favre averaging process causes a significant bias of the [NO]
versus mixture fraction results, such that the peaks of the curves do not align with the
stoichiometric value of the mixture fraction (fstoic = 0.0285). The conditional average NO
results give the correct relationship between NO and mixture fraction and show that the
maximum NO concentrations consistently occur near the stoichiometric condition. This
result resolves a controversy that has existed for ten years regarding the "rich shift"
reported in some sampling-probe studies of NO formation in turbulent flames.

These laser-based measurements constitute a unique data base for evaluation of
predictive models for NO formation in turbulent flames. In collaboration with
computational groups at Berkeley and the University of Sydney, experimental results are
being compared with predictions of two types of combustion models.

Plans: The multiscalar diagnostic system has urrique capabilities to contribute to
an improved understanding of the role of turbulence-chemistry interactions in NO
formation in turbulent flames. This system will be used to investigate NO formation in
nonpremixed turbulent jet flames of methane, CO[H2/N2, and methanol. Collaborations to
compare experimental results with model predictions will continue. In addition to
experiments on attached jet flames, which can be compared directly with predictions of
state-of-the-art turbulent combustion models, we plan to carry out experiments on NO
formation in bluff-body stabilized flames and lifted flames.

Two-photon CO LIF and O-atom LIF will be evaluated as potential single-shot,
quantitative diagnostics in turbulent flames. Raman measurements of CO concentrations in
methane flames are problematic, due to C2 fluorescence interference, and improved
accuracy in CO measurements would be very useful for investigations of turbulence-
chemistry interactions in hydrocarbon flames. Quantitative O-atom LIF could be combined
with the current multiscalar system to achieve instantaneous measurements of NO
concentration and the thermal NO formation rate in turbulent flames.

The Raman/Rayleigh system for measurements of major species and temperature
will be converted to use two Nd:YAG lasers rather than a flashlamp pumped dye laser.
Improved accuracy, reliability, and productivity are expected.
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Figure 1. Scatter plots show a gradual increase in NO levels with increasing streamwise
distance, x. Measurements were obtained in a hydrogen jet flame with a nozzle diameter of
d=3.75 mm and a Reynolds number of 10,000. L is the visible flame length (L-180d).
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gas-sampling probe measurements, can cause a significant bias in the relationship between NO
and mixture fraction for measurements within turbulent flames.
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PROGRAM SCOPE:

Binary van derWaals complexes involving species of interest to combustion re-
searcharepreparedin supersonic free-jet expansions, and theirphotochemicaland photo-
physical propertiesare probed by using IR tunablediode laser (TDL) spectroscopy. In the
first phase, geometries and other molecular propertiesare being determined from vibration-
rotationalspectra.In thesecondphase,thesecomplexeswill beusedasprecursorsto
studyphotoinitiatedreactionsin precursorgeometrylimitedenvironments.Two comple-
mentaryclassesofbinarycomplexesarebeing investigated.Thefirstinvolvesmolecular
oxygenandhydrogencontainingconstituents(e.g.O2-HCN,02-HT, O2-HCI,02-I-_r,
O2-HI and O2-hydrocarbons). These species are interesting candidates for study since
upon photodissociating the hydrideportion, the reaction of H and 02 via the vibrationally
excited HO2t intermediate can conceivably be studied, {e.g. BrH-O2 + hv(193 nra) --+ Br-

H-O2 ---+Br + HO2t -+ Br + OH + O]. High resolution IR spectroscopy of such
complexes have not been obtained previously and the strucua_ information deriving from
IR .spectrais ceminly very useful for better designing and understandingphotoinitiated re-
acaons that occur in these complexes.

The second thrust area is the study of a set of novel species involving oxygen atoms
and smaUmolecules such as I-IF,HC1,I-IBr,HI, HCN and simple hydrocarbons. An ex-
pansion gas is seeded with a precursor such as SO2and a second constituent. O(3p) is
prepared by precursor photolysis just before the start of the supersonic expansion. Since
the reactions of O(3p) and the abovementioned small molecules havesignificant activation
energies, the complexes win be able to form and survive in the free-jet expansions, e.g.,
the O(3p) + HC1 reaction has an activation energy of 22 ld/tool., which is considerably
higherthan the thermal coUisionalenergy. Hence, the complex can be stabilized in the
shallow van der Waals potential well just outside the activationbarrier. Our initial objective
is to study structural properties of these clusters by using laser lR spectroscopy. Once that
proves successful we wiUexploit vibrational excitation of the HX to promote the hydro=
gen exchange reaction of 0 + FIR -=)OH + X occurringin these complexes. The nascent
state distribution of the OH product can be probed with LIF. Experiments are also under
way in which the nascent product state distribution of a photodissociation can be probed by
using IR spectroscopy.

PROGRESS:

Rovibrationai spectrum of DCI-Oz.

We have preparedthe binarycomplex DCI-O2 and observed its rovibra,:ionalspectrum
by exciting the DCI stretching mode at 2089 cm-I. Though the spectrum has not been
completely analyzed and fitted, the complex is clearly linear. Essentially the spectrum
conslsts of three overlapping P and R branches, one for each spin state. We have been
waiting for another diode to cover the remainder of the spectrum before we can determine
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the band center, the exact } values and fit the spinspin interactionconstants. The values of
the interaction constants, _.and I.tappearto differ frommolecularoxygen. The measured
transitionsare given in Table 1.

Line frequencies, spacings, and A2 of the three branches of DCI-Oz.

Line position Line spacing A2
2088.87616 0.10912 -0.00240

8.76704 0.10672 -0.00235
8.66032 0.10437 -0.00129
8.55595 0.10308 0.00010
8.45287 0.10318 0.00022
8.34969 0.10340 0.00196
8.24629 0.10536 0.00238
8.14093 0.10774 0.00211
8.03319 0.10985 0.00196
7.92334 O.11181
7.81153

2088.81320 0. I1452 0.00086
8.69868 0.11538 0.00138
8.58330 0.11676 0.00009
8.46654 0.11685 0.00132
8.34969 0.11817 0.00062
8.23152 0.11879 0.00053
8.11273 0.11932
7.99341

i ii ii

2088.73506 0.11811 0.00276
8.61695 0.11535 .0.0)406
8.5016 0.11941 0.00263
8.38219 0.11678 0.00205
8.26541 0.11473 .0.00276
8.15068 0.11749 .0.00172
8.03319 0.11921
7.91398

I I

Units: cn" 1, Error:.£-0.0005 cre-1

Vibrational State distribution in the OH + CO----, COz + H reaction

Very recently,we have used our pulse slit apparatusto investigate the vibrationalstate
distributionof CO2produced from the followingreaction:

OH + CO _ CO2+ H AH=-24.9kcal

Nitricacid,carbonmonoxideandanoblegasareflowedthroughthesupersonicnozzle.
The nitricacid is photolyzed with an excimer laserat 193 nm focused veryclose to the
nozzle. The OH in the _ ffi0 and I states is producedefficiently by the following reac-
tion.X,2

HNO3+hD _ OH + NO2

Subsequently, the OH reacts with the CO to formCO2 and atomic hydrogen .3 We oi>-
serve the rovibrationalspectrumof CO2 in the 2350 cm"I region. A sample of the experi-
mental spectra is given in Fig. 1. We find a large numberof intense hot bands of the
bending mode, (0,_2,1) -->(0,_2,0) and some of the stretching mode (_1,0,1)

(_1,0,0) where 'oxand _ represent the numberof quanta in the bending and stretching
modes respectively. From this we can determine the CO2 rovibrational state distribution di-
rectly by measuring the intensities of the infraredabsorption of the hot bands. The ob-
served S/N is about I00: I for the most populated rovibrational states. On the basis of



18 these preliminary observations, we believe that we have developed an alternate technique to
obtain the vibrational state distribution of products formed in simple bimolecular chemical
reactions. Product state distributions of molecules such as CO2 cannot be easily deter-
mined by other laser techniques such as LIF.

Thus, we can determine the CO2 vibrational state distribution directly in the free ex-
pansion jet for this and other exothermic reactions with low entrance channel barriers The
cooled expansion provides a cold environment with low rotational (~10I¢) and vibrational
(-lOOk) background temperatures. Any additional population of the higher vibrational
states will reflect the vibrational excitation of the products and suggest transition state ge-
omewies. Populated excited vibrational states of the bending mode suggest a bent transition
state for this reaction. With simple classical harmonic oscillator approximations or quan-
tum mechanical wavepacket calculations, the bond angle of the transition state can be esti-
mated.

FUTURE WORK

At this time, we have oniy obtained preliminary results. We want to produce the
OH from other precursors if possible, for example H202, to confirm that the NO2 formed
inthephotolysisoftheHNO3 isnotcontributingtothereaction.Sufficientrotationallines
foreachvibrationalstatemustbemeasuredtoverifytherotationaltern_s anddeter-
minewhethertherotationalstatediswibudonisrelaxed.Becausethevibrationalhotbands
am quitedisplacedfromthecorrespondinggroundstatelines, intensitymeasurements
mustbedonecarefully.We willrequireseveraldiodestosufficientlycovertheextensive
co2 ban

Other masons of interest to combustion can be studied in this way. We select for the
firstexpefin_nmreactionsthatproduce a strongvibrationalabsorberinfrequencyregions
wherewe eitherown orcanpurchaseacceptablediodes.Thus,we willconcentratefirston
theNII+ NO reaction.Thishastwoexothcrmicchannels,onlyoneofwhichhasbeen
extensively studied.4-7

NII + NO --_HNNOt --+N2 + OH AHo°=-34,100cm "I (la)

--+N20 + H AHo° = -12,320cm-I (Ib)

The first reaction is the most exothermic and the easiest to study: OH is detected by LIF.
To study the second channel, either N20 or H atoms must be detected. Fueno et aL s has
demm_ed the N20 yield in a static cell with a mass spectrometer, the channel producing
N20 accounts for about 70% of the NII reacted. NII was prepared in high yield by vari-
ous ways, photolysis of HNCO or CHBr3/NO/AxO at 193 nra, or of NI-I3at 193 or 248
nm.

1. H.S. Johnson,S. G. Chang,andG. Whitmn,?. Phys.Chem. 78, 1 (1974).
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The lR Spectrum of The CO2 Following The Reaction of OH + CO -> CO2 . H
I I I I

Reference CO2 Cell

Reaction Product

2312.7 2313.2 2313.7 2314.2 2314.7 2315.2

Fig la. Experimental results from the OH + CO reaction lUustratin8 reference gas cell
and observed spectrum of reaction product, CO2.
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Photoionization-PhotoelectronResearch

J. Berkowitzand B. Ruscic
ChemistryDivision,ArgonneNationalLaboratory(Bldg.203)

9700 SouthCass Avenue
Argonne,IL60439-4843

The photoionizationresearchprogramis aimedat understandingthe basic
processesof interactionof vacuumultraviolet(VUV) lightwithatomsand molecules. This
researchprovidesvaluableinformationon boththermochemistryanddynamics. Our
recentstudiesincludeatoms,clusters,hydrides,sulfidesandan importantfluoride.

RecentProgress

I. RecentVUV-PIMS Studiesof TransientSpecies

A. The combustionintermediatesCH2S and HCS

The transientspeciesCH2S and HCS werestudiedby photoionizationmass
spectrometry. They were preparedin situ from CH 3SH by sequentialhydrogen
abstractionwithfluorineatoms. CH2S was alsopreparedby pyrolysisCH3SCI and
CH3SSCH3. The photoionyieldcurveof CH2S displaysan abruptthreshold,and is
similarinoverallshapeto thatof the homologCH20. The adiabatic ionizationpotentialof
CH2S isfoundto be 9.376:1:0.003 eV. Evidencehas beenfoundfor nd and/orns andnp
Rydbergstatesconvergingto the firstexcitedstate of CH2 S+. In addition,the HCS+
fragmentfrom CH2S hasbeen determinedto appear at < 11.533 ± 0.021 eV at 0 K. In
contrastto CH2S, the photoionyieldcurveof HCS+ from HCS displaysa very broad
Franck-Condonenvelope,consistentwitha transitionfrombentHCS to linear HCS+. A
Poissonfitto the experimentalFranck-Condonfactors indicatesthatthe adiabatic
ionizationpotentialof HCS is _;7.499 ± 0.005 eV, and perhapsas low as 7.412 + 0.007
eV. The fragmentcurvesat rule = 46, 47, 48, and49 fromCH 3SSCH3 have also been
examined,and theirrelativeshiftsin energydetermined. Togetherwith measurementson
CH2S andHCS, and the previously.,reported AH_ (CH2,SH+) = 211.5 + 2.0 kcal/mol

213.1 ± 0.2 kcal/mol),thisis suff¢lentto establish AI_ (CH2S) = 28.3 ± 2.0 kcal/mol
I_ kcal/mol)and AH_ (HCS) = 71.7 + 2.0 kciT/mol(< 73.3 ± 1.0 kcal/mol,29.9 ± 0.9
> 69.7 ± 2.0 kcal/mol). These valuesare invery good agreemen!withrecent ab initJo
calculations.The implicationsfor variousbondenergieswithinth_ CH nS systemare also
discussed.

B. The hydridesof antimony

Priorto the presentstudy,verylittlewas knownexperimentallyregardingthe bond
energiesDo (St)H),Do (H-SbH)and Do (H2Sb-H). Ab in/t/o calculationswhichhave
demonstratedaccuraciesof :1:2kcal/molfor lighterhydridesare stilltoo difficultfor such
heavysystems.We nowhavepreliminarydata on thesebond energies,as well as
ionizationpotentialsfor SbH andSbH2. We shallcompare ourworkwithab initio attempts
incorporatingrelativisticeffects(whichhavenot yetdemonstratedhighaccuracy),as well
as a semiempiricalprediction.

Thl llIJl_rl11|tld mlftulCrip| hlll blln IUthOr¢
by • co¢ltrllClOr o| the U.S. GOVlrnmla
under contract No. W.31-1 09-ENG.3_
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II. Antimonyand BismuthAtoms

The autoionizationbehaviorinatomsis inherentlya many.bodyprocess. Various
ab initio methodshavebeen appliedto thisproblem,includingRRPA, R-matrixand
diagrammaticmany-bodyperturbationtheory(MBPT). Boththe calculationsand
correspondingexperimentsbecome moredifficultwhen appliedto open-shellatoms,which
are moreprevalentthanclosed-shellatoms. Despitethesecomplications,systematic
behaviorhasbeen observedby us andrationalizedfor the halogenandchalcogenatoms.
Previousworkonthe pnicogen(GroupV) atomsfrom thislaboratoryhas includedN, P
andAs. We nowhavealmostcompleteda studyof Bi(generatedby simplesublimation)
and somedataon Sb. For the latter,ithas been necessaryto employsuccessiveH
abstractionfrom SbH3 as the sourceof Sb, sinceantimonysublimesasSh4.

II1. The diatomicspeciesSb2 andBi2

, The photoionyieldcurvesof Sh2+ (Sh2) andBi2+ (Bi2) havebeen obtained,the
f_mer by =_ub!_Sb, the latter by simplesublimation. In bothcases,two autoionizing
s6ries(designatedpa andp_r)are observed,convergingonthe excited_'T-a" state. The
ionizationenergyof the :"T.g+ state inSb2 isloweredto 9.247 eV. The differencein
quantumdefects,5pTr-5pa_.is shownto be relatedto the quadrupolemomentof the
molecularioncoreof the A:"T.a+ state inPn2+ (Pn= pnicogen). The adiabaticionization
energiesare alsodecreased t_omearliervalues: AlP (Sb2) ._8.43 eV AlP (Bi2) < 7.34
eV. Althoughthe uppermostoccupiedorbitalis nominallya bondingp_ orbital,an analysis
leadsto the surprisingconclusionthat Do (Pn2+) > Do (Pn2), where Pn= P, As, Sb and
B0.

IV. Photoionizationof GroupV trimersandtetramers

The photoionizationof saturatedantimonyand bismuthvaporswas investigated. In
antimony,the dominantvaporspeciesis Sb4. Itsphotoionyieldcurve issimilarto thoseof
P4 andAs4, displayingthree autoionizingbandsand an ag,q,_rentadiabaticIP_f,,7.56 eV.
The appearancepotentialof Sh3+ .(Sh4)occursat 9.755 ._n"_ eV, or 10.229 ._'_u'eV at
0°K. Thisvalue,togetherwith ,_H_ (Sh3), yieldslP (Sb3)-_'6.61 eV. Bismuth"vbpor
contains~ 1% Bi4 andeven lessE_3. The photoionyieldcurveof Bi4+, withan apparent
adiabaticlP of 6.81 eV, alsodisplaysthreeautoionizingbands. An analysisof these
bands,andcomparisonwiththe otherGroupV tetramerswith"Tdsymmetryenablesone to
estimatevertical IP'sof 9.0 eV for (al -1), 7.5 and8.9 eV for the spin-orbitsplit(t2"1), 7.0
and 7.4 eV for the Jahn-Tellersplit(e)-_ .

The photoionyieldcurve of Bi3+ h_.san adiabaticonsetof _<6.36 eV,
correspondingtoformationof Bi3+, X 1A, inD3h symmetry. An increasein slopeat ~
7.4 eV is identifiedwiththe configuration...'(la2") (2e')4 (le'), whichmaybe an E' state.
At - 8.8 eV, a pronouncedincreasein slopemay indicatea higherexcitedstate,
fragmentationof Bi4, or a nearcoincidenceof the two. The directlyor indirectlymeasured
IP'sof ali GroupV trimersare in fairlygood agreementwithab initiocalculations.The
heatsof formationof the neutraltrimerscanbe rationalizedby a simplemodelinvolving
transferabilityof a and _rbondenergiesfrom thecorrespondingdimersand tetramers.
The atomizationenergiesof the trimercationsare significantlylargerthan for the
correspondingneutrals,whichmay be relatedto the closedshellstructureof the cations.
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V. Three lawsfor Do (BiF)

BiF has been identifiedas an interestingcandidatefor developinga visiblechemical
laserinthe blue-greenspectralregion. Its usefulnessfor thispurposeis dependentupon
itsdissociationenergy,aboutwhichtherewas considerabledispute. BiFand BiF2 were
preparedby vaporizinga Bi-BiF3 mixture. Photoionyieldcurveswere obtained,and
thenceAlP (BiF) = 8.658 ± 0.012 eV, AlP (BiF2) = 8.05 ± 0.05 eV. The thresholdfor
formationof Bi+ from BiFoccursat 11.126 ± 0.05 eV, fromwhichonededucesDo (BiF)
_<.3.84 4-0.05 eV. The equilibriumreaction,2Bi(g)+ BiF3(g) _ 3BiF(g), is examinedby a
secondlawanda thirdlawtreatment. Fromthe secondlaw, Do (BiF) = 3.76 + 0.13 eV,
andfrom the thirdlaw, Do (BiF)= 3.76 ± 0.13 eV, the lattererrorestimateallowingfor
uncertaintyinthe relativephotoionizationcrosssections. The presentresultsdiffer
substantiallyfrom recentinferencesplacingDo (BiF) near5 eV, and otherswhichhover
around3 eV. Froman analysisof the equilibriumreaction,Bi(g) + BiF2(g) --. 2BiF(g), it is
concludedthat Do (FBi-F)= 3.50 ± 0.15 eV, and Do (F2Bi-F) = 4.51 ± 0.2 eV.

FuturePlans
I. Shortterm

We planto completeourstudiesof SbHn and Sb. We intendto applythe chemical
reactionmethodto the importantcombustionintermediatesHCO, HO2 andNCO.

II. LongerTerm

We are inthe processof assemblinga VUV lasersystem. This apparatusshould
enable usto achievestillhigherresolutioninselectedwavelengthregions,particularlyin
the 90-105nm, region. Sincethe VUV laser is pulsed,it is wellsuitedfor the studyof very
shortlivedtransientspecies,whichare more readilygeneratedby pulsedmethods.

We alsoplan to use photoionizationmethodsto preparestate-selectedionsfor the
studyof ion-moleculereactionsof relevanceincombustionandotherchemicalprocesses.

Work supportedby the U.S. Departmentof Energy,Officeof BasicEnergy
Sciences,Divisionof ChemicalSciences,underContractW-31-109-ENG-38.
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In the past year research has centered on the
decomposition of hot molecules, the reaction of ethynyl
radicals with hydrogen molecules and the reaction of oxygen
atoms with acetylene.

Decomposition of Hot Molecules

Our hot molecules are prepared by electronic
excitation followed by rapid internal conversion and
internal vibrational redistribution. Previous studies have

been on the release of a hydrogen atom from the methyl
group of methyl substituted benzenes and pyrazines and from
the methylene group of cyclopentadiene and indene
(benzocyclopentadiene). To interpret the results we

postulate a vibrational temperature Tv which is the
solution of the equation

bY + __i{exp(_t_i/kT ) - i} -I = (i)

_ _i {exp _ _ i/kTv) -i }=i

in this .equation _ are the vibrational frequencies, T
is the initial temperature before absorption and hV is the
photon energy. The rate constants for release of a hydrogen

atom fit equations of.the form k = Aexp(-E/kTv) where E
is the bond dlssociatlon energy. The fluorescence
excitation spectra of the released hydrogen atoms has a

Gaussian shape from which a translational temperature, TT

can be extracted. The big surprise is that _T - T
within about 10% for all systems measured. ,_ ha$_

experimented with two new systems C_F_CH_(at the
suggestion of J. Barker) and bisben_efle _hromium. The
vibrational temperature and dissociation rates of these two
molecules and toluene are given in the following table.

Mo lecule Photon k (s- 1 ) Tv (K)
Wave iength (nm)

toluene 193.3 3. ixl06 2773

pentafluorotoluene 193.3 1.0xl06 2565

bisbenzene chromium 279.0 0.7x106 1511

bisbenzene chromium 248.4 4.2xi06 1621



Figs 1 and 2 on the next page show the rise and fall of H
and Cr atom concentration. The fall reflects the fact that

the atoms, once formed can migrate out of the beam of the
probe laser. The pentafluorotoluene has a lower vibrational
temperature for the same total internal energy than toluene
because its vibration frequencies are softer and therefore
the total energy is spread over more modes. Because of the
lower temperature dissociation is slower. The two curves of
Cr atom LIF signal vs. time show that the shorter the
wavelength the faster is the dissociation. This latter
molecule will be studied over a wider range of energies.

Reaction of Ethynyl Radicals with Hydrogen Molecules

The reactions

C2H + H 2 --> C2H 2 + H H = -27 kcal/mol (2)

F + H 2 --> HF + H H = -33 kcal/mol (3)

are remarkably parallel. C2H is isoelectronic with the
pseudohalogen CN and might therefore also be considered a
pseudohalogen. The rate coefficients and energy disposal
are given in the table below.

Reaction k(cm3molecule-ls -1 <ET>(kcal/mol ) <fT >
-ii

HCC + D 2 (2.3_0.4)xi0 7.8±1.0 0.29

DCC + H 2 (3.2_0.5)xi0 -II 7.6_0.7 0.28

F + H 2 2.6x10 -lla 12.9±1.9 b 0.37

a W.B.DeMore e__tal., Jet Propulsion Laboratory Report 87-41, 1987
b S.Tasaki and R.Bersohn, unpublished work

These rate coefficients are two orders of magnitude faster
than rate constants measured for thermalized ethynyl
radicals. The nascent radicals, products of the

photodisso?iation of either C_D_ or C_H_ may be
more reactive because they ar_ In excited vlbrational
states well mixed with the A _ state. Note that the
majority of the exoergicity is released as internal energy
in all three reactions.

Reaction of O atoms with Acetylene

Our effort is to find the effect of vibrational

excitation on the branching ratio between the two exit

channels, CH_ + CO and H + HCCO. By photodissociating
NO_ in the p_esence of an equlmolar mlxture of C_H_
an_ C_D_ we have found out that the yield of H a_o_s

from ____ and D atoms from C_D_ is exactly the
same. _p_aratus is still und_rZconstruction.
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Theoretical Studies at Combustion Dynamics

Joel M. Bowman
Department of Chemistry

Emory University
Atlanta, GA 30322

The basic objectives of this program are to develop and apply theoretical tech-
niques to fundamental dynamical processes of importance in gas-phase combustion.
There are two major areas currently supported by this grant. One is reactive
scattering of diatom-diatom systems, and the other is the dynamics of complex
formation and decay based on L2 methods. In ali of these studies we focus on
systems that are of interest experimentally, and for which potential energy surfaces
based, at least in part, on ab initio calculations are available.

We extended our adiabatic/bend reduced dimensionality quantum theory to a
calculation of mode selectivity in the reactions H20(VsVbVa) + H _" OH(v) + H2(v')

HOD(VoDVbVo_)+ H = OH(v) . HD(v'), OIXv)+H2(v').These reactions in the forward
directions haV_ been recently studied experimentally by several groups. 1-3 In the
case of the reaction with HOD striking mode specificity with respect to the product
branching ratio was seen. We found similar specificity in our calculations of

reaction probabilities for zero total _ngular momentum, 4 and more recently forrotationally averaged cross sections. Selected results from these calculations are
shown below. First, we plot the cross section for the reaction H+HOD(000) versus the
total energy. As seen there is a slight preference to form OD over the OH.

0.16 ' ' ' I ' ' ' I ' ' ' i ' ' ' i ' ' '

OD+ H2 /

-- ,af .e_ OD(0)+ H2(0)'- 0.12

O OH +HD

• 0.08

T / / / OH(0) + HD(0) "
o

//O

IO ° 0.O4

_ ___##'. i._i)I__(_r)OH(0)+ ltD(l) O=__IOD(0)+ H2(I)0.00 ' .... ' ' , , ,

0.4 0.8 1.2 1.6 2 2.4

E(eV)

Fig. 1 Vibrational state-to-state, rotationally averaged cross sections for H + HOIX000)
as a function of the total energy, measured with respect to the energy of non-rotating
HOD(000). The solid curve labeled "OD + H2" is the cross section summed over the
vibrational states of OD and H2. The solid curve labeled "OH + HD" is the cross
section summed over the vibrational states of OH and HD.
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Next, we plot the cross sections for the reaction with the OD stretch fundamental or
the OH stretch fundamental in HOD excited.
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Same asFig.IbutforH + HOD(001).

As seenexcitationoftheOH localmodeinHOD leadspredominantlytotheH2 +OD

products,whereasexcitationoftheOD localmodeinHOD leadspredominantlytothe .
HD+OH products.TheseeffectscanbeunderstoodfromthesubstantialOH (orOD) ' ,
stretchcharacterofthetransitionstatenormalmode correspondingtotheimaginary
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reaction path frequency. Thus, excitation of the OH (or OD) stretch greatly excites
motion along the reaction coordinate.

These results are in a very good qualitative, and good quantitative accord with the
experiments of Zare and co-workers. 2 We have also calculated cross sections for
HOD(003) and for H+H20 with high overtones excited, and obtain results which are in
very good accord with the experiments of Crim and co-workers. 1

Our very recent work has focused on a simple Franck-Condon model of the reaction
to obtain the rotational distributions of the OH (OD) and H2 (HD) fragments. The
results, although not quantitative, are in suprisingly good qualitative accord with
experiment, which show cold rotational distributions.

We are continuing our collaboration with Dr. A1 Wagner in comparisons of L 2 and
scattering resonances for H+CO. In our most recent work, we found very good
agreement for the positions of resonances for J = 1. While we do not find substantial
K-asymmetry, we do see significant centrifugal effects, especially for highly excited
bend states. We have made modifications of the ab initio potential to improve
agreement with experiment.

We continue with calculations of all the bound states and also numerous

quasibound of HO2. As part of the overall goal to obtain the lifetimes and branching
ratios to form the OH+O and H+O2 products, we have nearly completed a rigorous
variational transition state theory of these quantities. This is being done by using an

exact density of states (resonances) p(E), and a exa_t determination of the number of
states open at the lth variational transition state N_(E), and then determining the
microcanonical rate constant for a given product in the usual way, i.e.,

N_(E)

ki(E)- 2_ip(E)' where i= I correspondstoO2+H and i= 2 correspondstoOH+O.

SimilarcalculationsarebeingdonefortheC+H2 CH2 reaction,usinga new,globalab
initiopotentialdue toHarding.
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Our research is concerned with the development and use of
sensitivity analysis tools to probe the response of dependent
variables to model input variables. Sensitivity analysis is
important at all levels of combustion modeling. Our research in
this area continues to be focused on elucidating the interrela-
tionship between features in the underlying potential energy
surface (obtained from ab initio quantum chemistry calculations)
and their responses in the quantum dynamics, e.g., reactive
transition probabilities, cross sections, and thermal rate coef-
ficients. The goals of this research are: (i) to provide
feedback information to quantum chemists in their potential
surface refinement efforts, and (ii) to gain a better understand-
ing of how various regions in the potential influence the dynam-
ics. These investigations are carried out with the methodology
of quantum functional sensitivity analysis (QFSA).

This past year, we have concluded the development of the
QFSA techniques using the log-derivative Kohn variational method
for scattering, and applied it to the collinear H + H 2 exchange
reaction. Three papers have been published that describe this
research. One paper was concerned with the development of a
general description for calculating sensitivity coefficients
_ndependent of the scattering formalism employed in the calcula-
tions. Another described a methodology for predicting observables
on a new or perturbed potential energy surface without re-calcu-
lating the dynamics. The third examined the sensitivity of the
thermal rate coefficient to structure in the potential energy
surface.

We have begun to investigate the same reaction in 3-D. The
goal of this study is to use QFSA to investigate the H + H9
reaction and its isotopic analogs to determine the level
chemical accuracy required in the PES to duplicate experimental
results. This is important because the H 3 system plays a funda-
mental role in developing theories of chemical reactivity. Our
initial effort has been concerned with collisions with the total

angular momentum restricted to zero. Several regions of configu-
ration space where the dynamics are highly sensitive to inaccura-
cies in the potential have been identified. These regions of
importance vary with collision energy, but do not change dramati-
cally as the previously studied collinear case. Near the reaction
threshold, the dynamics are most sensitive to the saddle point
region as expected. At higher energies (=1.0 to 1.5 eV), the
inner core of the potential, where the dynamics "cuts the corn-
er" in going from reactant to product arrangements, is most im-
portant for collinear geometries , and the outer corner, where

the H 3 conformation is more compact than the transition state
conformation, is most important for bent geometries. Surprising-
ly, the region of the potential traversed by the minimum energy
path across the saddle point region has rather insignificant



sensitivities at these higher energies. There is an extraordinary
amount of data generated in a 3-D sensitivity analysis of reac-
tive scattering. We are currently using advanced visualization
techniques for analysis.

Combustion modeling research is being performed to develop
robust models of pollutant formation and destruction to use as
design tools for future generation combustors. Our current model-
ing efforts have been in three areas: l)examining the suitability
of using isocyanic acid (HNCO) to reduce NO in the exhaust of
engines burning natural gas; 2) modeling nitrogen chemistry in
combustion involving premixed laminar flames burning natural gas
that are in contact with a reactive heat transfer surface; and
3)adding chemistry to models of turbulent reacting flow.

A modeling study of the reduction of NOx by HNCO in ex-
hausts typical of natural gas combustion in the presence of
radical boosters (fuel) has been completed. Variables considered

were the initial concentrations of NO, NO2, CO, 02, CH 4 , H2, and
HNCO as well as initial temperature. The NO reduction chemlstry
must be preceded by thermal ignition chemistry which generates
radicals. The lowest temperature for which ignition occurs is the
optimum temperature for reduction and defines the beginning of
the temperature window. Reduction was not achieved for the
"natural gas exhaust" for a reasonable residence time. Additional

H2 added to the exhaust mixture enhanced reduction, but the
addition of CO and CH 4 did not.

Under some conditions the computed sensitivity coefficient
for nitrogen species and temperature exhibited self-similarity
(scaling). Self similarity occurs in dynamical systems where one
or at most a few dependent variables dominate the physical be-
havior of the system. Four reaction paths were identified which

controlled the fate of the NO: the conversion of NO to NO 2 via
HO2, the conversion of NO to NO via reaction with H or O, the2
reduction of NO via NCO, and the reduction of NO from reactions
with NH_ species. The relative importance of the four was deter-
mined by the initial conditions.

In order to predict pollutant formation and destruction in
combustion systems with turbulent flow fields, the coupling
between reactive and diffusive processes must be described prop-
erly. While fluid-mechanical turbulence models and detailed
chemistry flame models are solvable on standard vector super
computers, the combination of turbulent flow and detailed chemis-
try in the same model requires the next-generation of super
computer: the massively parallel machine. With colleagues at
Sandia National Laboratory, we have begun to use parallel comput-
ing to model pollutant formation in a H2/Air turbulent diffusion
flame. We have used a Probability Distribution Function (PDF)
model that primarily involves Monte Carlo calculations and is
thus highly amenable to efficient parallel implementation. The
model was first implemented on a distributed network of 25 IBM
RS6000 workstations. With our computer science colleagues at LBL
and SNL, we have designed a new Parallel Object Oriented Environ-



84 ment and Toolkit (POET) whose purpose is to provide the user with
a transparent link to the power of parallel distributed comput-
ing° POET is a high level object oriented framework that isolates
the description of the physical model from the code that imple-
ments the parallel algorithm and flow. We are continuing to
develop the toolkit and increase the level of detail in the
chemical description of the flame. We are currently modeling a

H2/Air flame to determine NO concentrations using reduced schemes
for the chemical mechanism. Principal component analysis is being
used to obtain reduced mechanisms. Model/model and model/experi-
ment comparisons are being made.
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Bond Selective Chemistry Beyond the Adiabatic Approximation

Principal Investigator: Laurie J. Butler
The James Franck Institute
The University of Chicago
5640 South Ellis Avenue
Chicago, IL 60637

I. Program Scope

One of the most important challenges in chemistry is to develop predictive ability
for the branching between energetically allowed chemical reaction pathways. Such
predictive capability, coupled with a fundamental understanding of the important
molecular interactions, is essential to the development and utilization of new fuels and the
design of efficient combustion processes. Existing transition state and exact quantum
theories successfully predict the branching between available product channels for
systems in which each reaction coordinate can be adequately described by different paths
along a single adiabatic potential energy surface. In particular, unimolecular dissociation
following thermal, infrared multiphoton, or overtone excitation in the ground state yields
a branching between energetically allowed product channels which can be successfully
predicted by the application of statistical theories, i.e. the weakest bond breaks. (The
predictions arc particularly good for competing reactions in which when there, is no
saddle point along the reaction coordinates, as in simple bond fission reactions.) The
predicted lack of bond selectivity results from the assumption of rapid internal vibrational
energy redistribution and the implicit use of a single adiabatic Born-Oppenheimer
potential energy surface for the reaction. However, the adiabatic approximation is not
valid for the reaction of a wide variety of energetic materials and organic fuels; coupling
between the electronic states of the reacting species plays a key role in determining the
selectivity of the chemical reactions induced. The work described below begun in the
first year of our DOE funding investigates the central role played by coupling between
electronic states in polyatomic molecules in determining the selective branching between
energetically allowed fragmentation pathways in two key systems

II. Recent Progress

A. Selective C-Br bond fission in 1,3-bromoiodopropane: The intramolecular
distance dependence of coupling between electronic configurations

The first experiments initiated this year under DOE funding used a state-of-the-art
crossed laser-molecular beam apparatus to measure the branching between primary C-Br
and C-I fission in 1,3-bromoiodopropane excited at 222 nm in the hp(Br) -> a*(C-Br)
absorption band. The photocxcitation promotes the molecule to an electronic state that
has (npBr)t(a*C.Br)1 character in the Franck-Condon region, but is actually adiabatically
bound because of an avoided electronic crossing with an (npl)l(e*C.l) 1 electronic
configuration at stretched C-Br bond distances. If the two electronic configurations are
strongly coupled at the avoided crossing the Bom-Oppenheimer approximation will hold
and the molecule would not dissociate at all. Conversely, if the off-diagonal potential
coupling is very weak the adiabatic approximation will fail dramatically and the molecule
will retain the hp(Br) -> a*(C-Br) configuration through the avoided crossing and break
selectively at the stronger C-Br bond, leaving the weaker C-I bond intact. For
intermediate couplings between the two electronic configurations, the branching ratio
between C-Br and C-I fission (resulting from crossing to the diabatic surface repulsive in
the C-I bond) will evidence a reduction in branching to C-Br fission as the off-diagonal
potential coupling increases. The experiments on 1,3-bromoiodopropane were proposed
to test the distance and orientation dependence of this off-diagonal potential coupling that
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inhibits the selective fission of the C-Br bond. In particular, the data provides a critical
comparison with the branching previously observed by Y. T. Lee and coworkers for 1,2-
C2F4Brl, which evidenced a 1:2 C-Br:C-I branching ratio upon excitation at 193 nm in
the np(Br) -> o*(C-Br) absorption band.

The first experimental results this year showed that 1,3-bromoiodopropane does
indeedcleavepreferentiallyattheC-Br bonduponexcitationat222 nm. We measured
thephotofragmenttime-of-arrivalspectraat m/e+ = 79 (Br+)and 127,(I+)and at42,
(C31-16+).(No significantsignalattheparentionoftheC31-_IandC31-_Brphotofragments
wereobservable).The forward-convolutionfitofthetime-of-arrivalspectradetermined
thedistributionofenergiesimpartedtorelativeproducttranslationforeachbondfission
pathway;bothdistributionspeakedatkineticenergiesaboveI0kcal/moleintranslation
asexpectedfordissociationon regionsofsurfaceswhicharerepulsiveinthebondthat
breaks.IntegrationofthesignalatBr+ andI+ fittotheIatom and Br atomproducts
yielded,aftercorrectionforionizationcrosssectionand kinematicfactors,a C-Br:C-I
bond fissionbranchingratioof 1.47toI. Thisshows thatin1,3-bromoiodopropane,
selectivefissionoftheC-Br bondon therepulsive(npsr)l(a*C.Sr)1diabat,due toa
dramaticfailureoftheBorn-Oppenheimerapproximation,dominatesC-Ifission.The
experimentstestedthehypothesispresentedinourproposaltoDOE thattheincreased
distancebetweentheorbitalson theC-BrchromophorefromtheC-Ielectronicorbitals
would decreasetheoff-diagonalpotentialcouplingmatrixclementbetweenthetwo
repulsiveelectronicconfigurationin 1,3-bromoiodopropane(withthreeCH2 spacers
betweentheatoms),andthusallowC-Brfissiontodominate.Indeed,theresultsshowed
thatthebranchingtoC-Brfissionwas much more selectivethanthatobservedin1,2-
C2F4BrI(withtwo CF2 spacersbetweentheatoms).Inordertotesttheintramolccular
orientationdependenceofthecoupling,we needtoanalyzetheangulardistributionofthe
photofragrnents;thisworkisplannedinthesecondyearofthefundingperiod.

Inadditiontothedataon 1,3-bromoiodopropane,we alsomeasuredthetime-of-
flightspectraoftheIandBr atomproductsfromthephotodissociationofIBrat222nrn.
We initiatedthiswork toallowus todirectlymeasuretherelativeionizationcross
sectionsofIatomsandBratomsinourapparatustoallowa betterdeterminationofthe
absoluteC-Br:C-Ibond fissionbranchingratiosin 1,3-bromoiodopropane.(Mass-
spectrometricdeterminationof thesebranchingratioshave traditionallyreliedon a
semiempiricalrelationshipwhichusestheatomicpolarizabilitytocstimatetheionization
crosssections).Our databoth accomplishedthispurposeand showed thatthe
dissociationofIBrat222 nm resultsexclusivelyinspin-orbitexcitedBr and Iatom
products.Photofragmcntationuponexcitationtotheelectronicstatereachedat222 nm
had notbccnpreviouslymeasured,butwc identifiedtheanalogouselectronicstatein12,
whichcorrelatestoanasymptoticlimitwherebothfragmentsarcspin-orbitexcited.

B. Testing adiabatic predictions for the C-S:S-H bond fission branching in CH3SH

Our major theoretical progress in first year of the project focused on methyl
mercaptan (CH3SH), one of the major gascou3 organosulfur pollutants produced in the
combustion of oils and coals, a system which evidences preferential fission of the S-H
bond over the weaker C-S bond upon photocxcitation in its flu'sttwo ultraviolet absorption
bands. Unlike other bond-selective processes which may be simply understood as the
result of direct dissociation on a repulsive portion of a potential energy surface, the
adiabatic excited electronic potential energy surface reached in the first absorption band
has some Rydberg character in the Franck-Condon region and has two repulsive exit
channels, one leading to S-H bond fission and one leading to C-S bond fission. Our first
goal is to generate a theoretical prediction for the branching ratio between C-S and S-H
bond fission upon excitation at a wide range of cncrgics across the first absorption band,
then measure the branching ratio in the lab. The work tests whether the observed
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branching between bond fission pathways can be predicted within an adiabatic picture or
whether the neaadiabatic coupling to the upper potential energy surface alters the
dynamics and subsequent branching.

To accomplisb the theoretical portion of the project, we have initiated two key
collaborations, one with Frof. Karl Free.d's group and one with !:h'of. John Light, also a

' DOE investigator. To generate a reliable theoretical prediction within the adiabatic
approximation, we nee_:ledto calculate the lowest excited adiabatic electronic potential
energy surface reached in the first absorption band. To accurately calculate excited
elec_,:mic potential energy surfaces strikes fear in the heart of even the best ab initio
electronic structure theorists, but using the effective valence shell Hamiltonian method
devdoped by Freed and coworkers, my students h._.vecalculated several cross-sectional
cuts along the ground and first two excited potential energy surfaces of methyl
mercaptan. We are presently fitting an analytic potential function to these ab initio points
to use in the collaborative exact scattering dynamics calculations.

Our primary experimental work on methyl mercaptan this year developed a
method to vibrationally excite CH3SH to several different vibrational levels in the grourd
electronic state prior to photoexcitation to the dissociative potential energy surface. We
expect photodissociating vibrationally excited CH3SH could alter the branching bet_'een
S-H and C-S bond fission significantly, as the branching is controlled by the Franck-
Condon overlap of the ground state vibrational wavefunction with the scattering
wavefunctions in the C-S and S-H exit channels respectively. We needed to be able to
excite not only the easily accessible C-H and S-H stretches, but also the C-S fundamental,
the latter to enhance the branching to C-S bond fission. At only 700 cm -I, the C-S
stretching fundamental cannot be populated significantly with available tunable pulsed
infrared lasers (for example, it is outside the tuning range of an optical parametric
oscillator, and difference frequency lasers cannot provide enough population transfer), so
we sought to populate this vib_ational level with a stimulated Raman scheme. Using two
laser beams, 532 nm from our Nd:Yag pump laser and the tunable output of our dye laser
near 553 nra, we showed we could populate the C-S stretching fundamental by measuring
a photoacoustic spectrum of the band. We also obtained photoacoustic spectra of the S-
H, CH3 symmetric stretch, and CH3 asymmetric stretch fundamentals. If the ongoing
theGretical calculations predict a marked change in the branching between the two
dissociation channels upo:_.photodissociating a molecule vibrationally excited in one of
these modes, we can test the prediction experimentally using stimulated Raman to
populate these vibrations in the parent molecule in the molecular beam.

C. Competition between bond fission channels and Hz elimination in CH3NHz

: The final project pursue=! in the first year of DOE support investigates the
br_ching between energetically allowed photodissociation channels of CH3NH2 excited
at 222 nm in the nN_3S absorption band. The work was motivated by a calculation of the
fh'st excited A" potential energy surface which showed that dissociation in the N-H and
C-N coordinates occurs over barriers formed from avoided electronic crossings in each.
Our experiments this year on this system measured the photofragment time-of-flight
spectra in our crossed laser-molecular beam apparatus at several fragment masses. The
data shows that at 222 nm four fragmentation pathways compete, N-H, C-H, and C-N
bond fission and H2 concerted elimination. Because this work on CH3NH2 was not
proposed in our original grant application, the continuation of this work under DOE
funding depends on DOE's interest and the availability of other funding sources.

HI. Future Plans

The work in the second year of our project focuses on three systems in which the
breakdown of the Born-Oppenheimer approximation can alter the expected branching
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between chemical bond fission pathways. The following paragraphs detail the planned
work on the preferential fission of the S-H bond over the S-C bond in methyl mercaptan,
the competition between C-Br and C-I fission in 1,3-iodobromopropane, and the
competition between bond fission channels and H2 elimination in methyl amine.

Our experiments and collaborative calculations on CH3SH in the coming year arc
designed to test whether the observed branching between bond fission pathways can be
predicted within an adiabatic picture or whether the nonadiabatic coupling to the upper
potential energy surface alters the dynamics and subsequent branching. The first crossed
laser-molecular beam experiments planned in the second year of the project determine
how the branching between S-H and C-S bond fission changes with excitation energy in
the 230 nm absorption band. (We expect comparable signal to earlier successful work on
this system at 222 nra. Doubling the outpu; of our excimer-pumped dye laser in a BBO
crystal can provide tunable high power pulsed light over the entire absorption band of
interest.) Within an adiabatic picture, the branching between S-H and C-S bond fission is
controlled by the Franck-Condon overlap of the ground vibrational wavefunction with the
scattering wavefunctions in the C-S and S-H exit channels respectively at the photon
energy used. We wish to compare the result to the predictions of scattering calculations
on the adiabatic potential energy surface. Having calculated several crossections of the
relevant surfaces using K. Freed's effective valence shell Hamiltonian method in the first
year of the project, we can now pursue exact quantum scattering calculations on these
surfaces in collaboration with Prof. J. Light, also a DOE investigator, in order to generate
an adiabatic prediction for the change in branching ratio with excitation energy. We can
also calculate the expected change in branching if a molecule with one quantum of
vibrational energy in the C-S stretch or the S-H stretch is photodissociated. If the
prediction shows a dramatic effect, we can follow the calculations with a double-
resonance experiment, using stimulated Raman to populate these vibrational levels prior
to photoexcitation (a population scheme tested in the first year of the project).

In the second year of the project we also plan to complete the experimental work
on 1,3-iodobromopropane where excitation to an electronic state locally repulsive in the
C-Br bond, but adiabatically bound, results in a competition between C-Br and C-I
fission. Having measured the photofragment kinetic energy distributions upon excitation
at 222 nm and calibrated the branching with photofragmentation experiments on IBr in
the first year, we turn to determination ef the angular distribution of photofragments.
Measurement of the photofragment angular distributions can determine whether the off-
diagonal potenti_ coupling which inhibits the selective fission of the C-Br bond depends
on tl-.eintramolecular orientation of the two bonds, as the two conformers would evidence
different photofra_rnent angular distributions. We expect this system will be ready for
publication in the secend year; it is most exciting as the selectivity depends on the total
failure of the Born-Oppenheimer approximation (within this approximation the molecule
would not dissociate at all, the photoexcitation is to an adiabatically bound surface!)

If sufficient resources and time can be allocated to a third project concurrent to the
two described above, the final system planned for study in the second year is that of
methyl amine. We have determined that upon excitation at 222 nm, four dissociation
pathways compete, N-H, C-H, and C-N bond fission and H2 elimination. As in CH3SH,
the production of fast H atoms dominates, but the excitation in CH3NH2 is to a region of a
potential energy surface which is bonding in character in the N-H and C-N coordinates,
so should be within the realm of the predictive capability of statistical transition state
theories. The work planned for the second year includes photofragmentation of CH3ND2
to distinguish between the C-H and N-H fission pathways in the CNI-h + time-of-flight
spectra and measurement of the resonance Raman spectrum excited at 222 nm to
elucidate the early time dynamics that results in the diffuse structure in the absorption
spectrum.
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REACTION PRODUCT IMAGING

David W. Chandler
Sandia National Laboratories

Livermore, CA 94550

Over the past few years we have investigated the photochemistry of small molecules using
the photofragment imaging techniquel, 2. Bond energies, spectroscopy of radicals, dissociation
dynamics and branching ratios arc examples of information obtained by rids technique. Along with
extending the technique to the study of bimolecular reactions, efforts to make the technique as
quantitative as possible have been the focus of theresearch effort. To _ end, we hav_ measured
the bond energy of the C-H bond in acetylene, the branching ratio of I(ZPl/'2) (I*) to I(2P3/2) (I)
in the dissociation of HI, the energedcs of CH3Br, CD3Br, C2H5Br and C21-15OBrdissociation,
and the alignment of the D3 fragment from CD3I photolysis. In an effort to extend the technique
to_bimolecular reactions, we have studied thereaction of H with HI forming H2(v=0,1 J) +
I(2PI/2 or 2P3/2 ) and the reaction of H + D2 _ D + HD.

One of the goals in the field of reaction dynamics is to be able to measure the angular
distributionof products in a quantum-state-specific manner. As a stel/in rids direction, we have
reported the first application of ion imaging to a bimolecular reaction_. We study the H + HI --+
H2 + I reaction in a neat supersonic molecular beam of Hl. The supersonic expansion provides a
reaction precursor possessing a very narrow thermal velocity distribution. By avoiding a thermally
equilibrated HI source (eg. an effusive beam, or bulb), the center-of-mass collision energy spread
has been substantially reduced. UV photolysis of Hi generates both fast (-2.6 eV) and slow
(-1.7 eV) H atoms with a difference in kinetic energy corresponding to the concomitant photolytic
proouc.tionofgroundstateI_P3(_)andexcitedstateF (2Pit_),.respectively.Moreover,itis
energeucauy possumetotermoom grounn state ann e_ectromcally excited iodine atoms as
abstraction reaction products along with the H2. Hence, a total of four possible reaction pathways
may be active in this system. The H2 products arc ionized by (2+ 1) resonance-enhanced
multiphoton ionization (REMPI) before being imaged onto a position-sensitive detector. In
way we have measured the laboratory-frame velocity distribution of thestate-selected reaction
products.

OverthelastyearimagesofseveralquantumstatesofH2 havebeenmeasured.Hgure 1
shows imagesofv=0,J=17and v=Ij=11 statesalongwiththereconstructedimageswhich
represents the flux of products at a particular angle. The circles represent the three possible
velocities of H2 products obtainable with this experienmt. The fastest H2(vd) detected
corresponds to a fast H atom from HI reacting to produce a ground state I atom. The middle ring
corresponds to either a fast H reacting to give an I* or a slow H atom reacting to give I. The
smallest ring corresponds to slow H atoms reacting to give I* product in the reaction. As you can
see for the H2(v=0j=17) quantum state no product is formed corresponding to slow H atoms
reacting to form I* product but that this channel is clearly evident for the H2(v=1j=11) quantum
state. One must conclude that either the slow H atoms do not react to form H2 (v=0J= 17) and the
two rings represent fast H atoms producing I and I* products or the slow channel reacts forming
both H2(v=l, J'=l 1) and H2(v=0, J=17) but the branching ratio in the reaction is very sensitive to
theH2 quantumstateformed.Thesetwo quantumstatesdifferbyabout500cm-1inenergy.The
slowchannelofthereactionatthisphotoysiswavelengthisaboutthesame energyasthefast
channelwhen thereactionisinducedby photolysisat266 nra.Heretheproductdistributionhas
beenmeasuredand H2(v=0j-17)isfoundtobe a veryminorproduct,themostreasonable
conclusionisthatthereactionproducessubstantialamountsofI*atbothenergies.Thisisthefirst
directobservationof thisreactionchanneland itspresencecouldhelpexplainsome of the
discrepancies noted between the measured product internal state distribution and the calculated
distributions (which do not take this channel into account).



0'

We have me,asured4 the differential cross section for theH + D2 -_ HD + D reaction using

a technique we call Reaction Product Imaging (RPl). In this experiment, a photolyfically
produced (266-nm photoylsis of HI) beam of H atoms crossed a beam of cold D2 molecules.
ProductD-awms were ionized at the intersection of the two particle beams and accelerated toward a
position sensitive detector. The ion images appearing on the detector axe two-dimensional
projections of the three-dimensional velocity distribution of theD-atom products. The reaction was
studied at nominal center-of-mass collision energies of 0.54 eV and 1.29 eV. At the low collision
energy the measured differential cross section for D-atom production, summed over ali final states
of the I-ID(v,J) product, agrees well with recent quasiclassical trajectorycalculations of Aoiz et a/.
while at the higher collision energy the agreement between the theoretical predictions and
experimental results is less favorable. Figure 2 shows a schematic ofthe apparatus and Figure 3
the raw data and walsformed distribution of D atom velocities from the 1.29eV collision of H +
D2. This work was done in collaboration with Theo IQtsopoulos (SNL), Dr. R. N. Zarc
(Stanford), Mark Buntine (Stanford), Ruth McKay (Stanford) and David Baldwin (SNL).
I. D.W. Chandler and P.L. Houston, J. Chem. Phys. 87, 1445 (1987).
2. D.P. Baldwin, M.A. Buntine and D.W. Chandler, J. Chem. Phys. 93, 6578

(1990); D.W. Chandler, J.W. Thoman, Jr., MSI.M. Janssen and D.H. Parker,
Chem. Phys. Le_ 156, 151 (1989); D.W. Chandler, M.H.M. Janssen, S. Stoltc, R.N.
Su-ickland, J.W. Thoman, Jr. and D.H. Parker, J. Phys. Chem. 94, 4839 (1990);

3. M.A. Buntine, David P. Baldwin, Richard N. Zare and David W. Chandler, J. Chem.
Phys. 94, 4672 (I 99 I).

4. T. Kitsopoulos, Iri. A. Buntine, D. P. Baldwin, R. N. Zare and D. W. Chandler, Accepted
Science (1993). ............... : : ............... .._ - . "
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Fig. I. Raw data and velocity distributions from ion image of H2 (v=l, J=l I) and 1-12(v=0J=17)
formed in the reaction H + HI --_H2 + I initiated in a beam of neat HI. Fast H atoms are formed
by laser photolysis of HI, and the H2 products are ionized before being projected onto a position-
sensitive detector.



Figure2. Scematicof apparatusused to obtainimage of D atomsfromH + D2 reaction.

Fig 3. Image andreconstructedimageof D atomsproducedfromthe reactionH + D2 -o D + HD
ata nominalcenter-of-masscollision energyof 1.29eV. The opencirclesrepresentthecalculated
positionof the scatteredD-atomscorrespondingto HD (vf0,1,2j=0). The directionof the H-
amm beamis indicatedbythe arrow,andthe solidcircles labeledD2 andCM,respectively.
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Future Directions:

We plan on continuing to develop and utilize imaging techniques to study bimolecular reactions.
We plan on developing the technique to a point where a single quantum state of a diatomic
fragmentofanatom-diatomreactioncanbeimaged.ThiswillinitiallybedoneontheH+ I)2
reaction.We intendtoextendthisstudytothesystemH +02 aswellasdevelopsourcesforO
atomssothatO atomreactionscanbestudiedwiththistechnique.
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Direct Numerical Simulation of Turbulent Reacting Flows
Jacqueline H. Chen

Combustion Research Facility
Sandia National Laboratories

Livermore, California 94551-0969

Proto'amScope
The development of turbulent combustion models that reflect some of the most

important characteristics of turbulent reacting flows requires knowledge about the
behavior of key quantities in well defined combustion regimes. In turbulent flames, the
coupling between the turbulence and the chemistry is so strong in certain regimes that it
is very difficult to isolate the role played by one individual phenomenon. Direct
numerical simulation (DNS) is an extremely useful tool to study in detail the turbulence-
chemistry interactions in certain well defined regimes. Globally, non-premixed flames
are controlled by two limiting cases: the fast chemistry limit, where the turbulent flame
can be characterized by randomly distributed chemical equilibrium problems, and the
slow chemistry limit, where the chemistry integrates in time the turbulent fluctuations. In
between these two limits, finite-rate chemical effects are important and the turbulence
interacts strongly with the chemical processes. This regime is important because
industrial burners operate in regimes in which, locally the flame undergoes extinction, or
is at least in some nonequilibrium condition. Furthermore, these nonequilibrium
conditions strongly influence the production of pollutants.

To quantify the finite-rate chemistry effect, direct numerical simulations are
performed to study the interaction between an initially laminar non-premixed flame and a
three-dimensional field of homogeneous isotropic decaying turbulence. Emphasis is
placed on the dynamics of extinction and on transient effects on the fine scale mixing
process. Differential molecular diffusion among species is also examined with this
approach, both for nonreacting and reacting situations. To address the problem of large-
scale mixing and to examine the effects of mean shear, efforts are underway to perform
large eddy simulations of round three-dimensional jets.

Recent Pro_ess
Finite-Rate Chemistry Effects

Three-dimensional DNS of non-premixed flames have been performed using a
compressible, variable density, variable viscosity higher-order finite difference code
(Trouve 1991). In the simulations ali of the turbulent scales of motion are resolved and
the chemistry is modeled by a single-step Arrhenius reaction A+B---> P and also by a
two-step mechanism simulating radical production and consumption, A+B---> I (first
step), A+I---> P (second step). The parameters of the reaction rate model are chosen to
correspond to methane-air combustion. For the two-step mechanism the second step
proceeds with an activation energy four times smaller than the f'trst step and an enthalpy
of reaction five times larger than the fast step. The Taylor Reynolds number of the
turbulence simulations is fifty and the Damkohler number, defined as the ratio of the
large eddy turnover time to a chemical time given by the heat release, is varied between
fast and slow chemistry limits to study finite rate effects on the flame structure. The
flame thickness is chosen such that the reactive and turbulence length scales are of the
same order of magnitude.
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1. Single-step Chemistry Results
For intermediate values of the Damkohler number (between fast and slow

chemistry) local extinction is observed when the scalar dissipation rate in the reaction
zone exceeds a critical value. The flame is strained and extinguished by the vorticity and
convection in the outer flow. The vorticity does not penetrate the flame except in
locations where extinction is observed. Within the flame zone, dynamic viscosity
increases due to temperature which has the effect of damping the turbulence. In the
extinguished regions leakage of reactants from one side of the flame to the other occurs
creating a partially premixed situation. A topic of current investigation is the role of
reignition in locally extinguished flames. In the decaying turbulence configuration
reignition was not observed; however, shearing the turbulence may provide conditions for
which the partially premixed pockets will burn.

Overall, the response of the turbulent flame is bounded by the characteristics
typical of a laminar flamelet. Namely, the scalar dissipation rate increases with reaction
rate, until a critical value is reached at which extinction occurs. At early times in the
simulation (one eddy turnover time) the maximum value of the reaction rate interpolated
along the local flame surface normal vector, and plotted versus the inverse scalar
dissipation rate, follows the usual laminar flamelet response. However, when the flame
is undergoing full interaction with the turbulence, a deviation from the bounds indicated
by the laminar flamelet is observed and is related to transient effects from the turbulence
induced mixing. The reason for this deviation is due to the reaction rate being influenced
by the local temperature as well as by the species mass fraction. It appears that
turbulence enhanced mixing convects more species to the reaction zone than by a pure
strained laminar flamelet. This observation suggests that even if the features of the
turbulence are close to the flamelet regime, the dynamic information carried by the
turbulence introduces some transient effects that certainly needs to be included in
modeling to capture with accuracy finite-rate chemistry effects.

2. Two-step Chemistry Results
The structure of the reaction zone obtained with the two-step chemistry model in

the case of slow chemistry is more complex than for the single-step chemistry case. The
intermediate species, I, field contains a production-recombination zone on the oxidizer
side of the domain and a diffusion zone on the fuel side. The two reaction zones are not
entirely separated in physical and mixture fraction space. For the same value of the
Damkohler number, the global contribution of the reaction to the energy source term is
broader in mixture fraction space than the corresponding contribution in the single-step
chemistry case. This event causes the flame to be less susceptible to extinction compared
to a flame modeled with single-step chemistry suggesting that the modeling of extinction
is strongly tied to the choice of the chemical scheme, in terms of the number of steps and
the species involved.

Differential Diffusion Effects
With hydrogen and hydrocarbon flames, monotomic hydrogen and diatomic

hydrogen atoms are present with heavier species that diffuse more slowly. It is well
known that the laminar flame structure strongly depends on the larger diffusivity of the
radical species which plays an important role in ignition processes and pollutant
formation. Most turbulent combustion models assume that ali of the species diffuse at the
same rate, and hence, the conserved scalar approach can be used. In the present work,
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DNS are performed and analyzed for unequal Schmidt number nonreacting and reacting
cases to determine the extent to which unequal diffusivity effects persist in turbulent
non-premixed flames.

In the nonreacting free-decaying turbulence simulations, a species C is added on
the species A side with a Schmidt number of one-half, whereas Species A and B have a
Schmidt number of unity. It is found that differential diffusion clearly shows up in
scatter plots of the distribution of the ratio, R, of the mass fractions of species A and
species C with respect to the mass fraction of species A. The turbulence causes a spread
about the laminar response and as the mass fraction of A tends to zero, the ratio R also
tends to zero. Similar results were reported in recent experiments at the Combustion
Research Facility at Sandia.

In the reacting simulations, unequal Schmidt number effects are also present and
cause the pdf of the curvature of a three-dimensional non-premixed flame to be skewed
towards the less diffusive side. When ali of the species have a Schmidt number of unity,
the pdf of the curvature is symmetric ( the flame surface exhibits both positive and
negative curvature); however, when the Schmidt number of species A is changed to one-
half (single-step chemistry), the probability of negative curvature increases corresponding
to reaction zones that are curved into the B side. This observation is found to be
correlated with the broader reaction zone found on this side in mixture fraction and in
physical space. Similar trends have been reported in the case of premixed combustion.

Future Plan_
Three-dimensional simulations of turbulent non-premixed flames including the

effects of mean shear will be performed to study local extinction and reignition processes.
The inclusion of complex chemistry in the DNS approach is currently underway using
reduced chemical mechanisms for C0-H2-N2, C02-H2-N2,and H2-O2 combustion and
efficient algorithms for evaluating the chemical kinetics source terms. Finally, large-
eddy simulations of turbulent round jets with and without differential diffusion are being
performed to enable direct comparison with experiments.
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LASER SPECTROSCOPY OF HYDROCARBON RADICALS
DE-FG02-90ERI4132

Peter Chen

MaUinckrodt Chemical Laboratory, Harvard University
Cambridge, Massachusetts 02138

We report the application of supersonic jet flash pyrolysis t to the clean, specific
preparation of a wide range of radicals, biradicals, and carbenes in a skimmed molecular beam.
We have prepared methyl 2 (CH3), ethynyP (C2H), vinyP ,4(C2H3), three isomers 5,6of C3H2,
propargyF (C3H3), allyls (C3H5), cyclobutadiene 9 (c-C4H4), benzyne lo (ortho-C6H4) ,
a,3-dehydrotoluene II (meta-C7H6), dichlorocarbene 12(CC12),and trichloromethyl radical13
(CC13). Each species was produced cleanly and specifically, with little or no secondary reactions,
by unimolecular thermal dissociation of appropriately designed and synthesized organic
precursors.

Photoelectron.sp_.. rraof the three isomeric C3H2 carbenes 5.6,ortho-benzyne lo and the
a,3-dehydrotoluene biradical _, were used to establish adiabatic ionization potentials for use in
thermochemical determinations. The thermochemistry of carbenes and biradical-like species was
found to follow a semiquantitative valence-bond picture _ in which the heat of formation of the
carbene or biradical is reduced from an additivity estimate by the singlet-triplet splitting if the
species has a singlet ground state. The triplet state is assigned to the "noninteracting biradical" of
Benson additivity schemes.

Explicit modeling of the Franck-Condon envelope of the photoelectron spectra was used,
along with chemical evidence, to identify the isomeric carbenes. For cyclopropenylidene, the
simulated spectrum Is, using a geometry for C3H2+° slightly adjusted from the optimized
MP2/6-31G* struc_e, closely matched that obtained by experiment. Small variations in the
bond lengths in the radical cation caused large, systematic changes in the simulated photoelectron
spectrum. On this basis, we use the Franck-Condon modeling as a means to assign a geometry to
this important ion. Franck-Condon modeling also allowed us to extract an adiabatic ionization

potential n from the poorly resolved photoelectron spectrum of CCI2. With IPad[CC12] = 9.27:1:
0.03 eV, the heat of formation of the carbene was determined to be AH f,298[CC12]= 51.0 + 2.0
kcal/mol which is in good agreement with a recent negative ion collision-reduced dissociation
value of 52.1 + 3.4 kcal/mol that used altogether independent auxiliary thermochemical data.
Previous determinations by a range of methods had given values ranging from 39 to 59 kcal/mol.
A fit of the photoelectron spectrum of cyclobutadiene 9 established that the Jahn-Teller distorted
radical cation c-C4H4+" is rectangular rather than rhomboidal. A better fit to model double-well
potential surfaces is underway to extract tunneling splittings. The photoelectron spectrum _3of
CQ 3 was also obtained and fit to anharmonic potential function to determine the barrier to
inversion of 525 + 50 cm -1 and ionization potential of IPad[CCI3] = 7.95 :!:0.04 eV.

We have recently obtained the only rotationally-resolvedelectronic spectrum of allyl and
aUyl-d5 radical by 1+ 1 resonant multiphoton ionization s. We have assigned ali of the bands
between 238 and 250 nm to transitions from the X2A2 ground state to three close-lying, coupled
electronically excited states: B2A 1, C2B1, and D2B2. Most interesting is the B state, which is
nominally the 3s Rydberg state, lt is found to be nonplanar with a double-well potential along a
b I coordinate. We have determined preliminary values for tunneling splittings. The nonplanarity
is ascribed to strong vibronic coupling to the C state whose origin lies only 241 cm-I higher in
energy.
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In collaboration with Dr. M.G. White at Brookhaven National Laboratory, the ZEKE-PFI
photoelectron spectrum of CH3 was obtained2. The spectrum is the first rotationally resolved
photoelectron spectrum of a transientpolyatomic radical, and shows unambiguous parallel band
structure. A ZEKE-PH detector has been constructed in one of the vacuum chambers in our
laboratory. We have been able to obtain both resonant and nonresonant MPI ZEKE-PH spectra
of several test molecules.

Future plans include further application of resonant MPI spectroscopy to several
isotopically substituted allyl radicals to better map the excited state double-well potential.
Franck-Condon simulation methodology for fitting cation structures to the photoelectron spectra
of radicals is also being tested as a way to determine bond lengths and angles for carbonium ions.
ZEKE-PFI spectra of small alkyl radicals is also planned.

l D.W. Kohn, H. Clauberg, P. Chen, Rev. Sci. Instr. 63, 4003 (1992).

2 J.A. Blush, P. Chen, R.T. Wiedmann, M.G. White, J. Chem. Phys. 98, 3557 (1993).

3 LA. Blush, J. Park, P. Chen, J. Am. Chem. Soc. 111,8951 (1989).

4 J.A. Blush, P. Chen, J. Phys. Chem. 96, 4138 (1992).

5 H. Clauberg, P. Chen, J.Am. Chem. Soc. 113, 1445 (1991).

6 H. Clauberg, D.W. Minsek, P. Chen, J. Am. Chem. Soc. 114, 99 (1992).

D.W. Minsek, P. Chert, J. Phys. Chem. 94, 8399 (1990).

s D.W. Minsek, J.A. Blush, P. Chen, J. Phys. Chem. 96, 2025 (1992); J.A. Blush, D.W.
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Soc. in preparation.

12 D.W. Kohn, E.S.J. Robles, C.F. Logan, P. Chen, J. Phys. Chem. in press.
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LASER SPECTROSCOPY AND DYNAMICS OF TRANSIENT SPECIES

Dennis J. Clouthier
Department of Chemistry
University of Kentucky

Lexington, KY 40506-0055

The goal of this program is to study the vibrational and electronic spectra and excited
state dynamics of a number of transient sulfur and oxygen species. A variety of supersonic jet
techniques, as well as high resolution FT-IR and intracavity dye laser spectroscopy, have been
applied to these studies.

1. Reactive Jet Spectroscopy of the FS2 Free Radical

We have recently been exploring a new technique we call "reactive jet spectroscopy", in
which exothermic chemical reactions within the throat of a supersonic jet are used to produce
new transient intermediates. In the first of these experiments, we reacted F2/argon mixtures with
COS in hope of detecting the electronic spectrum of SF2. We obtained a strong LIF spectrum
in the 700 - 490 nm region with an extensive series of bands with an upper state interval of 495
cm "_. However, the band types, vibrational intervals and de.gradation of the rotational structure
prove that the spectrum is not that of SF2. Further expenments have shown that the same
spectrum can be obtained by the reaction of F2 with COS, CS2 or H2S, so the carrier must have
only fluorine and sulfur atoms. High resolution spectra were obtained with a ring laser, and the
complex rotational structure shows clear evidence of J- and K,-dependent spin splittings. On the
basis of our own extensive ab initio calculations, the observed vibrational intervals, and a partial
rotational analysis, we have concluded that the spectrum is the _t2A ' - y(2Ae' band system of the
previously unknown FS2 free radical.

The results of our ab initio studies are presented in Table 1, along with the experimental
data. The predicted vibrational frequencies are in excellent agreement with those derived from

Table 1

A Comparison of Ab Initio Predictions and Experimental Results for the FS 2 Radical.

UMP2/6-31G" UMP2/6-311G (2d) Expt.

V_ ' 748 b 736 705

v2 287 289 293

v; 725 674 685

vl 804 754 766

v_ 213 216 217
s

v3 519 505 494

AE 12574 13285 14921

' v_ = SF stretch; v 2 = bend; v3 -- SS stretch.
b Ali quantities in cm -_.
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the spectra. The excitation energy is slightly underestimated, due to limitations of the
unrestricted Hartree-Fock Moller-Plesset perturbationtheory approach. However, experiment and
theory agree that there is a strong blue shift in the first electronic transition of the XS2 species
when a more electronegative atom replaces hydrogen. Thus, the adiabatic excitation energies for
HS2, CIS2 and FS2 are calculated to be 6208, 11020 _d 1_3285cm"_, while the experimental
values for HS2 and FS2 are 7256 and 14921 cm "_. The A - X band system of C1S2is unknown.

We have been able to record several bands of FS2 at high resolution and the rotational
analysis is in progress. When completed, these studies will provide the first data on the ground
and excited state structure, rotational constants and spin constants of the FS2 free radical.

2. Intersystem Crossing, Internal Conversion and F'ridence for Rotation-Induced Vibrational
Mixing in the Ground State of Thioformaldehyde

Last year, we reported studies of the S_ - So band system of thioformaldehyde at sub-
Doppler resolution using intracavity dye laser spectroscopic techniques. The analysis of these
data is now complete. A total of 360 upper state rotational levels in the 4 _vibrational state have
been studied. Ground state combination differences from the sub-Doppler spectra, combined with
microwave and infrared data, have been used to improve the ground state constants of H2CS.
The excited state constants have been determined from a fit of 211 "unperturbed" transitions.
Some of the upper state levels are found to be strongly perturbed by nearby triplet state levels
and the perturbations have been shown to involve a vibronic spin-orbit mechanism with matrix
elements of 0.05 - 0.15 cm"_. At least 65% of the S_ levels show evidence of small sub-Doppler
perturbations due to interactions with high rovibronic levels of the ground state. The number of
S_ - So perturbations is small at low J, but increases rapidly beyond J = 3 such that 40 - 80% of
the observed S_ levels of any given J are perturbed by ground state levels. Arguments based on
the density of perturbing states show that I_ is not a good quantum number in the ground state,
implying that there is rotation-induced mixing of the vibrational states. The distribution of
perturbations shows that the ground state levels form an unevenly distributed background, in
agreement with the conclusions from our previous photophysical studies. _

3. High Resolution FT-IR Spectroscopy of Formyl Chloride (HCOC1)

Formyl chloride is a transient molecule which readily decomposes to form HC1 and CO.
Although low resolution infrared spectra were studied many years ago) high resolution studies
have not been reported. We have been able to record spectra at 0.004 cre" resolution using a
slow flow system of HCOC1 produced by the reaction of formic acid vapor with PCI_. The
spectra axe complicated because 5 of the 6 fundamentals are A/B hybrid bands and both the
HCO3_CIand HCO37C1isotopomers are fairly abundant (3:1). In order to eliminate as much
congestion as possible, we have deconvoluted the spectra to give a resolution of about 0.003 cm"_.

band (C in-plane bend) at 1307.2 cm_ has been completely assigned forThe v3 H
HCO35C1 and HCO 37C1 and found to be an A/B hybrid with a transition moment ratio of
approximately 4:1. The ground state constants have been refined by simultaneous fitting of
microwave data and lR combination differences. The excited state constants have been obtained

from fitting assignments over a wide range of J and K_values. The v3 band shows only a few
minor perturbations due to interactions with the 5_6', 5 and 4_5_ levels.

The v2 band (CO stretch) is a predominantly A-type band which shows evidence of
perturbations in most of the upper state K-stacks. Sufficient numbers of unperturbed lines were
identified to provide a reliable set of upper state constants. Most of the perturbations can be
ascribed to Coriolis interactions with the rotational levels of the 3_5_state 23 cm _ below 2 _. The
perturbations are very similar in both isotopomers, so a detailed picture of the interactions
between the various levels can be obtained.
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We are currently engaged in further FT-IR studies of the spectra of HCOCI and DCOC1.
We plan to record high resolution infrared specz,a of sulfine (12CSO) this summer. Experiments
are in progress to obtain the ,_, - X bands of formic acid With rotational resolution and jet
cooling. We are also constructing a time-of-flight mass spectrometer to be used in REMPI
studies of nonfluorescent sulfur and oxygen containing transient molecules.
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The reactions of OH radicals with hydrocarbons have received a great deal of attention in recent years
because of these processes are principal steps in the oxidation of organic fuels--whether occuring in combus-
tion/propulsion _"._ems, in the atmosphere, or elsewhere. Of the various radicals capable of attacking
hydrocarbons, OH radicals are generally the most reactive. In the atmosphere, the combined effects of the OH
radical's reactivity and concentration make it the single species that determines the atmospheric lifetime of an
organic substance. In many combustion systems, the OH radical plays a similar rate-determining role in the
kinetics of fuel oxidation.

The principal goals of the kineticist in the field of oxidation chemistry are (1) to measure as many
elementary reaction rate coefficients as are conveniently studied in the laboratory; and (2) to develop theoreti-
cal and/or semiempirical tools for extrapolating from measured rate coefficients to unmeasured ones. The lat-
ter step is necessary because of the sheer number of reactions of possible interest. Ab b_itio theoretical studies
provide the most refined nonexperimental procedures for the completion of part (2) of the above program, but
again, the large number of reactions renders impractical detailed theoretical evaluation of every one. To this
end, Benson and coworkers 1 developed the procedures of thermochemical kinetics: a collection of recipes and
simple techniques for predicting reaction rate coefficients with reasonable accuracy. The method is most reli-
able when used simply to extrapolate rate coefficients from one temperature range to other temperatures, but a
single temperature measurement can provide the basis for extrapolation. The procedure is further sharpened
when applied to a family of homologous reactions for which a set of experimental measurements places more
stringent constraints on the structural parameters of the activated comple_ that are required for the calcula-
tions. (It is assumed that the activated complexes for a homologous series of reactions are very similar to one
another.) Studies of OH radicals with a series of alkanes have provided a wealth of experimental data that con-
stitute an ideal test case for the application of thermochemical kinetics to predicting reaction rate coefficients.

To extend the semi-empirical techniques of Benson and ox)workers,and to extend the database of reli-
able high temperature measurements of OH radicals with hydrocarbons and other fuels and their decomposi-
tion products, we undertook, with DOE support, a research program with both experimental and computational
tasks. The experimental goal was to design a procedure for measuring, at combustion temperatures, the reac-
tion rate coefficients of OH radicals with fuels and other species of importance in combustion or propulsion
systems. The computational effort was intended to refine the semi-empirical transition-state-theory procedures
for extrapolating rate coefficients of reactions of OH with combustion species of interest, for predicting rate
coefficients for species not studied in the laboratory, and to examine the ability of the theory to predict rate
coefficients for different pathways in the case the reagent possessed more than one nonequivalent H atoms.

These scientific goals can contribute to DOE's broad mission to improve the efficiency of combustion
processes while minimizing undesirable effects including production of pollutants. Both aims require a detailed
knowledge of the mechanisms of the combustion processes and the kinetics of each individual step. As noted
above, OH radicals are a key species in oxidation and combustion of any fuel (or other molecule) containing
abstractable H atoms--which includes all but the most exotic fuels. A series of measurements for a carefully
selected array of species can provide the basis for a semi-empirical formulation to estimate rates for any
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arbitrary molecule of interest--information that engineers, scientists, and other modelers will need in studying
combustion problems, predicting fuel efficiency, or minimizing undesired pollutant products.

In the experimental portion of this program we have carried out shock tube measurements of the reac-
tions of OH radicals with several species. The experiments were performed behind reflected shock waves in a
stainless steel shock tube. The tube has a 10-m-long, 16.2-cre-diameter test section with a 3-m-long 7.5-cm-
diameter driver section. OH radicals were produced in most cases by shock-heating t-butyl hydroperoxide
(TBH) diluted in argon carrier gas. TBH dissociates rapidly at our temperatures (near 1200 K) to produce t-
butoxy and OH radicals:

(CH3)3COOH--> (CH3)3CO"+ "OH ka = 6.6x 107 seed

the t-butoxy radicals in turn veryrapidly dissociate to give CH3 radicals and acetone:

(CH3)3CO" -" > "CH3 + CH3COCH3 kb = ?3 x 101°sec-1

The acetonethen decomposes--but,unfortunately,not very faston our time scale--togive .CH3 and .CH3CO
radicals:

CH3COCH3 --> °CH3CO+ "EH3 kc - 40 sec-1

And the CH3CO radicalswill rapidlyfall apartto giveCH3 andCO:

•CH3CO --> 'CH3 + CO kd = ? 4 x 1010sec"1

The net result of four reactions is:

(CH3)3COOH--> 'OH + 3 "CH3 + CO

If the third reaction were sufficiently fast, then the analysis of the measurements would be considerably
simplified, because we would then be looking at an instantaneously produced concentration of OH radicals,
CH 3 radicals, and inert CO. The fact that this is not so forces us to model OH concentrations as a function of
time and deduce reaction rates of the OH with added substrates by computer modeling.

Thin-film heat transfer gauges mounted in the tube wall signal the passage of the shock wave. The
speed of the shock wave is calculated from the distance between the gauges and the time between the heat
transfer gauge signals. From the shock speed, the pressure and temperature behind the reflected shock are cal-
culated.

The shock tube, the gas-handling equipment, and the optical configuration were described in detail in
Ref. 2; however, much of the electronics and hardware, not changed for over ten years, have been redesigned
and modified extensively. The old gas handling system has been completely replaced using new components,
including capacitance manometers for making more accurate and precise pressure measurements and gas mix-
tures. The antiquated system used to measure shock front velocities has been rebuilt replacing analog record-
ing equipment with digital. Shock velocities accurate to better than _+0.3% can be obtained from the digitized
data. Calibration experiments are now in progress to establish new system characteristics--in particular, the
exponent v defined in eq. (1) below:

ln(Io/I ) -- cefr ([OH] x/)v (1)

where I is the light signal seen by a detector, ! = optical path length and Cefr= effective extinction coefficient.
cefr and v are functions of the gas temperature and pressure, the slit width, and the operating characteristics of
the lamp.

The OH radical then undergo several reactions in the absence of any other reagents, and have a
characteristic half-life. When another reagent is present, it too can react with the OH. The disappearance rate
of OH as a function of the added reagent RH gives the reaction rate coefficient for the process, OH + RH -->
products. The OH concentration behind the shock wave was monitored by uv absorption using OH resonance
radiation at 309 am, produced by a microwave discharge through a mixture of helium and water vapor flowing
at 70 torr.

To date we have completed and published2,3,4 shock tube measurements of the reactions of OH radi-

cals with several species: H2, CH4, c-CsHlo , i-C4H10, i-CsHI8 , neo.CsHls ' 2,3-dimethylbutane, C2H2, C2H4,
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C3H6, HCHO, CH3COCH3, CH3OH , and C2HsOH. The results, ali near 1200 K and 1 atm, are summarized
below.

Reagent Rate Coefficient (109 L/reel-s)
H2 2.7

CH 4 2.6
C2H6 9.0
C-_Hs 16.0
i-C4Hlo 12.6
c-CsH10 28.0
neo-C-,sHls 18.0
i-CsHt8 22.0
2,3-dimethylbutane 21.0

C2H2 0.28
C2H4 2.6
C3H6 9.6
HCHO 12.0

CH3COCH 3 5.3
CH3OH 5.2
C2H5OH 5.3

In addition, in a separate set of experiments, the reaction rate of OH with CH 3 radicals was measured. 5
This process is always occuring in our system because CH 3 radicals are produced in the decomposition of the
TBH via reactions b, c, and d. Overall, three CH 3 radicals are produced for every OH radical in the pyrolysis of
the TBH. In order to vary the ratio of [OH]:[CH3], varying quantities of di-t-butyl-peroxide (TBP) were added
to the "FBH. Like TBH, TBP decomposes rapidly at the temperatures behind the reflected shock tube, but
produces only CH 3 and CO:

(CH3)3COOC(CH3) 3 -- • 2 (CH3)3CO' ke = 7 x 108 sec "1
(CH3)3CO" --• CH 3 + CH3COCH 3 kf = ? 3 x 101° sec-1
CH3COCH 3 --> 'CH3CO + "CH 3 kc = 40 sec "1
'CH3CO --• "CH3 + CO kd = ? 4 x 1010sec -1

For a net overall reaction of:

(CH3)3COOC(CH3) 3 --> 4 "CH3 + 2 CO

Extraction of the OH + CH 3 reaction rate coefficient of 1.1 x 1011 L mo1-1 s"1 required the utilization
of a detailed computer model. Although we did not directly measure the products of the reaction, we believe
that the primary mechanism for OH removal of CH 3 near 1200 K and 1 atm is by their combination to form
CH3OH.

The work on the hydrocarbons provided the incentive for revising an earlier model 6 used to carry out
thermochemical transition state theory (TST) calculations for the reaction rate coefficients of OH with alkanes.

In a careful review of the application of TST to OH + alkane reactions we concluded that there are good
theoretical reasons for expecting different primary, secondary, or tertiary H atoms (distinguished on the basis of
number of nearest neighboring C atoms) to have different rate parameters. If true, this invalidates the usual
procedure of treating the total rate coefficient for OH + RH H abstraction processes as the sum of invariant
primary, secondary, and tertiary rates multiplied by the respective number of such H atoms in the molecule. A

separate question is whether there is really sufficient experimental evidence to justify distinguishing among dif-
ferent types of primary (or secondary, or tertiary) H atoms, or whether, given experimental and theoretical
uncertainties, it is adequate to treat them ali as equivalent. We have concluded that there are measurable and

unambiguous differences among various primary H atom abstractions, and possibly among secondary atoms,
but the database cannot as yet distinguish among tertiary H atoms. 7

In the coming period we plan to continue our program of measuring reaction rates with selected

hydrocarbons and oxygenated hydrocarbons, and extend it to halogenated hydrocarbons. We also plan to carry
out some experiments designed to measure relative contributions from alternate channels (possibly by using
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laser absorption spectroscopy) in the case of reactions with more than one pathway--e, g., OH + C2H5OH ,

CH3CHO , CH3CHCH2, C2H4. An additional area of interest is the shock tube study of molecule-molecule
reactions of importance in combustion, such as NH3 + NO and NH 3 + NO2.
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Fundamental research on the combustion of halogenated organic compounds with
emphasis on reaction pathways leading to the formation of chlorinated aromatic
compounds and the development of continuous emission monitoring methods will assist
in DOE efforts in the management and disposal of hazardous chemical wastes. Selective
laser ionization techniques are used in our laboratory for the measurement of
concenff,ation profiles of radical intermediates in the combustion of chlorinated
hydrocarbon flames. A new ultrasensitive detection technique, made possible with the
advent of tunable VUV laser sources, enables the selective near-threshold
photoionization of ali radical intermediates in premixed hydrocarbon and chlorir_ated
hydrocarbon flames.

Three project objectives may be briefly summarized:

1. Measure concentration profiles of radical species in premixed hydrocarbon and
chlorinated hydrocarbon flames for the development, refinement and verification of
chemical kinetic flame modeling calculations.

2. Develop resonance ionization detection schemes for in situ monitoring of flame
radical concentration profiles.

3. Perform resonance ionization spectroscopic studies of electronic states of
combustion radicals to promote an improved understanding of the electronic structures
of these species.

Most of our effort during the past year has centered on the flame sampling laser
/on/zat/on mau s/_trometer to be used for measurements of chlorinated hydrocarbon
flame radical density profiles. A Spectra Physics GCR-6 Nd:YAG laser and an STI
TJ/Sapphire laser are now in operation for the generation of VUV light by four-wave
sum and difference frequency generation techniques with xenon and krypton nonlinear
media. The apparatus has been tested and initial mass spectra for methane/oxygen and
hydrogen/oxygenbase flameshave been recorded.Theseinitial experimentswere
conductedwithtriplingofthethirdharmonicfrequencyoftheNd:YAG laserinaxenon
celltoyield118mn (10.5eV)photonsforVUV photoionizationmass spectrometryof
reactionintermediates.
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The base flames were seeded with trichloroethylene and vinyl chloride to
demonstrate the feasibility of the technique. High quality mass spectra with a mass
resolution of about 150 were demonstrated. Profile measurements of numerous radical
intermediates and laser-induc_ photofragments were recorded. The sensitivity of the
VUV photoionization method has enabled us to observe trace species such as COCI, the
chloroformyl radical, which is of key importance in the combustion of chlorinated
hydrocarbons, and yet has not been previously detected in laboratory flames. A glance
at the reaction pathway diagram of Fig. 1 illustrates the role of COCI in the oxidation
of trichloroethylene; COCl assumes a similar prominence in the oxidation of other
chlorinated hydrocarbons. The exceptionally weak C1-C bond (= 8 kcal/mole) of this
radical makes CICO of considerable chemical and spectroscopic interest.

Our experiments to date have only been performed with photons of a fixed 10.5
eV energy, rather than with energies tunable over the 7 to 11 eV range available when
our tunable VUV system is completed. As a result we cannot conclusively determine
whether the CICO we detect is nascent within the flame zone or is formed as a result
of the photofragmentation of COC!2.

%C12

(Z1 M
C2HC13 _ C2C13 _ :_ COC12 :- COC1 _ CO

%CI(

Figure 1: _Iajor reaction pathways in the high temperature combustion of C_CI3H
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This researchdeterminesthe nature of highly vibrationallyexcited molecules,
their unimolecular reactions, and their photodissociationdynamics. The goal is to
characterize vibrationally excited molecules and to exploit that understanding to
discover and control their chemical pathways. Most recently we have used a
combination of vibrationalovertone excitation and laser inducedfluorescenceboth to
characterize vibrationally excited molecules and to study their photodissociation
dynamics. We have also begun our first laser induced grating spectroscopy
experimentsdesignedto obtainthe electronicabsorptionspectraof highlyvibrationally
excited molecules.

VIBRATIONALLY MEDIATED PHOTODISSOCIATION

We study the role of vibrationalexcitation in photodissociationdynamics by
usinga vibrationalstate preparationtechnique, suchasvibrationalovertone excitation,
to create moleculeswith particularnuclearmotions andthen exciting some of those
moleculesto a dissociativeelectronicstate. Becausethe vibrationalexcitation alters
the dissociationdynamics in the excited state, both by providingaccess to different
portionsof the excited state surfaceand by alteringthe motion of the system on the
surface, we usually refer to dissociationof these excited molecules as vibrationally
mediated photodissociation.1 We have studied vibrationally mediated photodis-
sociationina numberof molecules,HOOH, HONO2, t-BuOOH, and, most recently, H20
and HOD. In the latter two molecules,we demonstratedthe controlled breakingof a
bondin vibrationallymediatedphotodissociation,determinedthedistributionof energy
in the products, and obtainedthe electronicabsorptionspectrum of the vibrationally
excited molecule.1

Hydroxylamine (NH2OH)isan intriguingmoleculefor testing ideasthat we have
developed about vibrationally mediated photodissociation, lt has a relatively weak
H2N-OH bond (256 kJ/mol) and two different types of bonds (N-H and O-N) that are
likely candidates for vibrationalovertone excitation. Our approach to exploring its
vibrationallymediated photodissociationdynamicsisto obtain its vibrationalovertone
absorptionspectrum,2 using photoacousticspectroscopy,to study its single photon
photodissociation, and to observe its vibrationally mediated photodissociation for
excitation of both the O-H and N-H bonds.

The photoacousticspectraof NH2OHin the vicinity of the second(3POH),third
(4ivOH), and fourth (5POH)overtones of the O-H stretching vibration illustrate an
intriguing aspect of hydroxylamine. The spectra for the second and third overtone



vibrationshave sharp, albeit congested,rotationalstructure, but the spectrumfor the
fourth overtone vibrationhas none. Simulatingthe spectraas those of anasymmetric
top with predominantly an a-type rotational contour having a small b or c-type
contribution reproduces the rotational structure quite well provided we assign a
linewidth of 0.5 cm"1 in the case of 3POH and 1 cm"1 in the case of 4vOH. Both of
these widths exceed the bandwidth of the dyelaserandclearlyreflect couplingswithin
the molecule. The situation in both the "experimentand simulation is dramatically
different for 5vOH, where we must use a linewidth of 10 cm"1 to reproduce the
spectrum. Although the fourth O-H stretching overtone region lies below the
dissociation threshold for NH2OH, the coupling apparently changes dramatically
between 41_OHand 51_OH. We are now probingthe vibrationally mediated photodis-
sociation dynamicsfor moleculesexcited in these different regionsby measuringthe
distributionsof the productsamong their quantum states.

We have also begun calculationsbased on ab initio potential energy surfaces
to explore these vibrational dynamics. After obtaininga number of points on the
potentialenergysurface,we have calculatedthevibrationaleigenvaluesandusedthem
to predict the evolutionof excitation initiallydepositedin the O-H stretch. Fast decay
from this state translates into a large linewidth in our spectra. In these first
calculations, the states 3POHand 4vOHlive a very _ng time, consistent with their
relatively narrow lines, while 5vOHdecays in a fraction of a picosecond,consistent
with its broader lines. We believethat NH20H has interestingexperimental behavior
that will yield to good theoretical interpretation.

LASERINDUCED GRATING SPECTROSCOPY

The basic approach of a laser induced grating experiment is to form an
interference pattern in a sampleby crossingtwo identicalexcitation beams, obtained
by splitting a singlelaser beaminto two parts, andto probeit with another beamthat
diffracts from the resultinggrating. The interferingexcitation beamscreate a grating
pattern with regionsof excited state populationseparating regionswith no excited
molecules, corresponding to maxima and minima in the interference pattern. The
probebeam diffracts from these regionsif the excited state preparedbythe excitation
beam producesa different index of refraction or absorption coefficient at the probe
wavelength than the groundstate. This approachis well establishedfor liquids and
has been demonstratedin gases, but its applicationto detecting highly vibrationally
excited states has just begun.

The simplest laser inducedgrating measurement we are performingcreates a
grating with the vibrationalovertone excitationlight and probesit with ultraviolet light
in a transition to the electronicallyexcited state. This correspondsto the first two
steps in vibrationally mediated photodissociation,but diffraction of the probe beam,
not the formation of a photofragment, signals the transition to the electronically
excited state. Buntine et a/. have pioneeredthis approach in highly vibrationally
excited water vapor.3 They excite the 1041- state with interferingvibrationalovertone
excitation beams and probe the excited state by diffraction of 266-nm light, which
makes a transitionfrom the vibrationallyexcitedstate to the dissociativeelectronically
excited state. The largercross section for electronic excitation of the vibrationally
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excited molecule comparedto the ground vibrationalstate moleculeat the selected
wavelength producesthe difference in index of refraction between the maxima and
minima in the grating that diffracts the probe light. Varying the wavelength of the
excitation laser producesthe vibrationalovertone excitation spectrumof water.

We have learned the details of laser induced grating spectroscopy with
experiments on NO, using a two-photon excitation, and with experiments on water,
using vibrational overtone excitation. We have the methodology well in hand, have
reproducedthe earlier measurements3 of the vibrationalovertone excitation spectrum
of the J04)-, and are studying other vibrational states such as J13)-. The most
intriguing possibilityfor this technique is obtainingthe ultravioletexcitation spectrum
out of different vibrational states. We have already shown that this spectrum has
structure that reflects the nodal structure of the vibrationally excited state and the
dissociatingstate.4 Implementinglaser inducedgratingspectroscopywill allow usto
obtain these spectra easily and sharpen our comparison with detailed theoretical
calculations.

1. F.F. Crim, Ann. Rev. Phys. Chem. (1993) (in press).

2. X. Luo, P. R. Fleming,T. A. $eckel, and T. R. Rizzo,J. Chem. Phys. 93, 9194
(1990).

3. M.A. Buntine, D. W. Chandler, and C. C. Hayden, J. Chem. Phys. (to be
submitted).

4. R.L. Vander Wal, J. L. Scott, and F. F. Crim, J. Chem. Phys. 94, 1859 (1991 ).
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INFRARED ABSORPTION SPECTROSCOPY AND CHEMICAL KINETICS
OF FREE RADICALS

Robert F. Curl and Graham P. Glass

Dep_nt of ChemistryandRice QuantumInstitute
Rice University,Houston,TX 77251

Thisresearchisdirectedat thedetection,monitoring,and studyof the chemicalkineticbehaviorby
infraredabsorptionspectroscopyof smallfreeradicalspeciesthoughtto beimportantintermediatesin
combustion.During the lastyear, infraredkineticspectroscopyusingexcimerlaserflashphotolysisand
color-centerlaserprobinghasbeenemployedto studythe highresolutionspecu'umof HCCN, therate
constantof the reactionbetweenethynyl (C2H) radicalandH2 in the temperatureregion between295
and875 K, andthe recombinationrateof propargyl(CH2CCH) atroomtemperature.

THE CH STRETCH OF HCCN
HCCN was producedby 193mn excimerlaserphotolysisof dibromoacetonitrile

HBr2CCN + h7 (193 nra) -, HCCN + 2Br (1)

andthe region of the CII stretching fundamental of the ground triplet state near 3250 cm- 1 was probed
with a tunable color center laser. The CII stretch fundamental, Vl, was observed, assigned, and
analyzed.In additionto the CH stretchingfundamental,severalhotbandsassociatedwith excitationof
theCH stretchfrom excitedstatesof thebendingvibrationswereobservedandthe two bandsassociated
with the lowestenergybendingfundamentals,Vl+VS-V5 and Vl+V4-V4, wereanalyzed.From
measurements of the intensity of these hot bands relative to the fundamental, the energy of v5 and v4
have been found to be 187:P.20cre- 1 and 383:t:20 cre- 1 respectively. The value found for v5, 187+_20
cre-1, which corresponds to the energy of the lowest excited state involving off-axis motion, is
intermediate between that expected for a normal linear molecule and thatexpected for a bent molecule
suggesting a very floppy HCX bending potential characteristic of a quasilinear molecule.

HCCN Bending Potential
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Figure I. PotentialfunctionfortheHCCangle agreeingwith observedv5 energy.Themoleculeis linear
whenO- O.Thedashedcurveis theab initio(CCI)curveof Malmquistet al.

The bending vibrational energy levels of the ground electronic state of HCCN have been calculated
for a range of possible bending potentials by Malmquist et al I who carriedout an ab initio study of the
triplet ground electronic state of HCCN. As with all other ab initio calculations of the structure of ground
state HCCN, they found the equilibrium geometry of the molecule is bent. Because all previous
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spectroscopicinvestigationsofHCCN foundthemoleculetobclinear,Malmquistetalprovidedthe
bendingenergylevelsforaparametricallyvariablepotentialfunctioncapableoftakingthebcntabinitio

potentialalltheway tolincarity.The bendingpotentialresultingfromtheirparameterizationthatgives
v5 = 190cm-Iisdepictedabove.ThispotentialsuggeststhattheHCC bondangleflopsabout
linearity.

T D_EPENDEN CE OF _ RATE CONSTANT FOR _ REACTION BETWEEN CCH AND H?.

HightemperatureracemeasurementsonthereactionbetweenC2H andmolecularhydrogen:

C2H + H2 ....> H + C2H2 (2)

arccrucialtoacriticalevaluationofthemechanismofacetylenepyrolysis,2,3which,ofcourse,isan

essentialpartofanymoregeneralhydrocarboncombustionmechanism.SinceC2H formationinsuch
systemsoccursprimarilyviathereverseofreaction(2),andsincenoexperimentalmeasurementsof
reaction(-2)exist,itisusual,when modellingeitheracetylenepyrolysisorcombustion,toestimatethe
rateofreaction(-2)fromtheequilibriumconstant,K2,andtherateconstant,k2,fortheforward

reaction.OnlyonedirectexperimentalinvestigationofthereactionbetweenC2H andH2 attemperatures
inexcessof300K hasbccnpublished.4 Thisstudysuffersfromtwolimitations:(1)Itcoveredonlya

limitedtemperaturerange(298-438K),and(2)onlytheratioofk2totherateofreactionofC2H with
acetylene,wasmeasured.The onlyinformationconcerningtherateofreaction(2)atcombustion
temperatures,comesfromaTST calculationbyHardingctJ]=L5whichutilizedi__ methods(POL-
CI)fordeterminingthepropertiesofthepotentialenergysurfaceinthesaddlepointregion.

Inourwork,therateofthereactionbetweenC2H andH2 hasbeenmeasuredoverthetemperature

range295-855K. The C2H radicalwas producedbyexcimerlaserphotolysisofC2H2 at193nra,and
itstransientabsorptionwasmonitoredthroughoutthere,actionbyusingatunableinfraredcolor-center
laser.The temperaturedependenceoftherateconstantexhibiteda non-Arrheniusformthatcouldbc
wellrepresentedbytheexpression:k = (9.44:L-0.50)x 10-14T0.9exp(-1003:t:40/T)cm3molcculc"1s"I.
Figure2 showsacomparisonofourdatawithpreviouswork.

10"1o--..
- ------- Wagner

- \A " o Koshi
-

"]._10"11_
O

E -12

-
.._ ,.

lo-_a _ I I I I I _ I I
0 0.5 1 1.5 2 2.5 3 3.5

1000/1"

Fig.2.Therateofthereaction,C2H + H2,asafunctionoftemperature.

RECOMBINATION RATE OF PROPARGYL RADICAL

We reportedlastyearaninfraredkineticspectroscopicinvestigationoftheCH stretching
fundamentalofpropargylradicalanddescribedinouroralpresentationpreliminarymcasurcmcntsofthe
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propargylrecombinationrate at roomtemperature.Propargylis producedby flash photolysisof
propargyl bromideor chloride.

CH2X-C=CH + hv ..)X + CH2-C=CH (3)

with X=Br or C1.Another possible photolysis channel may be

CH2X-C=CH + hv -.,HX + CH-C=CH (4)

Thedme decay of the propargylsignal follows secondorderkinetics suggesting that propargylis
reacting with itself or another photolyis product. When X=Br,the Br atom can be observed with the
same apparatususing the magnetic-dipole-allowedfine structuretransitionof the bromineatomat 3685
cm'l. As the Br absorption cross section is known, the infraredabsorption cross-section of propargyl
can be determinedby comparingits intensity to that of Brusing the stoichiometry of reaction (3). The Br
atom signal exhibits firstorderdecay, which is faster than the propargyl decay underthe same
conditions. These observations show that propargyl does not reactwith the precursorC3H3Brnor with
Br. When X=C1, it is possible to observe transitionsof the HC1vibrational fundamental. Indeed these
appear promptly upon photolysis indicating that (4) is actually taking piace. However,quantitative
measurementsestablish that the ratio of moles HCI to moles C3H3is 0.14 4-.02. Thus (4) is a minor
channelwhen X=CI, and the observedsecond orderdecay of propargyl must becausedby the reaction
of propargylwith itself probablyvia recombination.These observationspermitthedeterminationof this
recombinationrateby measurementof the decayof the C3H3concentrationwith time afterphotolysis of
propargylchloride.The resultingrate constantis 1.8(4) x I0"I0cm3 molecule"Is-1.
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Fig. 3 Time decay of propargyl concentrationfittedby second orderkineticsexpression.

lp. Malmquist, R. Lindh, B. O. Roos, and S. Ross, Th¢o. Chim. Acta 73 (1988) 155.
2j. H. Kiefer, and W. A. Von Drasek, Int. J. Chem. Kinetics, 2_2,747 (1990).
3R.D. Kern, K. Xie, H. Chen, and J. H. Kiefer, 23rd Symposium (International) on Combustion (The

Combustion Institute, Pittsburgh 1990) p. 69.
4M. Koshi, K. Fukuda, K. Kamiya, and H. Matsui, J. Phys. Chem., 96, 9839 (1992).
SL. B. Harding, G. C. Schatz, and R. A. Chiles, J. Chem. Phys., Irl, 5172 (1982).
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SPECTROSCOPY AND REACTIONS OF VIBI_TIONALLY EXCITED
TRANSIENT MOLECULES

Hal-Lung Dai
Department of Chemistry

University of Pennsylvania
Philadelphia, PA 19104-6323

I. Program Scope

Spectroscopy,energytransferand reactionsof vibrationallyexcited
transientmoleculesarestudiedthrougha combinationoflaser-basedexaltation
techniquesand efficientdetectionofemissionfromtheenergizedmoleculeswith
frequencyand timeresolution.SpecificaUy,a Time-resolvedFourierTransform
EmissionSpectroscopytechniquehasbeen developedfordetectingdispersed
laser-inducedfluorescenceintheIR,visibleand UV regions.The structureand
spectroscopyoftheexcitedvibrationallevelsintheelectronicgroundstate,as
wellasenergyrelaxationand reactionsinducedby specificvibronicexcitationsof
a transientmolecule can be characterizedfrom time-resolveddispersed
fluorescenceinthevisibleand UV region.IRemissionsfromhighlyvibrational
excitedlevels,on theotherhand,revealthepathwaysand ratesofcollision
inducedvibrationalenergytransfer.

II. Recent Progress
A. Fourier Transform Dispersed Fluorescence Spectroscopy: Highly

Excited Vibrational Levels of Singlet Methylene

Recentlywe have reportedthedevelopmentoftime-resolvedFourier
transformemissionspectroscopy(TR-FrES),a new techniqueforrecording
dispersedemissionspectrainthevisibleoruv regionoflaserexcitedspecieswith
50nsecand 0.25crn-1resolution.As a spectroscopictoolforexcitedvibrational
levels,FTES hasmany advantages.The spectralrangethatcanbe obtainedina

singleexperimentisverylarge(103-104cre-l).In comparisonwithgrating
spectrometersfordispersingfluorescence,theresolutionismuch higher.Fourier
transformspectroscopictechniquesgiveaccurateabsolutefrequendes,without
theneedforexternalcalibration.And thedispersedfluorescencespectracanbe
takenwithrealtimeresolutionfortheexaminationofcollisionprocessesthatwill
changethenatureoftheexcitedrovibronicstate.

Alioftheseadvantagesmake TR-FrESa uniquelysuperiortechniquefor
fastrecordingsurveyspectraofexcitedvibrationallevelsoverwide spectral
ranges,forspecieswith shortlifetimesand/orlow concentrations.We have

achieveda firstdemonstrationof theseadvantagesin a studyof the high
vibrationallevelsofCH2 inthelowestsingletstate.Spectrapresentedherewill

show thatseveralpreviouslyunknown vibrationallevelsinthe5,000-7,500cm-I
region,includingthev2=5 level,canbe detectedwithexcellentsignal/noise
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ratios for a sample with <10 mTorr CH2 partial pressure within only 105 laser
pulse operation. With the present laser repetition rate, these spectra of a few
thousands wavenumber and -1 cm"1resolution take only a couple of hours of laser
operation to obtain. This is at least an order of magnititude more efficient than
previous methods using grating spectrometers.

The newly detected (1,2,0), (2,0,0), (0,5,0), and (1,3,0) vibrational levels,
together with the (0, n=2-4,0) and (1,1,0) levels detected by us using the
stimulated emission pumping technique and the fundamental levels previously
determined by Moore and coworkers, allow the determinaffon of a good portion
of the singlet CH2 potential energy surface. The barrier height to linearity of the
_1A1 state has been recalculated with greater accuracy. Ab initio calculations
have shown that the (0,5,0) level suffers severe Renner-TeUer coupling with the

state, which has also been confirmed by this FTESstudy.
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oftheCH2 b IBI (0,18,0)]K,Kc=000level.Piveb-_ vibrationalbandscanbe

seenand arelabeUedinthespectra.Eachband consistsofa singlerotational
transition, 000-->110.

B. State-to State Rotational Energy Transfer and Reaction with Ketene of

Highly Vibrationally Excited blB1 CH2

Dispersed fluorescence spectra from the CH2/_ 1B1--->_ lA1 band were recorded
with time-resolution by Fourier transform emission spectroscopy after pulsed excitation

of a single rotational level of the/_IB 1 (0,160,0) state. Fluorescence observed from ttle
initiaUy excited level and from levels populated by rotational energy changing collisions
with the bath gas (ketene) was used to deduce the state-to-state rate constants for
rotational energy transfer and the state-resolved rate constants for total collisional

removal of/_IB l CH2. The observed propensity rules for rotational energy transfer-
A/= +_, AKa = 0, and AKc =+2 --- are consistent with a quadrupole-dipole i11teraction

between blB_ (0,160,0) CH2 and ketene. The existence of a quadrupole in the
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intermolecular interaction suggests that the structure of CH2 in the/_IB1 (0,160,0) state,
averaged over the time of a collision, must be linear. The state-to-state rotational energy
transfer rate constants range from approximately equal to the hard sphere gas kinetic
rate to four times the gas kinetic rate, with the largest rate constants between rotational
levels with the smallest energy gaps. Examination of fluorescence spectra recorded with
polarization analysis shows that rotationally elastic (zt/= 0) M changing collisions are

negligible. State-resolved rate constants for reactive collisions between/_1/_ CH2 and
ketene were obtained by subtracting the rotational energy transfer contribution from the
total rate constants for collisional removal of/_IB1CH2 (obtained from a Stern-Volmer
analysis). These rate constants vary'from one to five times the hard sphere gas kinetic
rate, and increase with rotational energy for the levels studied. Their magnitudes show

that CH2 is about two times as reactive in its/_IB1state than its _IA1 state.

III. Future Plans- Intramolecular Dynamics and Intermolecular Energy
Transfer of Highly Excited Vibrational Levels Characterized by Time-
Resolved IR Emission Spectra

Stimulated emission pumping or
02 , .. , , , internal conversion followed by

electronic excitation can be used

__vA_0_ to prepare molecules at highly

excited vibrational levels with

o well defined energy. IR
0 _s emissionfromtheselevels

arisesfromvibrational

__ transitions through harmonic
_ oscillator selectionrulesand can

_-0.2

u zo _s beused to characterizetheir
-_ _ _./__,,__,_ vibrational wavefunction. IVR

in terms of coupling between the
-= zeroth-ordermodes and
-o.,i i isomerizationreactionsinterms

"P3

ofcouplingbetweenthezeroth-
orderstructurescanbeprobed.

_t+V3

J'l.A 20_s 1 Furthermore, collisional
-06 _ _ __ relaxation of these highly excited

levels can be monitored by
, , - , . J , , , _ , , , , . I detectingtheIRemissionfrom

2ooo 4ooo 8ooo 8ooo thesubsequently populatedF'REQUENC'Y (cra-i)

lowervibrationallevels.The

figureshowsthatwe have
successfullyrecorded the IR

Figure2 Time-resolvedIR emission emissionspectra,in50 ns time
spectrafrom NO2 (200mTorr)following interval,from a 200 mTorr NO2

the Be-H excitation at 22,000 cm-1. gas following the Be-H excitation
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at 22,000 cm-1, using the time-resolved Fr emission spectroscopy. Congested IR
emission spectrum at t=0 shows the complex vibrational characters of the
vibrational levels at such high energy. Later-time emission shows a tremendous,
but gradual, blue shift with time in the v3 peak position, indicating collision
induced cascading of the excited vibrational levels.

IV. Publications from this project since 1991

The Chemical and Physical Properities of Vibration-Rotation Eigenstates of
H2CO (So) at 28,300 cm-1

In "Advances in Molecular Vibrations" Ed. J. M. Bowman, (JAI press,
Connecticut, 1991), pp.305-327, H. L. Dai

Vibrational Spectroscopy and Dynamics of Transient and Weakly Bound
Molecules by Stimulated Emission Pumping

In "Advances in Multi-Photon Processes and Spectroscopy", Ed. S. H. Lin,
(World Scientific, Teaneck New Jersey, 1991), Vol. 7, pp. 169-230, H. L. Dai

Time-resolved Fourier Transform Spectroscopy with <10-7 Second Time- and
0.25 cm-1 Spectral Resolution in the Visible Region

Rev. Sci. Instr.,63, 3261-67 (1992)
G. Hartland, W. Xie, II. L. Dai, A. Simon, and M. J. Anderson

StrongAsymmetry InducedaKa---3TransitionsintheCH2 b BI_aA1 Spectrum:
A Studyby FourierTransformEmissionSpectroscopy

J.Chem.Phys.97,7010-2(1992)
GregoryV.Hartland,Wei Xie,Dong Qin,andHai-LungDai

State-toStateRotationalEnergyTransferand ReactionsofHighlyVibrationally

ExcitedbiB1CH2 withKetenebyTime-ResolvedFourierEmissionSpectroscopy
J.Chem.Phys.,inpress
GregoryV.Hartland,Dong Qin,andHai-LungDai

FluoresenceExcitationSpectrumoftheb1B1e-OA12o(n=18-23)BandsofCD2
J. Mol. Spectr.., _ 162-9 (1993)
Wei Xie and Hai-Lung Dal

Fourier Transform Dispersed Fluorescence Spectroscopy: Observations of New
Vibrational Levels in the 5,000-8,000cm-1 Region ofiAICH2

I. Chem. Phys., 98. 2469-72 (1993)
Gregory V. Hartland, Dong Qin, and Hal-Lung Dai

Highly Excited Vibrational Levels Studies by T'tme-Resolved Fourier Transform
Emission Spectroscopy

SPIEProc. Vol. 1856 (Int. Soc. Opt. Eng,, BeUings, Washington, 1993), in
press, G. V. Hartland, D. Qin, and H. L. Dai

Stimulated and Dispersed Emission Studies of the Excited Vibrational Levels of
a Transient Molecule: Singlet Methylene, in "Molecular Dynamics and

Spectroscopy by Stimulated Emission Pumping", ed.. H. L. Dai and R. W.
Field, Adv. Series in Physical Chemistry, (World Scientific, 1993).
Gregory Hartland and Hal-Lung Dai
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Intramolecular and Nonlinear Dynamics

Michael J. Davis

Chemistry Division
Argonne National Laboratory

Argonne, IL 60439

Research in this program focuses on three intcrconnected areas. The first involves
the study of intramolecular dynamics, particularlyof highly excited systems. The second
area involves the use of nonlinear dynamics as a tool for the study of molecular dynamics
and complex kinetics. The third area is the study of the classical/quantum correspondence
for highly excited systems, particularly systems exhibiting classical chaos.

Recent Progress

Much of the recent progress involves the application of our hierarchical analysis of
molecular spectra. The most important new aspect of this project has been the detailed
mapping of energy transferpathways present in highly excited molecular systems.
Another important aspect of recent progress has been the further understanding of the
eigenstates of dynamical systems in which the classical dynamics is strongly chaotic. Our
past work concentrated on systems, which while they exhibited widespread chaos, could be
understood by generating intrarnolecularbottlenecks. Eigenstates could be understood in
terms of motion which was trapped within these bottlenecks. These more chaotic systems
exhibit mixing which is closer to what is necessary to justify statistical theories of reactions
in a rigorous manner, but still fall short, at least at the energies we have studied them,
because the mixing occurs over a limited number of phase space regions. These regions
are those defined by a demarcation based on the previously noted bottlenecks.

The figure summarizes some of our recent progress. It is divided into three sets of
two rows, indicating three projects. The top two sets demonstrate the range of systems,
extending from a model dynamical system in the top two rows to a fully three-dimensional
study (J=0) of an OHCI"photodetachment spectrum done in collaboration with Koizumi
and Schatz (middle two rows). The important feature of the top two rows is that a
discernible andlocalized pattern emerges in the last plot of the top row and the first three
plots of the second row, but the pattern is not present in the first four plots at lower energy
(designated as "k" in the plots) or higher energy. These plots demonstrate a specific type
of bottleneck to energy transfer which exists over only a narrowrange of energy. Such
processes point to the difficulty of assigning spectra of highly excited molecules over long
energy ranges and point to the utility of our hierarchical analysis, which is a systematic
approach to "divide and conquer'' a spectrum. "Divide and conquer'' refers to viewing a
spectrum and intrarnolecular dynamics at ali levels of resolution (i.e., time scales) and over
ali energy scales.

The results generated for the OHCI"photodetachment spectrum agree very
favorably with those of Bradforth and Neumark, whose experimental spectrum shows
very little structure. The hierarchical analysis of the theoretical spectrum of Koizumi and
Schatz has demonstrated that initially the OHCI fragment shows stretching motion of the
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H-atom with is mostly OH stretch. This is evident in the experimental spectrum when it is
compared to the theoretical version. At longer times (not evident in the experimental
spectrum), there is internal rotation, hindered rotation or bend motion (depending on where
the wavefunctions are viewed in terms of the O-CI distance). The fourth row of the figure
shows internal OH rotation. These are plots of wavefunctions associated with the
smoothed spectrum shown above them, with the numbers on the spectrum (1-4)
corresponding to the states below it, moving from left to right. The coordinate system of
these latter plots involve the O and CI atoms being fixed (the O at the center and the CI at
the far right, center) and the H moving in the plane. At the O-CI distance in the plot (5.91
au) the motion of the H in the plane involves rotation around the O-atom (internal OH
rotation). The wavefunctions in the figure illustrate a sequence of internal rotor states of
increasing angular momentum, with the number of angular nodes increasing from 7 to 10
in the plots.

The f'mal two rows of plots in the figure demonstrate our work on energy transfer
pathways. The demarcation of "quantum phase space" is indicated in the plot on the upper
left of these two rows, and our methodology for generating pathways is indicated in the
plot on the lower left. This plot shows a tree generated from the hierarchical analysis with
a series of dots on its left half indicating a particular pathway. The series of plots moving
from left to right in the bottom row show the energy transfer down this particular path (the
first four dots on the tree, read from top to bottom). We can compare this energy transfer
pathway to another one for a different spectrum of the same system, which is shown above
it in the last four plots of this row (no tree is plotted for this case). The two spectra used to
generate these plots result from similar initial condition (see the second plots in each row),
but some of their energy transfer pathways can be quite different as indicated in the two
rows of plots.

Future Plans

Several experimentaland theoretical spectra will be studied using the hierarchical
analysis. These include SEP spectra generated in Field's group and a theoretical model
spectrum of HO2 generated by Bowman and co-workers. It is expected that a detailed
study of the energy transfer pathways in the vibrational dynamics of HO2 will be
undertaken. We also intend on studying Perry's model of IVR he uses to describe spectra
obtained in his group. In addition we intend or initiating a detailed study with Gray on
vibrational mixing caused by electronically nonadiabatic coupling. Another project will
involve comparisons between the hierarchical analysis and the approach of Kellman and
co-workers. A new project will be started involving the use of nonlinear dynamics to
study complex chemical kinetics (with Skodje, Boulder).

Publications

M. J. Davis, R. S. MacKay, and A. Sannami, "Markov shifts in the Henon family",
Physica D 52, 171 (1991).

M. J. Davis, C. C. Martens, R. G. Li.ttlejohn, and J. S. Pehling, "Classical dynamk-:s and
the nature of highly excited states", in Advances in Molecular Vibrations, J. M. Bowman,
cd. (JAI Press, 1991).
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M. J. Davis and R. T. Skodje," Chemical reactions as problems in nonlinear dynamics: A
review of statistical and adiabatic approximations from a phase space perspective", in
lntramolecular and Nonlinear Dynamics, W. L. Hase, cd. (JAI Press, 1992)

M. J. Davis, "Smoothed eigenstates from molecular spectra", Chem. Phys. Lett. 192, 479
(1992).

M. J. Davis, "Hierarchical analysis of molecular spectra", J. Chem. Phys. 98, 2614
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M. J. Davis, 'Trees from spectra: Generation, analysis, and energy transfer information",
in Molecular dynamics and spectroscopy by stimulated emission pumping, H.-L. Dai and
R. W. Field, eds. (submitted).
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COMPREHENSIVE MECHANISMS FOR COMBUSTION CHEMISTRY:
EXPERIMENT, MODELING, AND SENSITIVITY ANALYSIS

Frederick L. Dryer and Richard A. Yetter
Department of Mechanical and Aerospace En_neering
Princeton University, Princeton, New Jersey 08544-S263

Grit NL DE-_-_

Proem Scope
This research program is an integrated expemnental/numerical effort to study pyrolysis and oxidation

reactions and mechanisms for smallomolecule hydrocarbon structures under conditions representative of
combustion environments. The experimental aspects of the work are conducted in large diameter flow
reactors, at pressures from one to twenty atmospheres, temperatures from 550 K to 1200 K, and with
observed reaction times from 10.2to 5 seconds. Gas sampling of stable reactant, intermediate, and product
species concentrations provides not only substantial definition of the phenomenology of reaction mechanisms,
but a significantly constrained set of kinetic information with negligible diffusive coupling. Analytical tech-
niques used for detecting hydrocarbons and carbon oxides include gas chromatography (GC), and gas
chromatography/Fourier Transform Infrared spectrometry (GC/FTIR) for off-line analyses. Non-Dispersive
Infrared (NDIR) and FTIR methods are utilized for continuous on-line sample detection of light
hydrocarbons, carbon oxides, oxygenated species, and water. Laser induced fluorescence and resonance
absorption measurements of OH have aLsobeen performed in an atmospheric pressure flow reactor (APFR),
and a variable pressure flow (VPFR) reactor is presently being instrumented to perform optical
measurements of radicals and highly reactive molecular intermediates.

The numerical aspects of the work utilize zero and one-dimensional pre-mLxed,detailed kinetic
studies, including path, elemental gradient sensitivity, and feature sensitivity analyses. The program
emphasizes the use of hierarchical mechanistic construction to understand and develop detailed kinetic
mechanisms. Numerical studies are utilized for guiding experimental parameter selections, for interpreting
observations, for extending the predictive range of mechanism constructs (by comparison with literature data
from other kinetic experiments), and to study the effects of diffusive transport coupling on reaction behavior
in flames. Modeling using well defined and validated mechanisms for the CO/H=/Oxidantsystems and per-
turbations of oxidation experiments by small amounts of additives are also used to derive absolute reaction
rates and to investigate the compat_ility of published elementary kinetic and thermochemical information.

Over the last two years, this program has: I) Continued development of a comprehensive
experimental data base for the CO/H=/O2system; 2) Developed and continued refinement of a comprehensive
kinetic mechanism for the CO/I-12/O2system; 3) Performed comprehensive mechanistic studies on
formaldehyde oxidation, inclusive of APFR results and literature results from static reactors, shock tubes,
and flames; 4) Performed a mechanistic study of APFR data on ethanol oxidation, including au estimation
of the branching ratios for C-.zHsOH+X, X--- OH, H and identification of elementary reactions needing
additional study; 5) Completed and evaluated the first/m/iu optical diagnostic measurements of OH in the
APFR; 6) Studied the uni-molecular decomposition rate for 1,3,5-Trioxane at temperatures from 700 to 800
K; 7) Demonstrated seeded perturbation exTeriments on the moist CO oxidation in flow reactors as a means
to determine elementary rate constants for specific reactions; 8) Determined elementary rates for CH,+OH
-. CHs+H:O at 1026 and 1140 K, and _H6+OH -. products at 1020 K; 9) Performed experimental studies
of the H2/O=reaction system at conditions between the extended-second and third explosion limits.

Recent INogress
Work in progress includes: 1) Experimental and mechanistic studies on the complex dependence of

the moist CO oxidation rate on oxygen concentration; 2) Experimental and numerical studies on the H_/O:,
and CO/Ha/H20/O2 systems at pressures to 15 atm.; 3) Methanol oxidation studies to twenty atmospheres,
with subsequent mechanistic studies inclusive of the previous APFR data, as weil as literature results from
shock tubes, static reactors and flames; 4) Extending prior OH resonance absorption techniques utilized in
the APFR to the VPFR; 5) Developing a lamp-based resonance absorption approach to measure CHs. These
items are discussed in detail in the last progress report, and items 1-3 are briefly summarized here.
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Studies in our laboratory [J.Roesler, R.A. Yetter, and F.L. Dryer, Combust. Sci. and Tech., 82, 87
(1992); 85, 1 (1992)], [1]t show that oxygen addition has a counter-intuitive effect on the rate of moist CO
oxidation, actually decreasing the rate below approximately 1040 K at atmospheric pressure (Fig. 1). The
comprehensive model we developed earlier [11] qualitatively predicted this trend, but under-predicted the
extent of inhibition. Using a new criticallyreviewed value for the rate of HO2+OH -. H=O+O= [D.L. Baulch
et al., J. Phys. Chem. Ref. Data, 21, 411 (1992)], the revised model was found to accurately predict the new
inhibition data without affecting previous validation comparisons near atmospheric pressure. Full details are
available elsewhere [1].

Experiments underway on both the Hz/O2 and CO/H=O/Os systems, extend earlier work [9] at
conditions between the "extended" second and third H2/Osexplosion limits. Constant pressure, adiabatic
H3/O2experiments near the "extended" second limit show the transition from slow to fast reaction (from self-
heating) as the system goes from nearly straight chain character to chain branching. Kinetically, this is due
to the competition of the chain branching H+O2 -"O+OH and the terminating H+Os+M -. HO2+M
reactions. As the pressure is further increased, the H+Os+M -. HOs+M reaction dominates the branching
reaction so that the overall reaction rate is steady. The overall pressure dependence of the slow reaction is
found to be proportional to p0_. Currently, the revised Hz/Os sub-set of the CO/H_/Os mechanism offers a
good description of the stoichiometric chemistry for the full pressure range studied. However, at fuel lean
conditions where HO2 and HsO=chemistry is known to become more important, the model reaction rates are
too fast relative to the experiment. Specific reactions most likely to be produce these discrepancies are
presently being identified.

The effect of increased pressure on the CO/HsO/O2 system is also under study. At 1038 K, and
between 3 and 6 atmospheres (Fig. 2), the effect of increasing pressure is to decrease the overall reaction
rate (proportional to po_. The transition behavior resulting from crossing of the explosion limit is evident
in Fig. 2. At higher pressures and for all stoichiometries, the model (with the revised HOs+OH rate) is too
fast relative to the data. Discrepancies are likely due to the increased importance of other reactions involving
HO2 which have similarly large uncertainties. Reaction flux and sensitivity analyses further suggest that
inaccuracies in reaction rates for CO+HOs -. COs+OH and CO+O+M -, CO2+M, or in the pressure
dependence of CO+OH -, COs+H may also contribute to the noted dispcrepancies.

New experiments have been performed on methanol oxidation over a range of pressures from 1-20
atmospheres and temperatures from 1100-750 K, with the higher temperatures corresponding to the lower
pressures. An equivalence ratio range from 0.4 to 2.5 was covered. Data for stoichiometric oxidation at 15
atmospheres are shown in Fig. 3. The solid lines are numerical predictions utiliTing a newly developed
mechanism initially based on our earlier atmospheric pressure work [T.S. Norton and F.L. Dryer, Int. J.
Chem. Kin., 22, 219 (1990)]. The stable species detected by FTIR were methanol, formaldehyde, carbon
monoxide, carbon dioxide, water and formic acid. In the rich oxidation experiments, 1,2-ethanediol (ethylene
glycol) was detected following the depletion of oxygen. The absolute quantities of these species are still being
determined, but preliminary estimates yield values in the 50-100 ppm range for each. The measured total
carbon data for the experiments without inclusion of these species are constant to within _-.5%. Hydrogen
peroxide is expected in quantities of approximately 100-500 ppm; FTIR interferences from methanol, water
and formaldehyde prevented its determination.

A small amount of carbon dioxide is detected at the first data point. Extrapolation of the first few
points back to the time of injection does not yield a zero result (as is the result in the case of other species).
This effect was much more pronounced in early experiments in which nearly 10% of the methanol was found
to be converted to carbon dioxide by the first data point. After this initial amount was formed, the carbon
dioxide mole fraction remained essentially constant until late in the reaction. This phenomenon was
eventually shown to result from the presence of cupric oxide and cuprous oxides (both effective oxidation
catalysts) resulting from anode/cathode erosion in an arc plasma ga,_heater similar to that used in the APFR
[TJ. Held, Ph.D. Thesis, in progress;TJ. Held and F.L. Dryer, CSSCI/ESSCI Meeting, New Orleans, 1993]
Similar catalytic effects have been noted in VPFR experiments on Hz/NOs mixtures [R.A. Yetter, N. llincic,

t Bracketed numbers refer to papers published under this grant (see below).
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F.L. Dryer, M. Allen and J. Gaetto, 29th JANNAF Combustion Meeting, Hampton, VA, 1992]. This
contamination and the resulting effects were reduced to the levels shown here in subsequent VPFR work by
implementing a new electrical resistance gas heating method (utilized in the experiments shown here).
Numerical modeling studies are presently in progress (Fig. 3) w_ich encompass these new data as well as
other static reactor, flow reactor, stirred reactor, shock tube and flame data in presently in the literature.
Previous models do not account for the experimental indication that the fate of the hydroxymethyl (and
perhaps also formyl) radical in the absence of oxygen is not solely decomposition. The elevated pressure (and
thus concentration) and lower temperature relative to previous studies favors the possibility of some radical-
radical reactions. The presence of formic acid and 1,2-ethanediol is an indication of some possible routes.
The combination reaction of hydroperoxyl and hydroxymethyl radicals may yield an excited complex which
could decompose, yielding formic acid, H and OH, or could rearrangeand decompose, giving formic acid and
water. 1,2-Ethanediol is an obvious hydroxymethyl recombination product.

Future Plans

Reaction systems of interest during the next year include those for pyrolysis and oxidation of simple
oxygenates (especially, formaldehyde and acetaldehyde), and simple olefins (especially ethene). In addition
to studying the H2/O2,CO/H_/O=systems and perturbation of these systems by trace amounts of hydrocarbons,
we hope to study H=O:decomposition over similar pressure ranges. Our research emphasizes the extension
of reaction kinetic studies on these small molecules to (higher) pressures and (lower) temperatures where
the reaction of radicals with oxygen and the reactions involving RO: and HO: are important.

Publications and Theses, 1991. Present
1. J.F. Roesler, R.A. Yetter, and F.L. Dryer, "On the Dependence of the Rate of CO Oxidation on O=
Concentration", Comb. Sci. and Tech., Submitted, Jan. 1993.
2. S. Hochgreb and F.L. Dryer, "A Comprehensive Study on CH:O Oxidation Kinetics", Combust.
Flame, 91, 257 (1992).
3. R.A. Yetter and F.L. Dryer, "Inhibition of Moist Carbon Monoxide by Trace Amounts of
Hydrocarbons", Twenty-Fourth International Symposium on Combustion, The Combustion Institute,
Pittsburgh, PA, 1992. p. 757.
4. T.S. Norton and F.L. Dryer, "An Experimental and Modeling Study of Ethanol Oxidation Kinetics
in an Atmospheric Pressure Flow Reactor', IJ. Chem. Kin., 24, 319 (1992).
5. S. Hochgreb and F.L. Dryer, "Decomposition of 1,3,5-Trioxane", J. Phys. Chem., 96, 295 (1992).
6. R.A. Yetter, F.L. Dryer, and D.M. Golden, "Combustion Kinetics for High Speed Chemically
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7. S. Hochgreb, Ph.D. Thesis, Department of Mechanical and Aerospace Engineering, Princeton
University, Princeton, NJ., April 1991_MAE 1910-T.
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Variable Pressure Flow Reactor:., SAE Transactions, 100, 645 (1991).
10. G.T. Linteris, R.A. Yetter, K. Brezinsky, and F.L. Dryer, "Hydroxyl Radical Concentration
Measurements in Moist Carbon Monoxide Oxidation in a Chemical Kinetic Flow Reactor", Combust. and
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11. R.A. Yetter, F.L. Dryer, and H. Rabitz, "A Comprehensive Reaction Mechanism for Carbon
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Kinetic Studies of Elementary Chemical Reactions

JosephL. Durant,Jr.
Department8353

CombustionResearchFacility
SandiaNationalLaboratories

Livermore,CA

Ourpro concerningkineticstudiesof elementarychemical reactionsis presently
focuss_ _'am. on understandingreactions of NHx species. To reachthis goal we arepursuing
expenmental studiesof reactionratecoefficients andproductbranchingfractions,as well
as using electronicstructurecalculationsto calculate transitionstate properitiesand
reactionratecalculations to relate thesepropertiesto predictedkineticbehavior. The
synergy existing between the experimentaland theoreticalstudies allow us to gain a
deeperinsight intomore complex elementaryreactions.

We have carriedout a combined experimentaland theoreticalstudyof the reactionof
NHr) (_Y;)wsthNO aimedat understandingthe productdistributionfrom that
reaction. The reactionwas studied at room temperatureusing the dischargeflow
techniquewith mass spectrometricdetectionof the reactionproducts. Measuredproduct
branchingfractionsatroom temperaturefor productionof N20 + H(D) were 0.87:1:0.17
for ND (_Z') + NO and 0.84 + 0.4 for NII (sZ-) + NO (1 ¢_statistical errors). Stationary
points on the HNNO potentialenergy surfacewerecharacterizedusing the Gaussian 2 ab
imtio method. Thecalculated energeticsfor the surfacesupportthe measuredproduct

E(kJ)
NII + NO O-H

o I I
N--N

H-NNO

H + N2011200

eh _0
transHNNO

-400

N2+OH

Figure 1: Schematic diagramof HNNO 2A' potentialenergysurface.
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branching fraction. The initial addition of NII (3Z') to NO produces both c'is- and wans-
HNNO. Barriers of 24 kcal/mole and 31 kcal/mole relative to cis-HNNO were located
for dissociation of the cis isomer into H + N20 and OH + N2. The bah'icr to
intcrconvcrsion of the isomers was calculated to be approximately 18 kcal/mole, relative
to the more stable trans-HNNO. The trans-HNNO was found to isomcriz¢ to the cis form
before decomposing. The potential energy surface calculated explains the major features
of the reaction.

Recently we have begun using discharge flow in conjunction with lascr-photolysis/cwLIF
to measure reaction rate coefficients of radical-atom and radical-radical reactions. We
use discharge flow to produce the atom or radical which will be in excess, and then use
lascr-photolysis/cwI.JF to produce and monitor the second radical species. We are now
examining the reaction of NH2 with O. Preliminary work has demonstrated the
applicabilityofthemethod,andthehighqualityofNH2-radicaldecayprofilespossible.

The focusofourtheoreticalworkrecentlyhasbeenthecalculationoftransitionstate
propertiesusingtheGaussian2 (G2)methodologyG2 andamodificationwhichwe call
G2Q. Thereadyavailabilityofpowerfulworkstationshasgiventheexperimentalist
considerablecomputationalhorsepower.This,coupledwiththeeasilyimplementedG2
methodology has made it possible for the non-specialist to calculate accurate heats of
formation for many molecules. Pople and coworkers have performed extensive
calculations to validate G2 for use on species at their equilibrium geometries, thus
providing a realistic picture of the accuracy of the method.

We have quantified the performace of G2 for transition states by calculating properties
for 9 transition states which have been thoroughly characterized. These transition states
were either studied by use of CASSCF/MRCI methods, or by combination of

Table 1: Classical Barrier Heights (kcal/mole)
G2 G2Q literature

ii

H+H2 (2Z) 10.8 10.8 9.5
i ii

H.N2 (2A3 14,4 14.5 15.2

H+NOi3A ") 2.8 4.1 4.1
iii ii

NH+O (511) 5.3 5.4 5.5

NH+O (3H) 12.8 11.9 11.7

N402 (2A') 3.9 6.2 11.7;6.6

H+F2 (2Z) 1.8 2.8 2.1;2.9a

O+H2 (3H) 15.3 14.8 12.7; 14.7a

O+HCl (3A") 10.6 10.4 815

a)energydoesnotincludeamultireferenceDavidsoncorrection

experimentalandtheoreticalresults.TableIpresentsourresultsforcalculationofthe
classicalbarrierheightsforthe9 transitionstatesstudied.The G2 methodperformswell
inpredictingtheseenergies(evenfornon-isogyricreactions),withanabsoluteaverage
deviationof1.5kcal/mole.TheG2 methodusesMP2/6-3IG* geometriesandscaled
HF/6-31G*frequencies.Thesemethodshavebeendocumentedtoperformwellfor



80

equilibrium geometries. However, we find that the scaled HF frequencies perform very
poorly in predicting transition state frequencies. The MP2 geometries are in less serious
disa_,zeement,but the predicted geometries, especially along the reaction coordinate, are
st_ll not as good as we desired. We investigated modifying the G2 method for use with
transition states by using QCISD/6-311G** geometries and frequencies. The QCISD
geometries and frequencies agree well with values from the literature, and this modified
G2 procedure, which we call G2Q, offers improved performance in predicting transition
state ,energies.

We have shown that G2 and G2Q work well for a broad class of transition states,
including transition states on many excited-state surfaces and systems which have
considerable spin contamination. With present-day workstations calculations on systems
of three heavy atoms are tractable using G2Q and larger systems can be treated at the G2
level.

We are continuing our work on reactions of NHx species. Most exciting is the work
using discharge flow/laser photolysis/cwLIF to study atom- and radical-radical reactions.
We are continuing our work on the NH2 + O system, both experimentally, using
DF/LP/cwLIF to measure the reaction rate coefficient, and theoretically, using G2Q to
study the potential energy surface.

Publications

J. A. Miller, J. V. Volponi, J. L. Durant, Jr., J. E. M. Goldsmith, G. A. Fisk and R. J. Kee,
"The Structure and Reaction Mechanism of Rich, Non-Sooting C2H2/O2/Ar Flames,"
Twenty-Third Symposium (International) on Combustion, 187 (1991).

J. L. Dm-ant, Jr., "Anomalous Methoxy=Radical Yields in the Fluorine + Methanol --+
Products Reaction. I: Experimental," Journal of Physical Chemistry, 95, 1070 (1991).

J. A. Gray, P. II. Paul and J. L. Durant, "Electronic Quenching Rates for NO(A21:+)
Measured in a Shock Tube", Chem. Phys. Left., 190, 226 (1992)o

J. W. Thoman, Jr., J. A_Gray, J. L Durant and P. H. Paul, "Collisional Electronic
Quenching of NO(AZY_+) by N2 from 200 to 4500 K', J. Chem. Phys., 97, 8156 (1992).

J. L. Durant and C. M. Rohlfing, 'Transition State Structures and Energetics Using
Gaussian-2 Theory", J. Chem. Phys., in press.
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LASER PHOTOELECTRON SPECTROSCOPY OF IONS

G. Barney Ellison
Department of Chemistry & Biochemistry
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During the last year we have (a) completed a review article that critically contrasts three

methods to measure R-H bond energies, (b) finished a spectroscopic study of the phenylnitrene

anion, and (c) successfully completed an overhaul of the light source of the photodetachment

spectrometer. We have fabricated and installed an Ar III laser that provides us with approximate

100 W of 3.531 eV photons.

A. Many techniquesl have been used to measure a huge number of bond dissociation energies

and it is not our purpose to survey this massive field. Instead, we2 have discussed three

approaches that are commonly used to determine the R-H bond ¢nergie:_ of gas phase polyatomic

molecules: a) the study of radical kinetics, b) the use of negative ion thermochemical cycles, and c)

photoionization mass spectroscopic techniques. It is essential to stress the complementarity of these

three experimental methods; they are ali inter-related. The goal of our essay was to dissect each of

these methods in order to describe how the measurements are carried out, what the limitations are,

and to demonstrate by direct comparison that ali give the sm bond energies. These three methods

can be used on a large number of species (hundreds) and have an accuracy between 5:3 kcal/mol

and 5:0.2 kcal/mol. The purpose of our article was to compare these three experiments with each

other and to demonstrate by direct comparison that they achieve consistent results.

B. We have begun to study aromatic ions and the f'n'st3 of our systems is the most fa nous

organic nitrene, phenylnitrene. Our approach to the study of C6HsN is to scrutinize the

photoelectron spectrum of the radical anion, C6HsN. The negative ion photoelectron spectra

furnish us with a measure of the electron affinity of phenylnitrene; EA(C6HsN ) is 1.45 5:0.02 eV

and EA(C6DsN) is 1.44 5:0.02 eV. The photoelectron spectrum of C6HsN is composed of an

extensive Franck-Condon envelop which suggests that the electric charge is strongly delocalized

over the radical anion. Besides detachment of the C6H5N ion to the ground state of

phenylnitrene, X 3A2, our spectra also contain bands which belong to the singlet state of C6HsN,

lA2" The _EsT is 18.0 5:0.5 keal/mol in excellent agreement with recent ab initio computations. 4

The ground states of several nitrenes have been studied by EPR spectroscopy and ali but

aminonitrenes are known to be a triplets. Phenylnitrene can be written as a localized diradical with
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a (Px,Py) pair of electrons triplet-coupled. Consequently the ground state of C6H5N is X 3A2 and

we can represent our negative ion photodetachment experiment as:

C6Hs"N X 3A 2

main

C6HsN 2B2

This suggests that we need to consider two different states for the C6HsN- ion. One of

these, 2B2, is a (an 2) species while the 2B 1 state is a (o2n) ion. The extensive Franck-Condon

envelop in our spectra is a clear indication 5 that the ground state of the C6H5N-ion has a

substantially different geometry than C6H5N. The extended Franck-Condon contour in our

photodetachment spectra with excitation of ring-breathing modes implies that the ground state of

the C6HsN- ion is X 2B2 and that much of the charge is delocalized from the N atom onto the

phenyl ring. This contrasts with the _, 2B1 ion which localizes the extra electron in the b2, non-

bonding orbital, on the N atom. Preliminary UHF calculations on both states of the C6H5N- ion

in a 6-311 ++(3** basis lead to the 2B2 state being stabilized by about 10 kcal/mol below the 2B1

state. Fig. 1 is a symbolic drawing which contrasts the electronic states of NII with those of
C6H5N.

C. Inourpreviouslasersystem,thepho.toclectronspectrometerwas placedintheextended

cavityofanAl"IIionlaser(Spectra-Physicsmodel 171-08).By usingthemultimodcintracavity

radiationworkingon a singlelineinthevisibleregion(488nm or514.5nra),wc wereableto

achievea circulatingpowerofroughly100W witha beam waistof0.2mm. The mostenergetic

linethatwe couldaccesswithour standardAr IIlaserwas thelineat_'o= 488.0nm which

generates2.540eV photons.Wc werethuslimitedtostudyingmolecularionicsystemswhicharc

boundby 2.540eV orless.Inordertoaddresstheseproblems,wc havefabi'icatcda laserbuild-up
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systemwhichwillgenerateoverI00W ofUV laserlightwitha polarizationthatcanbeeasily

varied.

Thisnew build-upcavity,seeFig.2,isessentiallyaFabry-Perotinterferometer.When the

cavitylengthsuppo1_sanintegralnumberofwavelengthsonegetsconstructiveinterference.The

lengthof thebuild-upcavityisdefinedby thelengthofour vacuum chamberhousingthe

hemisphericalanalyzer.The cavitymirrorsserveasthevacuum windows.The theoretical

amplificationoflightisgivenbytheexpression

1

Ici R 2 [(1- R1)(1 - R2)] 2

1 - (R1R2)2 exp(-8)

where R 1, R2 are the reflectivities of the mirrors and and _ is a loss factor. Icru is the circulating

intensity inside the build-up cavity and IN¢ is the incident intensity. The amplification of the above

system is _N¢--- 350. Simply stated, the intensity of useable laser radiation at _, = 351.1 nm

(3.531 eV) could be as large as (1.0 W)o(350) or roughly 350 W. The actual working amplification

factors are I¢_/INc equal to 100--350, due m additional losses in the laser system. Taking into

account these added losses, we are still able to generate over 100 W of circulating power of 351.1

nm light.

The optical system sketched in Fig. 2 is struc_ around the Coherent INNOVA 200-25H

Ar RI ion laser operating in the 330-364 mn region. The laser operates single frequency on the

351.1 nm line by using a solid etalon and prism. The light passes into an acousto-optic modulator,

which serves to isolate the laser and build-up cavities. The AOM also modulates the laser light with

a dither frequency from a frequency generator. This dither is used to generate an error signal used

for correction of frequency drift of the laser and build-up cavities. Approximately 0.2% of the light

is transmitted out of the build-up cavity and strikes a photodiode. The photodiode signal then

enters a phase sensitive lock-in detector. The error function generated from the photodiode signal

and the frequency generator is analyzed and the magnitude of the correction determined. This

correction is carried out by a set of three servoamplifiers which drive a piezoelectric ceramic

translator on the end mirrorof the laser cavity, a piezoelectric translator on the entrance mirror of

the build-up cavity, and the frequency shift of the AOM.

We have achieved a stable lock to the final build-up cavity. Initial test results of the system

produced a stable amplification for extended periods of time (over one hour). Excellent mode
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structure allowed us to adjust both the gain of the servo-amplifiers and file integration time constant

for maximum amplification. By measuring the intensity of injected laser radiation as well as the

intensity of the transmitted beam, we can esimate the actual build-up of power within the cavity.
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Low Energy Ion.Molecule Reactions

James M. Farrar
Department of Chemistry

:.University of Rochester
Rochester, NY 14627

Project Scope

This project is concerned with elucidating the dynamics of elementary ion-molecule
reactions at collision energies near and below 1 eV. From measurements of the angular and
energy distn_outions of the reaction products, we infer intimate details about the nature of
collisions leading to chemical reaction, the geometries and lifetimes of intermediate
complexes that govern the reaction dynamics,and the collision energy dependence of these
dynamical features. We employ the crossed beam low energy mass spectrometry technology
that we have developed over the last several years, and the focus of our current research
is on proton transfer and hydrogen atom transfer reactions of the O"ion with species such
as HF, H20, and NH3.

Recent Progress

Our work during the past year has focused on vibrational state resolved studies of
the O" + HF reaction, as well as the application of a classical inversion method to reactive
and nonreactive collisions with the goal of extracting deflection functions for the scattering
fluxes and opacity functions for chemical reaction.

The proton transfer reaction between O"and HF

O'+HF_OH+F AH°=-0.48eV

has been examined by Hamilton et a/. _in thermal energy flow tube studies by probing the
OH (v' =0, 1) vibrational states with LIF. More recently, drift tube studies by Knutsen et
a/.2 have yielded product state distributions over an expanded range of incident kinetic
energies up to 0.23 eV, which showed that, relative to the thermal energy reference data,
incremental translation appears to be partitioned preferentially into product vibration.
Knutsen et a/. have interpreted this observation as a consequence of the attractive well on
the potential surface, estimated from ab initio calculations to be 1.94 eV relative to the
reagents.3 The principle drawbackof productstate distribution measurements such as these
is their inability to provide definitive evidence for the participation of intermediate
complexes. In the present study, we have examined the energy and angular distribution for
the O"+ HF reaction at a collision energy approximately twice as large as the upper limit
in the drift tube work, but still only one-fifth of the calculated [OHF] well depth. With
favorable kinematics, we are able to extractvibrational state populations for the nascent OH
product, as well as to provide direct evidence for the participation of a transient complex
in the proton transfer reaction.
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Figure1: F fluxesfor the O + HF systemat E,., = 0.42eV.

system at a collision energy of 0.42 eV. The data show clear contributions from from OH
in vibrational states v' ffi 0, 1, and 2. Kinematic analysis that includes parametric kinetic
energy and angular distribution cross sections for each OH product vibrational state yields
a cross section ratio of 0.54: 0.40:0.06 forv' _0: v'ffi1:v' =2. This product state distribution
is in qualitative agreement with phase space theory, although the measured distribution has
more v'ffil and less v'ffi0 than predicted by the calculations. The complete product
barycentric flux distribution is shown in Figure 2 and demonstrates forward-backward
symmetry associated with the formation of a transient O'.HF complex that lives several
rotational periods. Although previous studies of this reaction have speculated that such a
complex should mediate the dynamics, product state distributions appear to be dominated
by the Heavy + Light.Heavy mass combination rather than the details of the potential
surface. The present experiment is the first direct observation of the complex.



88

Recently, we have begin to apply a classical inversion technique to our reactive
collision data. The method, based on work by Gilbert and collaborators,_requires that both
reactive and non-reactive cross sections be measured. The cross sections are written in
terms of deflection functions for reactive
and non-reactive collisions as well as an O + HF - OH + F_
opacity function for reaction. The latter
quantity is particularly interesting in the (,_ -- 40.5 kJ inel "1

context of proton transfer reactions. The
O" + HzO system provides a particularly
good illustration of the method. At the
lowest collision energies, our data show two
channels: a direct, rebound channel
producing OH" in the backward direction,
as well as a collision complex channel
yielding a symmetric forward-backwardflux
distribution. The opacity function analysis
shows clearly that the rebound channel HO_____.,.____"
occurs with a narrow range of impact
parameters out to about 1 _ while ----_,
collision complex formation is governed by too m •
a wider range of impact parameters out to Figure 2: Barycentric flux distribution for
about 3._,. With increasing energy, the F product
collision complex components to the cross
section attenuate and the formation of products by stripping reactions is governed by large
impact parameters out to 3._,. At present, this model is based on angular distributions only,
and one goal of our research for the next year will be to incorporate energy-dependent
terms in the deflection functions such that we can include differential cross sections in
energy in the analysis.

Future Plans

We will focus our efforts on further developments of the inversion method for
reactive collisions. Experimentally, we will examine the behavior of the O"+ HF reaction
at higher collision energies. We will also begin to look at isotope exchange reactions such
as OD + NH3 _ OH + NH2D. With the acquisition of a narrow bandwidth optical
parametric oscillator, we also hope to explore proton transfer and isotope exchange
reactions in which we excite overtones in reagents such as H20, NH3, and HF to explore the
role of the competition between selective vibrational excitation and translational energy.
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Quantitative Degenerate Four-Wave Mixing Spectroscopy: Probes for

Molecular Species
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Proeram Scope

Resonant degenerate four-wave mixing (DFWM) is currently the subject of intensiveinvestigation as a
sensitive diagnostic tool for molecularspecies,t DFWM has the advantage of generating a coherent (beam-like)
signal which results in null-background detection and provides excellent immunity to background-light
interference. Since multiple one-photon resonances are involved in the signal generation process, the DFWM
technique can allow sensitive detection of molecules via electronic, vibrational or rotational transitions. These
properties combine to make DFWM a widely applicable diagnostic te"hnique for the probing of molecular
species.

We are conducting fundamental and applied investigations of DFWM for quantitative measurements of
tracespecies in reacting gases. During the past year we have focused our efforts in two areas: (1) understanding
the effects of collisional processes on the DFWM signal generation process, and (2) exploring the applicability
of infrared DFWM todetect polyatomic molecules via rovibrational transitions.

Recent Pro__ress

Although DFWM is a four-wave mixing process, it can also be viewed as a laser-induced grating
technique. Three beams are input to the sample, historically referred to as the forward and backward pump
beams and the probe beam. The probe beam and one of the pumpbeams interfere in the medium to form a field-
intensity grating. If the laser ".._tuned to an allowed transition, an excited-state population grating is "written"

in the medium, corresponding to a finite saturation of absorption in the fringes of the grating. The other pump
beam diffracts from this saturation grating, generating the signal beam.

This simple picture yields insight into the effects of various processes affecting DFWM, such as

saturation,electronic quenching, rotational energy transfer (RET), and thermal-grating formation. For example,
increasing the laser intensity to the point of extreme saturation should result in reduced scattering efficiency, due
to reduction of the contrast of the population grating. Collisions can lead to electronic quenching of the upper-
state grating and to energy transfer out of both upper- and lower-state gratings, also reducing the strength of the
gratings. In addition, thermal gratingscan be formed as internal molecular energy is convert_ to translational
energy (heat), and can be probed via the resulting perturbation of the index of refraction of buffer gases. To
quantitatively interpret DFWM intensities, thermal-grating scattering must be distinguished from that of
population gratings, as the mechanisms of forming and probing these two types of gratings have different
dependencieson pressure, laser detuning and intensity, and absorption cross-section.

To investigate these effects in greater detail we are performing two-color, uv four-wave mixing
measurements. A tunable laser provides probe and forward pump beams to initially generate a grating, and a
second (independently tunable and delayable) laser provides a backward pump beam to probe the grating. The
former is a single-mode pulsed laser, consisting of a pulse-amplified ring-dye laser which is frequency-doubled
and mixed with the fundamental from an injection-seededNd:YAG laser.The latter is a grating-tunedpulsed laser
withan intra-cavity etalon which is frequency-tripled. The outputs of both lasers are independently tunable near
226 nra, with programmable relative pulse timing, pulse energies up to 1 mJ, and respective bandwidths of
--0.004 cm"_and -0.05 cm"_. We are investigating mixtures of NO with N_ and/or CO2 in a static cell, using
total pressures from 50 to 1100 Torr and NO pressures typically below 50 mTorr. Ali beams have vertical
polarizations and arecollimated and apenured to diameters ranging from 2-3 mm.

tHigh-TemperatureGasDynamicsLaboratory,Departmentof MechanicalEngineering,Stanford
University.
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CO2and N2 were selected as buffer gases for these studies becau:_etheir respectivequenching cross-
sections for the A stateof NO have a ratioof atleast 1000:1,z while theircollisional broadeningcoefficients are
similar to within 3%. Thus, mixtures of CO2 and N2can be preparedthat provide an enormous variation in NO
quench rate but which have the same NO line-broadening and nearly the same pressures. W_;have recently
performed DFWM studies in such mixtures to investigate the effects of quenching on DFWM sil_:_nalintensifies.
To briefly summarize the results, we found that for low (100 Torr) buffer-gas pressures and non-saturating laser
intensifies, DFWM signals decreased moderately (-50%) as the quenching rate increased by more than 103. For
saturating laser intensities, the decrease was even milder (-15%). The decreases in both cases were in
quantitative agreement with a two-level D,_VM theory3and a detailed direct numerical simulation,4 with the
latter giving best agreement for strong saturation. The observed insensitivity to quench rate can be explained by
the tact that quenching rates are additive with RET rates in determining the DFWM signal strength (both serve
to depopulate the resonant NO levels), and the latter tends to mask the former. In contrast, laser-induced

fluorescence (LI1w)experiments are typically performed with broadband detection so that LIF signals are
unaffectedby RET butare nearly inversely proportional toquench rate.

Studies with higher buffer pressures of CO_(>200 Torr) revealed that thermal-grating (TG) processes
were contributing significantly to the DF'WMsignal. For mixtures of N2 and CO2 near 300 Torr, the DFWM

signal actually increased with increasing quenching (CO2 mole fraction), by up to -800%. At these higher
pressures, population-grating contributions were diminished as a result of faster collisional dephasing and
depopulationprocesses, while TG formation wasenhanced by faster quenching and collision-aided heat release,
by decreased thermal diffusion, and by the increased index of refraction. Figure 1 shows DFWM intensity
measurements plotted against CO2 pressure, for various backward pump-pulse delays relative to the
probe/forwardpump pulses. For a 2-ns delay, the signal initially decreases with increasing pressure, as expected
for a population-grating mechanismP At 200 Torr, the trend reverses and the signal begins increasing with
buffer pressure, as result of TG scattering. With a 10-nsdelay the laser pulses remain partially overlapped so

that the population-grating signal is still observed, but the TG signal has increased slightly. With the pulses
completely separated at a 22-ns delay, the population-gratingsignal can no longer be observed and TG scattering
is completely isolated.

The distincti,e temporal 15eatscharacteristic of TG scattering are illustrated in Fig. 2 in a backward-
pump time-delay scan performed with 1000 Torr of CO2. Similar beats have been observed in gas-phase, two-
color FWM of methanol by Hayden et al.5and of OH in a flame by Williams et al.6 The beats result from the

excitation of standing acoustic waves by the sudden deposition of a heat grating; as the waves propagate through
a fixed point in space the resulting pressure fluctuations modulate the DFWM scattering efficiency. The solid

curve in Fig. 2 is a calculation of the transie_ntspatial modulation of the index of refraction of CO2generated by
a thermal grating, squared and convolved with a gaussian laser pulse shape. The calculation is based on a one-

dimensional solution of the linearized hydrodynamics equations and m_es use of known gas constants and the
measured angle between the probe and pump beams (whichdetermines the grating spacing).

The extension of DFWM into the infrared spectral region promises to allow application to a much
larger variety of molecules through the use of infrared absorption. We have extended our previous investigations
of diatomic molecules7 to include several polyatomic species. We have demonstrated sensitive detection of

methane and acetylene via the C-H asymmetric stretch modes near 3000 and 3300 cm-_ respectively. A portion
of an infrared DFWM spectrum of methane is shown in Fig. 3. We use a single-longitudinal-mode optical
parametric oscillator, tPO, with two stages of parametric amplification to generate our infrared light. The

scanning bandwidth of the tPO is <0.007 cm-1 which allows sub-Doppler resolution to be obtained. The high
spectral brightness of our source combined with the strong infrared absorption result in saturation broadening at
low pressures for laser intensities greater than -0.1 Mw/cre2. The spectrum in Fig. 3 was obtained using a
laser power of 1-2 la.lin -4-mm diameter beams.

We are in the process of investigating the effects of collisions oi_ the interpretation of infrared DFWM

iJatensities. Initial results demonstrate that the lack of collisional quenching and the relatively long vibrational
t_ translational energy transfer rates exclude substantialTG contributions to the signal intensities at pressures as
high as 1atmosphere. We also find that the observed ':ollisional line shapes are in good agreement with the
moving-absorber line-shape model.3
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Future Plans

We will continue to study the importance of TG scattering relative to population-grating scattering in
uv DFWM, using a two-laser configuration. Although not discussed above, TG contributions can be
unambiguously distinguished by tuning the backward pump laser away from any absorptions; the remaining
signal then arises solely from non-resonant scattering via the index-of-refraction grating. Preliminary results in
flames indicate that TG scattering contributes less than 5% to DFWM signals from nascent flame NO, using
!0-ns laser pulses. Using nearly the same two-laser setup, we have recently demonstrated the capability of
probing the transfer of molecular orientation and alignment in rotationally inelastic collisions, by forming a
purepolarizationgratingand probingthe polarizationcoherence transferredto other rotational levels. Infrared
DFWM experiments will continue to focus on the detection of polyatomic molecules. We will begin to
examine the ability of DFWM to probecomplex gas mixturesexhibiting substantial spectral congestion in the
mid-infrared.We also planto investigate high-temperature and high-pressureeffects on DFWM by performing
spectral measurements in an intemaUy heated pressure vessel. We are concurrently developing a D17WM
simulationandfitting code that incorporatescurrenttheoreticalmodelandwhich will be madeavailable to users.
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PROGRAM SCOPE

Our objectives are two-fold. First, we aim to develop methods of nonlinear Raman
spectroscopy for application in studies of sparse samples. Second we want to apply such
methods to structural and dynamical studies of species (molecules, complexes, and clusters)
in supersonic molecular beams. In the past year we have made progress in several areas.
The first pertains to the application of mass-selective ionization-detected stimulated Ra-
man spectroscopies (IDSRS) to the size-specific vibrational spectroscopy of solute-solvent,
clusters. The second involves the application of IDSRS methods to studies of jet-cooled
benzene clusters. The third pertains to the use of IDSRS methods in the study of in-
termolecular vibrational transitions in van der Waals complexes.

RECENT PROGRESS

IDSRS studies of solvent vibrational structure in benzene-(N2), clusters

We have shown that with mass-selective, ionization-loss stimulated Raman spec-
troscopy (ILSRS) it is possible to measure size-selective vibrational spectra of the solvent
moieties in neutral solute-(solvent), clusters. The relevant clusters are benzene-(N2),,
n - 1 - 32. The vibrational resonances characterized for these species were their N-N
stretch resonances. We see clear signs in the spectra of both the filling-up and opening-up
of solvent binding sites with increasing cluster size. As far as we know, these results are the
first to incorporate subwavenumber resolution and a high degree of size-selectivity in the
vibrational spectroscopy of solvent moieties in such (:lusters. The study opens up the pos-
sibility for many more detailed spectroscopic studies of solute-solvent and solvent-solvent
interactions.

IDSRS studies of molecule-(rare gas), clusters

Molecule-(rare gas), clusters serve as very important model systems for the study
of intermolecular interactions, many-body dynamics, predissociation processes, phase-
transitions in finite-size systems, surface adsorption, and vibrational energy flow. Until
recently the only vibrational spectroscopic studies of such species had been ones with fairly
low species-specificity. With mass-selective ILSRS we have been successful in performing
such studies with a high degree of species-specificity on carbazole-(Ar), and benzene-(Ar),
clusters. Results on the latter system pertain to the nondegenerate, totally symmetric ring-
breathing and C-II stretch fundamentals of benzene. As such, only a single peak should
appear if the molecular beam sample has only a single type of cluster at any given cluster
size. However, we observe in the size range from n - 16 to 21 two Raman bands for each of
these fundamental. The results indicate the presence of two gross cluster types in this size
range. These two types may differ in a structural sense or they may differ in a dynamical
sense. The evidence available presently suggests a structural interpretation, namely that
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we are observing the manifestations of the Ar solvent shell closing about the benzene moi-
ety in the n = 16 to 21 size range. In any case, the IDSRS results on this system and on
the carbazole-(Ar)n system are unprecented in regard to their combination of resolution
and species-specificity in the vibrational spectroscopy of neutral solute-solvent_ clusters.

IDSI:tS studiesofbenzene clusters

We have performed extensive mass-selective IDSRS studies pertaining to the in-
tramolecular vibrations of benzene dimer isotopomers. We have been particularly inter-
ested in using such results to learn about the geometry of the species. Several important
results bearing on this issue have been obtained. First, the IDSRS data are only consistent
with a dimer in which the benzene moieties reside in inequivalent sites. Second, IDSRS
evidence strongly indicates that one of the benzene sites ("site b") in the dimer is char-
acterized by high symmetry (C3, or higher) and the other ("site a") by lower symmetry.
Third, the vibronic spectroscopy associated with the two sites is markedly different. The
benzene in the site b exhibits marked van der Waals structure upon $1 *-+ S0 vibronic
excitation. The site-a benzene moiety does not. Fourth, in the C-H stretch region the
vibrational dynamics associated with site a is markedly different than that associated with
site b. Ali of these results are consistent with a T-shaped dimer structure in which the
stem of the T corresponds to site a, the top of the T corresponds to site b, and there is
free internal rotation about the 576 axis of the site-b moiety.

We have also obtained IDSRS results on benzene trimer isotopomers. Our results
relating to geometry point to a symmetrical cyclic structure for the trimer. The evidence
for this takes several forms: (a) the number of Raman resonances in the region of the _1 and
_2 fundamentals, (b) the shifts of those resonances as a function of isotopic substitution,
and (c) the intensities of the resonances as a function of isotopic substitution. Results
pertaining to the vibrational dynamics of the trimer have also been obtained. In particular,
we find that the trimer lives for nanoseconds or longer upon vibrational excitation to the _'1
region (992 cm-1). In the region of the _2 fundamental (3070 cm-1) the trimer lives for at
least as long as 8 ps, as determined by linewidth measurements on the Raman resonances.

Mass-selective IDSRS experiments have also been performed on higher clusters of
benzene. From these results one qualitative conclusion that emerges is that the tetramer,
pentamer, and hexamer have benzene sites that are inequivalent. We also find dynamical
behavior for the tetramer that is consistent with that of the dimer and trimer, namely that
vibrational excitation to the ul region gives rise to long-lived excited vibrational states. A
prominent _1 resonance for the tetramer has a resolution-limited linewidth of 0.05 cm-1,
indicating a lifetime of greater than 100 ps.

Studies ofintermolecularvibrationaltransitionsin weakly bound complexes

Very recently we have shown that mass-selective IDSRS methods can be successfully
employed in the study of van der Waals- vdW- (i.e., intermolecular) transitions in weakly
bound molecular complexes. Such studies have considerable potential in helping one to
map out intermolecular potential energy surfaces. We have observed vdW resonances
in two classes of species. In benzene-X (X - At, Kr, and N2) we have found a single
Raman band in the vdW region for each of the species. These bands are notable in several
respects. First, they exhibit nontrivial rotational structure. Second, they have polarization
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ratios consistent with nontotally symmetric Raman transitions. Third, their shifts upon
perdeuteration of the benzene moiety are substantial (5 to 10%). Fourth, they ali occur
in the 30 to 38 cm-1 range. Finally, they ali correlate with lower-frequency resonances in
the first excited singlet states of the complexes. Ali in all, the evidence suggests that the
observed Raman bands correspond to fundamentals of the degenerate vdW bending mode
in the complexes.

Benzer, e dimer isotopomers comprise the second cla_ssof species for which we have
observed vdW transitions. Three bands have been observed. One at very low frequency
(,,_ 3cm-1), asecond one at 9 to 10cm -1, and a third at 46 to 53cm -1 At present,
our interpretation of these bands is quite tentative. However, plausible assignments, based
on isotope effects, prior knowledge of benzene dimer, rotational band contours, etc., can
be made. With such assignments we are encouraged that a considerable amount can be
learned about the very important benzene-benzene intermolecular potential.

FUTURE PLANS

The area of size-selective vibrational spectroscopy on clusters is wide-open. We plan
to coutinue our ILSRS studies of solute-(solvent), clusters. Studies of particular interest
to us are ones in which the Raman spectra of the so]vent species are measured as a function
of cluster size. Also wide open is the use of IDSRS methods in the characterization vdW
transitions in molecular complexes. We plan on undertaking many studies in this area in
the near future. The third area we plan to explore in the future relates to picosecond time-
domain measurements of ground-state dynamics in complexes and clusters. Such studies
will be employ picosecond pump-probe IDSRS methods. Of interest are the dynamics
of processes such as vibrational relaxation, intermolecular vibrational energy flow, and
evaporation in molecular clusters.
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Information about large amplitude motions directly from real and computed spectra of acetyleno.

Quantum mechanics encodes classical ball-and-spring motions and quantum tunneling effects into molecular

vibration-rotation spectra in a fiendishly complicated way. Although laser chemists dream of exerting control over

large amplitude motions (LAM) in polyatomic molecules, we still know remarkably little about extracting a picture of

LAM, at chemically interesting levels of internal excitation, directly from information rich frequency-domain spectra.
Through our studies of the Stimulated Emission Pumping (SEP)1-10 and Dispersed Fluorescence (DF)11spectra

of acetylene, we have developed a generally applicable scheme for extracting information about LAM directly from

spectra. The low resolution DF spectrum contains regular progressions of feature states. 11 These feature states are the

early time localized, assignable Franck-Condon bright states.9, lO When the DF spectrum contains insufficient

information to assign securely ali of the progression-forming feature statesI l, the mystery states can be assigned by

high resolution SEP detective work. 9,10 The rotational constants and vibrational fine structure of a low energy member

of a mystery progression can both identify the mystery pro_ssion and the anharmonic or Coriolis mechanism by which

it becomes bright at early time. The -103:1 dynamic range of SEP enables us to identify and characterize ali of the

important "resonances" whereby energy flows at early time from Franck-Condon bright states into nominally dark
states.

The early time dynamics (and the spectroscopic perturbations) is described by a multi-resonance "superpolyad"

effective Hamiltonian Matrix model.9.10,12 This model expresses each resonance in terms of a single adjustable

parameter and utilizes harmonic oscillator matrix element scaling rules, both intra- and inter-superpolyad. The inter-

superpolyad scaling provides a basis for predicting and modeling the incredibly complicated spectra and dynamics at

higher EvIBor at longer time (higher resolution). It is important to note that each superpolyad contains ali of the most

important early time dynamics, yet Heft for each value of the superpolyad quantum number

(N=5vl + 3v2 + 5v3 + v4 + vs) for C2H2 _( l_g+, where EvIB=kN, k - 650 cre'l) 10,12 contains a small fraction of the
basis states in the Evis = k(N 4-1/2) region.

14

If one wishes to observe a particular LAM, such as .cc_cc_N isomerization, then one wants to light up a specific
14

member of a polyad (the one most strongly coupled to the isomerization path). Using IR-UV double resonance and/or

perturbations (in either the _, or X-state) to populate selected vibrational levels of the AIAu state, we are able to

Franck-Condon brighten the local bend, local CH stretch superpolyad components that most resemble the isomerization

pathway.

We plan to record IR-UV DF and SEP spectra in the Evi8 - 16,000 cm"1region of the acetylene_-->vinylidene

barrier maximum. The DF spectra will make use of a recently obtained intensified diode array detector. A change in

the structure of a superpolyad is a sensitive detector of a change in topography of a potential surface (as would occur

near the top of a barrier to isomerization). IR-SEP spectra will be more sensitive to isomerization resonances because of

the improved contrast ratio of the Spectral Cross-Correlation diagnostic 7 and superior Franck-Condon access to the
isomerization coordinate.
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We are collaborating with R. Wyatt (Texas) in the calculation of acetylene SEP spectra, with M. Kellman

(Oregon) in superpolyad and bifurca_iu._analyses of SEP spectra, and with M. Davis (Argonne) in hierarchical

analyses of DF and SEP spectra.

Fluorescence excitation and SEP studies of the HCO B2A':._.2A' system.

We have recorded SEP spectra of the following _(-state "resonances ''13 at energies well above the H-CO

dissociation limit.

Ivqti, vco, VB_ND) EVII_ A B F

(0,0,0) 0.00 24.3296 1.446 0.0

(0,3,2) 7643.7 28.4 1.408 0.95

(0,3,3) 8547.9 34.3 1.424 1.2

(0,4,0) 7428 0.7

(0,4,1) 8390.5 25.5 1.401 2.1

(0,4,3) 10432 2.0

(0,5,0) 9091.97 23.7 1.384 0.8

(0,5,1) 10153.1 25.9 1.34 2.3

(0,5,2) 11194.7 1.39 50

(0,6,0) 10836.1 23.6 1.371 1.8

These data (both energy levels and level widths) provide stringent tests of the best hybrid ab initio/experimental

_(-state potential surface.14

We are examining the Renner-Teller interaction between the )(2A' and A2A" states (two components of a 21"[

state in the linear geometry) 15 at energies near the previously undetected lowest vibrational levels of the/k-state.

The HCO A- X Renner-Teller interaction is unusual in that it is responsible for both level shifts and predissociation in

the A-state. The lowest vibrational levels of the A-state will provide the most crucial information about the linear

21"[state, the Renner-Teller interaction, and a global model for the resonance widths in the X-state.

Irregular Ka structure in the HCO B2A' state suggests that the R-state is perturbed by a quartet state.13. We

hope to characterize this quartet state by Magnetic Rotation Spectroscopy (MRS) and lifetime selected fluorescence

excitation spectroscopy.

We have initiated a coll_,,_,orationwith T. Sears (Brookhaven) on the study of HCO generated by photolysis of

formic acid.

We expect to use the HCO ._- _( and _-X systems to demonstrate the sensitivity and selectivity of laser-MRS

and Fourier Transform-MRS as applied to free radicals.

St_ectroscopic techniques for the study of free radicals.

A step-scan Fourier Transform (FT) spectrometer is being set up for use with pulsed laser excitation and pulsed

radical formation processes. The key problem i,, pulse-by-pulse intensity normalization.
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We have demonstrated the selectivity, sensitivity, and resolution of MRS16, Frequency Modulation enhanced

MRS (FM-MRS) 17, sub-Doppler Sideband-OODR Zeeman (SOODRZ) spectroscopy 18, and Selective Detection by

Magnetic Resonance - FM-MRS in cw studies of diatomic molecules. We are investigating the extension of these

techniques to pulsed laser studies of polyatomic free radicals.
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Laser Studies of Chemical Reaction and Collision Processes

GeorgeFlynn,Departmentof Chemistry,ColumbiaUniversity
New York,New York 10027

Ourworkhas concentratedon severalinterrelatedprojectsin thearn of laser
photochemistryandphotophysics which impingeon a varietyof questionsin combustion
chemistryandgeneralchemicalkinetics: (1) Infrareddiodelaserprobesof the quenchingof
moleculeswith "chemicallysignificant"amountsof energyin which the energy transferedto
thequencherhas, for the first time, beenseparatedinto its vibrational, rotational, and
translationalcomponents;(2) Probesof quantumstatedistributionsand velocity profiles for
atomicfragmentsproducedin photodissociationreactions.

The Diode Laser Probe Technique
The applicationof infrareddiode lasers to studytime-dependentdynamicevents was

developed in our laboratoryunder DOEsponsorship.This techniqueprovidesexceptionally
useful informationabouta widevarietyof dynamicmolecularprocesses. The essence of the
diode absorptionmethod is the realizationthatany vibrational-rotationallevel of a small
polyatomicmolecule can be monitoredthroughan _ transitionof thetype:
CD3F(Vl,V2,V3,V4,Vs,V6;J,K,V) + hv(_.--4.5tun) --_ CD3F(vl,v2,v3,v4+l,vs,v6; J+I,K,V)

wherevi is the quantumnumberformode i, J is the totalrotationalangular momentum
quantumnumber,K is the projectionof the totalangularmomentumon the molecularaxis, and
V thevelocity. The sourceof infraredlightis a continuouslytunable,spectrallypure, cw, low
powerdiode laser. Because of the extremelyhighspectralresolutionof the infrareddiode
probe,the recoilvelocity of molecules createdby an enco_ter with a high energyatomor
moleculecan also be monitoredby usinga verystableinterferometerto time resolve the
infraredabsorptionprofilethroughthe Dopplereffect. We have used this techniqueto monitor
CO2, OCS, N20, CS2, DC1,CO, CD3F,and CF3D.

Quenching of Molecules with "Chemically Significant" Amounts of Energy
The simplestmodelfor unimoleculardecompositionis the Lindemann-Hinschelwood

mechanismin which a substrateS is excited bycollisionsto a level S* with energysufficientto
cause breakup of thesubstrate. For large molecules the time scale for decompositionof S* is
sufficientlylong thatfurthercollisions withthe bathmoleculescan causedeactivationof the
excited substratethusquenchingthe unimolecula:decayprocess. Whilemany studies of the
quenchingof suchhighly excited substratemoleculeshavebeen performed,untilrecentlythere
was no techniquewhichcould be used to follow theseprocesseswith quantumstateresolved
detailon a single collision timescale. We haverecentlydevelopeda techniquefor studyingthe
deactivationof highly vibrationallyexciteddonormolecules by smallbathgas moleculeson a
single collision time scale using infrareddiode laserprobetechniques. By focussingon the
bath states insteadof theexcited substrateS*, we areable to completelyresolve not only the
vibrationalexcitationof the molecule butalso,dueto theextraordinaryresolutionof the diode
probemethod, the rotationalexcitationand translationalrecoil of these same vibrationally
excited bathmolecules.

In a typicalexperimentexcited pyrazine molecules (C6H4N2(E))areproducedatenergy
E=40,640 cm'l by anexcimer laser,

C6H4N2 + hv (248 nra) --, C.tt_N2 (E)

Collisionswith CO2cause translational,rotationaland vibrationalexcitationof the fast v3
stretching(0001,2349 cre-l) vibrationalstate,and rotational, translationalexcitationin the
groundvibrationless (0000) level,

C.6H4N2 (E) + CO2 (0000) ---> C61-14N2(E-AE) + CO2 (0001, J, V)

C6H4N2 (E) + CO2 (0000) ---> C6H4N2 (E'AE) + CO2 (0000, J', V')
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J, J' represent rotational angularmomentum quantum numbers, and V,V' are the recoil
velocities for the corresponding ro-vibrational states. A tunable diode laser operating cw at

4.5 I.tmis used to probe the P and/or R branch bands of the following transitions,

C02 (0001, J, V) + hv ( 4.3 _m) _ C02 (0002, J:t:l, V)

C02 (0000, J', V') + hv ( 4.3 _m) --_ C02 (0001, Y+I, V')
Velocity recoils are measured by probing the nascent Doppler profiles for different spectral
lines. The initially excited C6H4N2(E)molecules can produce deexcited species, such as

C6H4N2(E'6E), which are also able to excite CO2. In our experiments, however, the CO2
populations and Doppler velocity profiles are measured at such a short time after the initial dye

' laser excitation pump pulse and at such low sample pressures that these channels are
minimized.

The interaction between excited C6I-_N2(E) and CO2 leads to the excitation of
translational, rotational and vibrational degrees of freedom of the CO2 molecules. The
rotational distribution for the vibrationally excited states can be approximated by a Boltzmann

distributioh, and the increase in rotational temperature (ATR)between the nascent rotational

temperature and ambient temperature was found to be ATR001<10K.
The translational excitation of CO2 molecules scattered into the 0001 state, as well as

the recoil velocity of CO2(0(_,J') rotationally excited ground state molecules produced by
collisions with C.6H4N2(E),were measured. The nascent absorption line shapes can be well
fitted to a Gaussian function. The width of the fitted Doppler profile provides a measure of the
translational temperature of the nascent CO2 molecules. The average increase in translational
temperature for the individual excited 0001 ro-vibrational states derived from these line
broadening measurements is <20K. In dramatic contrast the linewidth of the ground
vibrationless state, which corresponds to a translational temperature of 3000K for the J=70
level, is significantly broader than the room temperature ambient value, and substantially
broader than the recoil linewidth for the excited vibrational level CO2(0001). The probability

for exciting the 0001 vibrational state, sumed over ali J levels, is 1% per gas kinetic collision.
The translational excitation of the ground state is clearly much more efficient than that

of the vibrationally excited state CO2(0001) in taking up energy from C6H4N2(E)). The small
rotational and translational energy increase accompanying vibrational excitation is consistent
with a long range, attractive force, vibrationally resonant energy transfer mechanism in which
the gain of vibrational energy by the bath is closely matched by loss of vibrational energy by
the donor C6t-14N2(E). On the other hand, the large translational energy increase of the
vibrationless ground state is consistent with a short range, repulsive force mechanism in which
internal vibrational energy of the C6H4N2(E) is transferred non-resonantly to the translational
and rotational degrees of freedom of the bath states. For the p.yrazine/CO2 collision system we
also find that the linewidths of the ground vibrationless states increase with increasing J,
suggesting a direct relationship between bath recoil and angular momentum as would be
expected for a collision in which the available orbital angular momentum in the collision limits
the overall rotational angular momentum of the quencher.

Photodissociation Dynamics for the ICi Molecule at 237 nm

The UV (237 nra) photodissociation of ICl molecules has been studied. The basic
experimental approach can be described as follows. ICl molecules are photodissociated by
a 237.808 nm polarized laser pulse, and the same laser pulse is used to ionize CI atoms in

the excited spin orbit state, 2P1/2(CI*), via 2+ 1 REMPI. C1+ ions are detected with
excellent time resolution using a TOF mass spectrometer:

ICl + hv (237.808 nm) _ I + C1/CI*

CI* +3hv (237.808 nm) _ CI+ + e"
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Similarly,for detecting chlorine atomsin the groundstate,CI('2P3/2),236.284 nm or
237.732 nmlaserwavelengthsare used. Thevelocity distributionsof chlorineatomsalong
the flight tube axis in each stateandthe branchingratio between these two states have been
measured.The upperstates correspondingto absorptionat 237 nm have been determined
from these studies.

From the ion currenttemporalprofilesfor C1(2P3/2),it is obvious thatthe C1(2P3/2)
producedfromICl photodissociationat 237.732 nm is froma perpendiculartype transition.
This correspondsto a Af_=l transitionfor molecules in Hund'scase (c). Since the ground
stateis XI_o4., the excited statemusthave f_=l. There arefive states with _=1, A3H1,Z1,
a(3_l), b(3_l), andanother as yet unobservedf_-I state. Exceptfor this last state, ali of
the others have been observed.The a(3_l), b(3_rl)states arevan derWaals states which

have shallow minima at large ICl nucleardistance (re--4.01,1,and 4.15 ,_ for a(37Cl)and
b(3n:l),respectively).The largedifferences in equilibriuminternucleardistance between
these sta,,esand the groundstate leadsto verysmall valuesforthe Frank-Condonfactors
resulting in verysmall transitionprobabilitiesto these levels fromthe groundstate. The
contributionfrom these van derWaals statesto absorptionat 237 nramust, therefore, be
very small.Thus,themost likelyexcited statesfor this perpendiculartransitionare the
A3H1and Zl states. Fromthe ion currenttemporalprofiles for Cl*(2P1/2),it is clear that
CI*atoms producedby IClphotodissociationat 237.808 ranarefrom a paralleltype,
AO=0, transition.Thereare two possible states,0+ and B3H0+which couldgive rise to
such aparalleltransition.At largeinternucleardistances,the adiabaticcurvefor the 0+ state
correlateswith excited statechlorineatoms,andthe B3_ adiabaticcurvecorrelatesto
groundstate chlorine atoms.Duringthe dissociation,the amountof excited stateand
groundstate.fra.gmentsproducedbyabsorptionof lightcan changewhen a potential curve
crossing region is passed. Startingfromthe simpleLandau-Zenermodel for a potential
curvecrossing,the calculated valueof the crossing probabilityfor IClmolecules
dissociatedat 237 nm in the present work is 1.0. This indicatesthat IClmolecules, which
absorb237.808 nm photons and areexcited to the B3FIo+ state,will cross to the 0+ state
during dissociation, producingexcited statechlorineatoms. Onthe otherhand,if ICl is
excited to the 0+ state, duringthedissociation it will pass throughthe crossing region to
form the B3Ho, state, producingchlorineatoms in the groundstate. Since chlorineatoms
in the excited stateareobserved correspondingto the paralleltransition,this transitionmust
be Xll_+ -, B3HO+.

Present and Future Experimental Program
Presentand futureeffortsusing the high resolution infraredabsorptionprobeand

REMPItechniquesarebeingconcentratedon quantumstate and recoil velocity resolved studies
of chemicalreactions;on theenergydependenceof thequantum stateresolved
vibration/rotationexcitationcross sectionsin collisionalencountersbetweenhighly
vibrationallyexcited molecules andcold bathgases; andon the determinationof final
vibrational,rotational,andtranslationalenergyprofilesfor collisions involvingmolecular
reorientation.
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Program Scope

The goals of this project are to provide accurate data on the temperature
dependence of the kinetics of elementary combustion reactions, (i) for use by
combustion modelers, and (ii) to gain a better fundamental understanding of, and
hence predictive ability for, the chemistry involved. Experimental measurements are
made mainly by using the pseudo-static HTP (high-temperature photochemistry)
technique.

While continuing rate coefficient measurements, further aspects of kinetics
research are being explored. Thus, startinfs from the data 3btained, a method for
predicting the temperature dependence of rate coefficients of oxygen-atom olefin
reactions above 500 K has been developed. It yields good agreement with
experiment and confirms the underlying mechanistic assumptions. Mechanistic
information of another sort, i.e. by product analysis, has recently become accessible
with the inauguration of our heated flow tube mass spectrometer facility; early
results are reported here. HTP experiments designed to lead to measurements of
product channels by resonance fluorescence have started.

Recent Progress

O-Atom Reactions wi_h OleOnic Compounds

A self- consistent mechanistic picture has emerged from our studies of the O-
atom reactions with the C4H8 butene isomers, 1,3-butadiene, and three chlorinated

ethylenes. The data on 1-butene and 1,3-butadiene have already been published.l, 2
A paper on comparison of the four butene reactions is in preparation3 and the
chlorinated ethylene results have been selected for presentation at the "Third
International Congress on Toxic Combustion By-Products", this June, and will be
submitted for the volume resulting from that meeting.

The wc,it_ by Singleton and Cvetanovic 4 has shown that below 500 K the k(T)
data for O-atom olefin reactions can be described by a simple TST expression for an
electrophilic e,ddition channel. Fig. 1 shows, for 1-butene, that this description breaks
down progressively with increasing temperature. H-abstraction is a likely high-
temperature second channel for this class of reactions. We have therefore developed
a general method for estimating k(T) for abstraction of H by O atoms at various
positions in hydrocarbons,3 which builds on the Huie and Herron method 5 for alkanes.
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Good agreement between the sums of these abstraction and addition rate coefficients
and the experimental observations is obtained, Fig. 1. By contrast, for 1,3-butadiene
abstraction is calculated to contribute negligibly in the 280-1015 K range
investigated, which is confirmed by the experiments, Fig. 2.

The validity of this approach is further illustrated by the comparison of the O +
chloro-ethylene reactions. It may be seen in Fig. 3 that at lower temperatures the
rate coefficients for these increase at approximately the same rate, i.e. the four
reactions shown have about the same activation energies there. The difference in
absolute magnitudes, i.e. of the A factors, is in agreement with the rule that
electrophilic addition proceeds preferentially at the least substituted carbon atom.
However, above about 700 K the parallelism is not maintained for 1,2-C2H2C12. The
calculations show that at the temperatures investigated (up to about 1300 K)
abstraction is only important for the reaction of this compound. Subtracting the
calculated rate coefficients for this channel restores the parallelism with the other
reactions. Our measurements are currently being extended to include trichloro-

ethylene.

It follows that k(T) can now be predicted for further reactions for which no
high-temperature observations have been made. Ali that is required is a rate
coefficient measurement at a low temperature where addition dominates, and based
on it a TST calculation for the rate coefficients of that channel. Addition of the
calculated abstraction rate coefficients then should give the overall k(T) data.
Extension of this approach to other series of homologous reactions would appear
feasible. Experimental verification remains desirable, especially where further
structural effects such as steric hindrance could be significant.

Further reactions

Figure 4 gives the results of our O + methylacetelyne measurements. At least
over the temperature range investigated there is no evidence for deviation from
Arrhenius behavior, in agreement with the Homann and Wellmann6 results. The
latter were obtained at 2.7 mbar in a fast-flow reactor with mass spectrometric
monitoring of O atoms. By contrast the present work was performed at pressures
from 120 to 660 mbar by the pseudo-static HTP method, where O atoms are
monitored by resonance fluorescence. The agreement under such different conditions
has strengthened the confidence in the data for this important combustion reaction.
A manuscript will be prepared.

In the past year we have developed a method for studying Cl-atom reactions at
elevated temperatures, i.e. the KrF excimer laser photolysis of NAC1. This was done in
a modified HTP reactor, where the cooled reactant inlet is replaced by a salt

evaporator.7 We have now begun to study the Cl + H2 _ HCI + H reaction with this set-
up. We recently completed a study of the reverse reaction8 and like for it hope to
double the temperature range of the available measurements. These rea::tions are of
interest for modelling emissions of HC1, an undesirable combustion product. Also, as
these are single-channel processes, measurements of the product atoms can be used
as a means to help calibrate quantitative product measurements by resonance
fluorescence. Such calibration would be necessary for mechanistic studies on
multichannel reactions.
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Another method for making mechanistic studies has recently become available
to us, mass spectrometry. As a first study we are making product analyses for the O-
atom benzene reaction, the rate coefficients for which we recently reported. 9 These
first experiments were made at 405 K and concerned the phenoxy/phenol product
ratio, observed as mass 93 over 94. The. experiments, done in a He atmosphere at 4
to 16 mbar in a flow reactor, showed a sharp increase in this ratio with decreasing
reaction time. This indicates phenol formation from phenoxy-H recombination. In
further experiments we used HC1 as an H-atom scavenger, which reac_,s much slower
with O atoms. Upon HCI addition only mass 94 is tdgnificantly affected. The increases
in the 93/94 ratio indicate that at most 25% of the phenol formed could have been
from the decomposition of original O-atom benzene adduct. These bulk mechanistic
results agree with the conclusions from a crossed molecular beams study. 10

Plans

As this grant terminates May 31, 1993, there can be no plans for continuation
under its aegis. However, in the above we have sketched the directions we want to
follow in our research, if and when new support can be found.
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_RAM SCOPE

The goal of this research program is to elucidate the elementary
dynamical mechanisms of vibrational and rotational energy transfer
between molecules, at a quantum-state resolved level of detail. Molecular
beam techniques are used to isolate individual molecular collisions, and to
control the kinetic energy of collision. Lasers are used both to prepare
specific quantum states prior to collision by stimulated-emission pumping
(SEP), and to measure the distribution of quantum states in the collision
products by laser-induced fuorescence (LIF). The results are interpreted
in terms of dynamical models, which may be cast in a classical,
semiclassical or quantum mechanical framework, as appropriate.

Under this DOE project to date, we have measured state-resolved
integral cross sections as a function of kinetic energy for: (1) state- and
mode-selective vibrational excitation of iodine, aniline, para-
difluorobenzene and trans-glyoxal in collisions with various species, and (2)
rotationally-resolved inelastic scattering of iodine, para-difluorobenzene
and trans-glyoxal in collisions with helium, and (3) energy transfer from

highly excited vibrational levels of I2(Xl_) prepared by SEP. 1-9 Experiments
of types (1) and (2) were carried out with molecules initially in the ground
vibrational state, with a rotational temperature of about 1 K, prepared in a
pulsed supersonic expansion, lo Our recent investigations of type (3)
represent the first crossed-beam experiments to employ SEP for the
preparation of highly excited vibrational levels of the ground electronic state
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ofa molecule.Duringthepastyearwe have extendedtherangeofsystems

under studyto includethe open-shellspeciesNO(SN), and the range of

experimentsto includemeasurements ofdifferentialas wellas integral
crosssections.11

Becauseofitsopen-shellelectronicstructure(2N_2groundstate)NO

scatteringisdynamicallymuch more complicatedthan thatofclosed-shell

molecules,even when thecollisionpartnerisa singletatom. Collisionsin

such systems occur on two potentialenergy surfacesof A" and A"

symmetry, which are degenerateonly in lineargeometriesor at long

range.iSThe electronicinteractiongivesrisetotwo scatteringchannels,

one ofwhichismultiplet-conserving(SNu2-,21-Iy2),and theothermultiplet-

changing(2Ni/2_ 2Ilw2).For moleculesofHund'scase(a)(whichisa good

approximationforNO statesof smallal,gularmomentum), multiplet-

conservingcollisionsare governed by the average potential,while

multiplet-changingcollisionsdependon thedifferencebetween theA' and

A # potentials.13 The dynamicalcouplingbecomes even more complicated

forlargervaluesofj, as the angular momentum couplingbecomes
intermediatebetweenHund'scases(a)and (b).

Our initialexperimentswere carriedouton collisionsofground-state

NO withAr,and includedbothelectronicchannels:

NO(Sl'lm,v= 0,j= _) + Ar -,NO(STIm,v = 0,jO+ Ar

NO(21-1m,v = 0,j= ½) + Ar --,NO(SNw2,v = 0,j9+ Ar.

So far,fullyrotationallystate-resolveddifferentialcrosssectionshave been

measured forthreedifferentcollisionenergies,117 cre-l,149 cm-1,and 442

cm "1.We have measured boththeangulardistributionsofindividualfinal

rotationalstatesj; and the distributionsofj" at fixedvaluesof c.m.

scatteringangle. Differentialcrosssectionsforthe same system but at

higher collisionenergieshave also been measured by Houston and

coworkers,who usedan imagingtechnique.14

Qualitatively,the angular distributionsfor multiplet-conserving

collisionsshow rotationalrainbow featureswhich shiftto largerangles

withincreasingj: The overallmagnitudeofthedifferentialcrosssections

decreasewith increasingj: Rotationalrainbowstructureisalsoseenin

thedistributionsofj"atconstantc.m.scatteringangle,and in some cases

two maxima are seen clearly.The multiplet-changingdifferentialcross
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sections are about an order of magnitude smaller than the multiplet-
conserving differential cross sections at 442 cm -1 collision energy.

Some of the most interesting features of the data are the differences
observed in the apparent populations of final states j" when measured on
different transitions. There are two possible causes of such effects--
preferential population of one member of a A-doublet by collision, and
preferential alignment (polarization) of the scattered molecules. For high
rotational states, Q branch transitions have greater intensities for
transition dipoles aligned parallel to j_, while the P and R branches favor
transition dipoles perpendicular to both j" and the internuclear axis. In
principle, it should be possible to separate these effects by measuring the
laser polarization dependence of the signals for the separate transitions,
but this is difficult both experimentally, because the differences are small,
and theoretically, because the rotational branches are mixed for the most
accessible values ofj_. Our preliminary experiments have shown that in
fact both phenomena must be contributing to the effects observed.

Because of the complexity of the scattering dynamics in this system,
rigorous comparisons with theory are needed to interpret the data. In our
first paperll we compared our results with quantum scattering
calculations carred out by Schinke and coworkers 15 in 1986, using a
modified version of the potentials due to Nielsen, Parker and Pack. 16 Large
discrepancies were seen, as might be expected for the relatively crude
electron-gas potentials. This last summer, we have been collaborating with
Millard Alexander of the University of Maryland, who carried out new ab
initio calculations of the potentials using the Correlated Electron Pair
(CEPA-1) method, and then performed quantum close-coupling
calculations of the inelastic differential cross sections with the new

potentials. 17 Preliminary comparisons indicate good qualitative agreement
with virtually ali our data, and semiquantitative agreement with most of it.
Detailed analysis of the remaining discrepancies is currently being carried
out.

FUTURE PLANS

Furtherwork on theNO + Ar systemisin progress.First,we are

carryingoutexperimentsatthe highercollisionenergiesused by Houston

etal.in orderto have a directcomparisonwith theirresults.Besides
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providing independent confirmation of the results, these experiments will
enable us to assess the relative advantages and disadvantages of the two
quite different techniques. Second, we are continuing to pursue the
question of preferential A-doublet population versus molecular alignment
effects in the scattered products. At higher rotational states, e.g. j'= 18.5,
the P, Q and R-branch transitions can ali be separately resolved, making it
possible to extract in a fairly straightforward fashion the degree of
molecular alignment from measurements of the laser polarization
dependence of the product LIF signals for each of the various transitions.
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The research effort has focussed on discovering an explanation for the

anomalously high CO 2 concentrations observed early in the reaction sequence of

the oxidation of cyclopentadiene. To explaln this observation, a number of

plausible mechanisms have been developed which now await experimental
verification. One experimental technique for verifying mechanisms, used

successfully in previous DOE supported research, is to probe the reacting

system by perturbing the radical concentrations. Two forms of chemical

perturbation of the oxidation of cyclopentadiene were begun during this past

year - the addition of NO 2 and CO to the reacting mixture.

The addition of NO 2 to the oxidation of benzene and toluene has been a

very effective technique for probing the postulated mechanisms for these

compounds. NO2 through its reaction with H produces NO and OH. The NO is

unreactlve and the OH generally abstracts an H from a hydrocarbon source to

form H20. Consequently, the reactive H atom which would ordinarily feed the

radical pool growth through the branching reaction H + 02 -> OH + O is

redirected toward a leqs influential pathway. The net effect is a decrease in
O and H atom concentrations. The effect of such a decrease on the oxidation of

benzene and toluene was dramatic. Those dramatic results have been reported

previously in DOE annual reports and articles published in the archival
literature.

A large reduction in O atom concentration should have a significant

effect on the quantity of CO produced during the oxidation of cyclopentadiene.

The CO is postulated to form by direct reaction of oxygen atom with

cyclopentadienyl radical and through addition of O to acetylene.

The importance of both of these paths would be reduced by the addition of NO 2.

However, the production of CO2 by the direct reaction between intermediates

and 02 would be unaffected. The addition of NO2 should affect first the

concentration of CO and therefore serve as a direct probe of postulated
routes.

A different type of probing of the postulated sources of CO 2 at rich
conditions would involve the addition of CO to the oxidation of

cyclopentadiene. Although the postulated mechanism presumes as unimportant for

sources of CO 2, the CO reactions with HO 2, O and OH, the relatively minor

contributions of these reactions could be confirmed by accelerating their

rates through an artificial augmentation of the CO levels.

IMPLEMENTATION and RESULTS

The perturbation of the oxidation by the addition of CO required only

that CO be fed into the reacting stream through one of the four fuel injector
tubes. No other experimental modifications were necessary. As expected from

the postulated mechanisms, the addition of CO had no effect on the CO 2

concentrations or on the concentrations of any other species. This observation

is consistent with the production of CO 2 being primarily the result of a

process that does not involve CO as a precursor.



Quantitative measurements of NO2/NO concentrations during the previously

conducted toluene and benzene perturbation experiments were not made because

it appeared that all the NO2 within the flow reactor was converted to NO at

the tip of the stainless steel sampling probe. To avoid this problem during

the perturbation of the oxidation of cyclopentadiene a sequence of tests were

conducted to examine the effect of experimental conditions on the delivery and
measurement of NO2/NO in the flow reactor.

A known concentration of NO 2 was passed through the chemilumlnescent

NO2/NO analyzer to callbrate the analysis response. NO 2 was then introduced

into the unheated nitrogen carrier stream by passing it through one of the

quartz capillary fuel injector tubes. By this means, contact of the NO 2 with
the stainless steel surface of the inlet section was avoided. The NOx

analyzer indicated that NO 2 passed through the cold reactor unchanged. Oxygen

was added to the nitrogen stream and no change in the NO 2 concentration was

measured. This result was expected since at these temperatures NO 2 is

thermally stable and will not react with oxygen. The flow reactor walls and

carrier gas were heated to approximately 1000K in order to measure the effect

that high temperature surfaces may have on NO 2 concentrations. No significant

effect was observed. Therefore, from the results of these tests, it was

concluded that NO 2 could be introduced into the hot flow reactor and

accurately measured even in the presence of oxygen and stainless steel

surfaces whose temperatures are kept well below 1200K.

The effect on the NO 2 measurement of the presence of cyclopentadiene was

examined next by introducing the hydrocarbon into the hot nitrogen carrier gas

through the other three quartz injector tubes. In the presence of the

cyclopentadiene the NOx analyzer gave spurious readings. No NO 2 was detected

and the NO concentration was much greater than the initial concentration of

NO2. Since at these temperatures NO can only be produced from the NO 2 some

interference in the measurement by the cyclopentadiene was implied by the

anomalously high NO concentration. The cyclopentadiene was able to enter the
test chamber of the NO2 analyzer and interfere with the measurement since a

cold trap ordinarily used to capture heavy hydrocarbons and prevent them from

reaching the on-line NOx, CO, CO 2 and 02 meters was removed after it was found

to trap out NO 2 as well. Hydrocarbon selective traps necessary to protect the

meters and ensure accurate measurements are now being investigated.

Preliminary tests of the effect of NO 2 on the stolchlometrlc oxidation

of cyclopentadiene were conducted even in the absence of reliable measurements

of NO 2. The initial NO2 and oxygen concentrations were set prior to the

introduction of cyclopentadiene. After the hydrocarbon was added, samples were
taken and the contents examined to determine the effect of the initial

concentrations of NO2 on the species profiles. No measurement of the change in

concentration of NO 2 as a function of extent of reaction was possible because

of the unresolved analysis problems mentioned above. Nevertheless, the results

of these preliminary experiments have indicated that the ratio of the

concentrations of CO and CO 2 is changed so that at stoichiometric conditions

the ratio resembles that obtained during a leaner oxidation experiment. The

NO 2 appears to reduce the amount of CO 2 produced. A very minor reduction in

the CO concentration was noted. These preliminary observations were

unexpected since as discussed above, the addition of NO 2 was predicted to

reduce CO concentration without changing that of the CO 2. The investigation

of these unexpected observations is currently in progress.
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FUTURE RESEARCH

1) Resolution of the experimental problems associated with the NO 2

perturbation technique.

2) Perturbation of the oxidation of cyclopentadlene as a function of NO 2

concentration, stoichiometry, temperature and the presence of NO.

3) The perturbation of the oxidation of cyclopentadiene by the addition of

cyclopentadlenylidene dlradical formed from the dissociation of

dlazocyclopentadiene. This perturbation experiment will test the role that
direct reaction of the dlradical with molecular oxygen to produce CO 2 plays

in forming CO2.

4) The oxidation of phenol. A first year graduate student has been added to

the program in order to conduct these experiments. The experiments will
llnk the attack on the aromatic ring with the oxidation chemistry of

cyclopentadiene.
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Fundamental Spectroscopic Studies of Carbenes
and Hydrocarbon Radicals

Carl A. Gottlieb and Patrick Thaddeus
Division of Applied Sciences

Harvard University
Cambridge, MA 02138

Highly reactive carbenes and carbon-chain radicals are studied at millimeter wave-
lengths by observing their rotational spectra. The purpose is to provide definitive spectro-
scopic identification, accurate spectroscopic constants in the lowest vibrational states, and
reliable structures of the key intermediates in reactions leading to aromatic hydrocarbons
and soot particles in combustion.

The Structures of the Curnulene Carbenes H2CCC and H2CCCC

Following our detection 1 of H2CCC we measured the rotational spectra of its three
isotopic species with a single 13C, and D_CCC, and determined ali the bond lengths and
the HCH angle, i.e., the substitution structure. In collaboration with Peter Botschwina
(GSttingen) an equilibrium structure for H_CCC was derived to an accuracy compara-
ble to which the stable molecule ketene, H2CCO, is known (i.e., bond lengths accurate
to 0.001 ._ and bond angle accurate to 0.2 °) by converting the measured ground state
rotational constants to equilibrium constants using vibration-rotation coupling constants
calculated ab initio. Botschwina has just calculated ab initio a preliminary equilibrium
structure of H2CCCC, the next member of the cumulene carbene series which we have
also detected. 2 The rotational spectrum of D2CCCC has been measured; once the lsC
isotopic species are observed, an equilbrium structure of H2CCCC will be derived by the
same procedure used for H2CCC.

The HCCCO Radical

We published a paper during the past year describing the millimeter-wave spectra
of the propynonyl radical, HCCCO, and its deuterated counterpart DCCCO -- the first
detection of this fundamental radical, and a key radical in combustion formed s in three-
body addition reactions of CCH with CO. Our measurements, in combination with the
recent measurement 4 of the v2 mode of HCCCO in solid Ar, should facilitate assignment
of the IR spectrum of free HCCCO.

A zero point (ro) structure recently determined from the rotational constants of four
of its isotopic species (HCCCO, DCCCO, HCC13CO, and HCCClSO) differs considerably
from the theoretical structure; 5 the HCC angle is closer to 180° than the ab initio calcu-
lation of 139° and the two carbon-carbon distances are close to triple and single bonds,
respectively, rather than double bonds as predicted. Consistent with the reaction mecha-
nism of Lander et a/.,s the two lsC isotopic species with a single lsc not adjacent to the
O atom were not observed when lSCO was the source of 13C in the discharge. Experiments
to measure the two remaining 13C isotopic species of HCCCO, using HlSCCH instead of
lsCO as the isotopic source, are in progress. They should allow us to determine a full
substitution (re) structure and to estimate the electron density along the CCC chain from
the lSC hyperfine structure.
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Three New Vtbrattonally Excited States of Cyclopropenylidene

The millimeter-wave rotational spectrum of cyclopropenylidene (c-C3H2), the three-
membered carbene ring we detected in 1985, was measured (Fig. 1) in three new vibra-
tionally excited states (two with A and one with B symmetry). Strong rotational transi-
tions were also observed in the u3 state, previously detected in the infrared by Hirahara
et a/., e and an accurate set of spectroscopic constants was determined for ali four states.
The three new states were assigned on the basis of relative intensities, comparison of the
measured inertial defects with those derived from harmonic force constants calculated ab

initio (A. D. McLean, personal communication), and by symmetry considerations.

Infrared spectroscopy is required to unravel further the vibrational structure of cyclo-
propenylidene (Fig. 2). Ali fundamental modes other than vs are infrared active, although
the small predicted infrared absorption coemcients for some may make detection difncult.
The molecular constants that we have determined for the excited vibrational states in con-
junction with those of the ground state should aid detection of the infrared active modes.
Perhaps the best candidate for IR detection is ve whose predicted infrared absorption
coefncient 7 is only a factor of two less than that of us.

Fig. 1 Fig. 2
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The HCCS Radical

The HCCS radical was detected in _ discharge through CS_ and C2H2. It previously
was seen with low resolution in the optical region, s,9 We determined for the first time the
fine`struct+tre and lambda doubling constants in the 2r[ ground state, and detected three

isotopic species (HC13CS, HCC34S, and DCCS; the i_rst two in natural abundance) which
allowed a preliminary lr0) structure to he derived. The suprisingly high concentration
of HCCS in our source indicates that other small sulfur bearing radicals such as I-ICS,
HCCCS, and I-ICCCCS may also be detectable with our current instrumentation.

Production of Radicals and Carbenes by H Atom Abstraction

An entirely new reactive molecule spectrometer with a cell specially designed for the
production of hydrocarbon radicals and carbenes by H atom abstraction was constructed.
Its design, based on the cell used for the detection of the HOCO radical by Radford et al., 1°
incorporates _ faster primping system and the same wide frequency sweeping capability,
sensitive detection scheme, and data acquistion system used in our discharge spectrometer.

The known carbenes c-C3H2 axtd H2CCC were observed by H atom abstraction from
both allene and methyl acetylene, establishing that carbenes axe produced with good con-
centration in reactions of either F or C1 atoms with molecules containing multiple C-C
bonds. Experiments with D and 13C labelled allene or methyl acetylene might help deter-
mine if c-Call2 and H2CCC are formed by isomerization of HCCCH (propargylene).

Future Plans

We will continue to search for new carbenes and radicals with a strong emphasis on
three- and five-membered carberLe rings. Our recent success in producing carbenes by
H atom abstraction from molecules with multiple C-C bonds, leads us to believe that
abstraction of two H atoms from methyl acetylene, methylenecyclopropene, and cyclopen-
tadiene may yield in detect_ble concentrations, respectively, propargylene (HCCCH), cy-
clopropenylidene carbene (H2Cs--C), and cyclopents.dienylidene (C5H4). Searches will
be made in low pressure dc discharges for the cumulene carbenes H2C5 and H2Ce; the
carbon-chain radicals CTH and CsH; and the ring-chain carbene CsH2.
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Trace species detection:
Spectroscopy and molecular energy

transfer at high temperature

JeffreyA. Gray
CombustionResearchFacility
SandiaNationalLaboratories
Livermore,CA 94551-0969

Program Scooe

Monitoringtheconcentrationof tracespecies suchas atomicandmolecularfree
radicalsis essential in formingpredictivemodels of combustionprocesses. LIF-based
techniqueshave the necessarysensitivityforconcentrationandtemperaturemeasurements
buthavelimitedaccuracydue tocollisionalquenchingin combustionapplications. The
goal of thisprogramis to use spectroscopicand kineticmeasurementsto quantifynon-
radiativeand collisionaleffects on LIFsignalsandto develop new background-free
alternativesto LIF.

RogerFarrowand I havemeasuredthenaturallinewidthof severalOH A-X (3,0)
rotationaltransitionsto determinepredissociationlifetimesin the upperstate,l whichwere
presmnedto be shortcomparedto quenchinglifetimes, andas a result,we make
quantitativepredictionsaboutthe applicabilityof predissociationfluorescencemethodsat
high pressures. Joe Durant,PhilPaul,JayThoman(WilliamsCollege), and I are
investigatingcollisional energy transferin the A-stateof NO.2.3 We derive newquenching
rateswhich enabledirectcorrectionsto NOLIFquantumyields at high temperature.These
quenchingrates arenow beingused in studiesof turbulence/chemistryinteractions. In a
relatedstudy, RogerFarrow,Joe DurantandI havemeasm'edthe electricdipole moment
of excited-stateNO using Starkquantum-beatspectroscopy. Ixis anessential inputto our
harpoonmodel whichpredictsquenchingefficienciesfor NO (A) by a varietyof
combustion-relatedspecies. JohnGoldsmith,RickTrebino,andI aredeveloping new
coherentmultiphotontechniquesfor measurementsof atomichydrogenconcentrationin
laboratoryflames to avoid the quenchingproblemsassociated with pre_Aousmultiphoton
LIF schemes.4

Recent Results
We continueto measureenergytransferrates for NO athigh temperatureusingour

shock-tubeapparatus.1"3We excite the A-X (0,0) bandof NO at- 226 nm behindincident
and reflected shock waves andrecordtime-resolved (0,3) fluorescence. Our double-
diaphragmtechniqueenablesrepeatedrate measurementsat reproducibletemperatures
between 1000 and 4500 K. We have now determinedquenchingrate coefficients (km)for
N2, O2, CO2, CO, NO, H20, H2, H, O, N20, NO2, CH4, C2H6,C2H4,C2H2,NH3,
and Ar athigh temperatures;these measurementshave sofarinvolved more than 1200
shock-mberuns. Quenching ratesfor the radicalspecies H and O aredeterminedfrom
repeatedmeasurementsatvariouspositionsbehindshockwavesthroughchemically
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reacting mixtures. Valuesfor kmat specifictemperaturesarenormalizedby therelative
collision velocity to derivequenchingcross sections (ore mkm/<V>).Fig. 1 summarizes
our measuredquenchingcross sectionsfor NO A2y_+.

Severalmodels of the quenchingprocesshave alsobeen investigatedtounderstand
andpredictthe temperaturevariationsof crosssections. A charge-transfer(harpoon)
model, whichhasfrequentlybeenappliedto describeatomiccollisions, appearsto be most
successful in comparisonwith our measurements.5Crossingradii(rc)for covalent and
ion-pairpotentialsurfacesarecalculatedusingthe knownionizationpotentialof NO A2_+,
electronaffinitiesfor eachcollision partner,and standardLennard-Jonescoefficients. The
harpoonmodel underpredictscrosssections for a few species thathaveelectronicband
systems nearor slightlyred of the NO A-X (0,0) band. In these cases, quenchingmore
likely occursvia a near-resonantelectronicenergytransfermechanism.

Theelectricdipolemoment _tof NO in its A st_,teis an importantinputto the
harpoonquenchingmodel. In addition,this dipole moment has been the subjectof some
controversywith regardto electronicstructurecalculationsof molecularRydbergstates.
We have recentlymeastueA_tusing Starkquantum-beatspectroscopy. The Starkeffect in
theA22_+ stateof NO is greatlycomplicatedby molecularhyperfir,e strucua_andresultsin
ourobservationof a complex patternof beatfrequenciesin electric fields between0 and 20
kV/cm. Ouranalysisof these frequenciesinvolveda multi-stateIX'mabationtreatment
includingelectronic,rotational,fine, hyperfine,andStarkcouplingsbetweeneigenstates.
Fig. 2 shows our observedbeatfrequencymeasurementsas a functionof appliedelectric
field. The solid curvesrepresentthe results of a non-linearleast-squares fit to the data.
Ourfinal result,includingan estimateof the polarizabilitycorrection, is I.t= 1.08:L-0.04D.
Thisresultcomparesfavorablywith a priormeasurement6 of I,tin ¢=3 and suggests that
theoreticalvalues for g arecurrentlyin errorby upto 20%.

We havedevelopedtwo newmultiphotonschemesfor thedetectionof atomic
hydrogenin laboratoryflames.4 Two laserbeamsnear243 runarecrossedat a smallangle
throughtheflame to producean interferencepattern.Ground-state(n=l) H atoms are
excited via two-photonabsorptionto nffi2in themoons of space wherethe lasersinteract
constructively. This grating of excitedatomsthen diffractsa thirdlaserbeam tuned to
either 486 nm or 656 nm (n=2-+4 or n=2-_3 transition)to generatea coherentsignal
beam. This six-wave mixingprocess is as sensitiveand quantitativeas LIFand avoids
problemssuch as interferencesfromoverlappingspectralemission thatcan affectLIF. The
effects of collisionalquenchingarefurtherreduc_ usinganother techniquewhich is based
on purelycoherentscattering;we haverecentlydemonstratedquantitativedetectionof H in
flames using sucha techniqueand find that the signalscales as the dephasingtime
(1/linewidth)ratherthan the excited statelifetime. Dephasingratesin flames areexpected
to be less sensitive than quenchingratesto variationsin species composition.

Future Work

We planto measure quenchingrates forOHA2g. by numerousflamespecies at
high temperatureusing ourshock tube. The rates will be useful in makingdirect
correctionsto LIFmeasurementsof OH in flames. In addition,we shalltest the
applicabilityof a harpoonmodel to OHquenchingand contrastthephysical mechanisms
with those successfullydescribedfor NO A2g+. We shallalso incorporatea photolysis
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source to create a wider variety of radicals in the shock tube, and the primary future
direction shall be elementary rate kinetics.

We shaUcontinue to apply non-linear optical diagnostic methods to detect trace
species in low-pressure flames. Concentration profiles of these species shall be used in
conjunction with profiles of stable species (acquired by microprobe mass spectrometry in
the flame chemistry laboratory) to validate combustion chemistry mechanisms and models.
We shall apply the two-photon coherence technique developed for atomic hydrogen to
atomic oxygen in flames.

Flame chemistry models are typically validated by concentration measurements of
reactants, products, or a few intermediates. Data are scarce for small polyatomic radicals
because such species rarely fluoresce and often exhibit unstructuredabsorption spectra.
For example, HO2 has known discrete lR absorption bands and broad, unresolved UV
absorption bands; neither of these band systems alone can provide the necessary
sensitivity, selectivity or spatial resolution requix_ of an optical diagnostic for flames. We
shall apply two-color laser-induced grating spectroscopy, which makes use of double-
resonance selectivity and "background-free" sensitivity, to record concentration profiles of
HO2 in low-pressure flames. These profiles will provide important tests of modeling the
branching ratio for the crucial H+O2+M reactions in diffusion flames. A comb'marionof
molecular spectroscopy, diagnostics development and kinetic modeling will be required to
advance *.heunderstanding of flame chemistry.
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Fig. 1: Observedcrosssections for collisional quenching of NO A2Z+ by several
combustion-relatedspecies (M) wereobtainedfromLIFdecay ratesmeasured
in shock-heatedmixturesof At, M andNO. The temperaturedependenciesof
OMarcseen to vary dramatically.

Fig. 2: ObservedStark quantum-beat frequencies from NO A2Z+ v'=0, N'=I 7=1.5
as a function of applied electricfield. The solidlines representpredictions of a
modelHamiltonian:hyperfineconstants andthe electricdipolemomentg are
determinedusing a non-linear least squarestil
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CHEMICAL DYNAMICS IN THE GAS PHASE: TIME-DEPENDENT QUANTUM
MECHANICS OF CHEMICAL REACTIONS

Stephen K. Gray
Theoretical Chemistry Group

Chemistry Division
Argonne National Laboratory

Argonne, IL 60439

I. GENERAL SCOPE

A major goal of this research is to obtain an understanding of the molecular reaction dynamics of
three and four atom chemical reactions using numerically accurate quantum dynamics. This work
involves: (i) the development and/or improvement of accurate quantum mechanical methods for the
calculation and analysis of the properties of chemical reactions (e.g., rate constants and product
distributions), and (ii) the determination of accurate dynamical results for selected chemical systems,
which allow one to compare directly with experiment, determine the reliability of the underlying
potential energy surfaces, and test the validity of approximate theories. My research emphasizes the use
of recently developed time-dependent quantum mechanical methods, i.e. wave packet methods.

H. RECENT PROGRESS

A novel approach to solving the time-dependent Schr6dinger equation was developed, and
shown to be very efficient. 1 In this work I also presented an adaptation of a very old method of spectral
analysis, known as Prony's method. This method allows one to accurately identify any resonances that
may be influencing the quantum dynamics and yields, from short-time dynamics, accurate estimates of
resonance positions and widths. I presented a detailed three-dimensional application to the decay of
resonances in the formyl radical: HCO _ H + CO. 1 My results compared favorably with results
obtained by Gazdy, Bowman (Emory), Cho and Wagner (ANL) using a completely different theoretical

approach. I also applied these ideas to a study of the fragmentation of ArI2, further illustrating the
general utility of my methods, and also demonstrating that there may be important intramolecular
vibrational relaxation (IVR) effects in this system with potentially important consequences for real-time
dynamics. 2

My initial formyl radical study focused on the dynamics of resonances associated with the
ground electronic state of HCO. 1 However, it is well known that the first excited electronic state, which
has a linear equilibrium geometry, can be coupled to the ground electronic state through the Renner-
Teller (RT) effect when there is overall rotation. Recently, Houston's group and Cornell has
characterized the properties of many of what I term "RT resonances" in HCO. These states are obtained
by exciting from the ground to excited electronic state such that there is also bending exctation present.
Coupling to the lower electronic state through the RT effect leads to predissociation of HCO to produce
H + CO products that correlate with the ground electronic state. This represents a rather formidable
theoretical problem: it is necessary to describe a rotating triatomic system with two vibronically coupled
potential energy surfaces. In collaboration with E. Goldfield (Cornell Theory Center) and L. Harding
(ANL), I have been applying the accurate quantum dynamics methods noted above to RT-induced
predissociation of HCO. Accurate ab initio calculations were performed by Harding to generate the
upper electronic state potential surface, and the previously developed Bowman-Bittman-Harding (BBH)
ground electronic state surface was employed. Considerable effort was also spent on developing a
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realistic Hamiltonian model to describe this complicated electronically non-adiabatic process. Extensive
wave packet calculations have been performed, and detailed comparisons of resonance energies, decay
constants, and CO rotational product distributions with Houston's results have been made. Our results
have allowed us to develop a mechanistic picture of the RT process, and have pointed to how the lower
BBH surface may be in error, particularly near collinear geometries.

III. FUTURE PLANS

Electronically non-adiabatic processes, such as the RT effect outlined above, will be further
explored. With respect to the RT effect in HCO, modifications to the upper and lower surfaces will be
considered, and effects previously neglected (such as the role of CO vibration) will be included. This
work will lead to a thorough understanding of the RT dynamics in this system, and to improved
potential energy surfaces for HCO. Other systems with important vibronic coupling effects, including
NO2, will also be investigated (with M. Davis, ANL).

Four-atom chemical reactions will be studied. These systems are challenging and exciting in
many ways. The addition of just a single atom essentially doubles the number of degrees of freedom
present in relation to three-atom systems. Realistic studies of such systems will require state-of-the-art
computational technology, possibly, e.g., massively parallel cemputers. Technical theoretical problems
can also arise owing to the increased number of reaction pathways. In collaboration with F. Le Qu6r6, I
have already shown how wave packet methods can deal with the multiple continua that can arise when
two or more reaction channels are present in certain four-atom clusters .3 The wave packet dynamics of
the reaction H + CO2 --> OH + CO will be explored (with E. Goldfield). This important combustion
reaction has also been the focus of interesting real-time experiments from both Zewail's and Wittig's
groups. Models including up to four active degrees of freedom will be developed and studied. The role
of "HOCO" resonances as intermediates will be elucidated. Studies of other interesting four-atom
systems, including C2H2 (with E. Sibert, Wisconsin) are also planned.
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Dynamics of Synchrotron VUV-Induced
Intracluster Reactions

J. Robb Grover

Department of Chemistry, Brookhaven National Laboratory, Upton, NY 11973

Scope
Photoionization mass spectrometry (PIMS) using the tunable vacuum

ultraviolet radiation available at the National Synchrotron Light Source is being
exploited to study photoionization-induced reactions in small van der Waals mixed
complexes. The information gained includes the observation and classification of
reaction paths, the measurement of onsets, and the determination of relative yields
of competing reactions. Additional information is obtained by comparison of the
properties of different reacting systems. Special attention is given to finding
unexpected features, and most of the reactions investigated to date display such
features. However, understanding these reactions demands dynamical infor-
mation, in addition to what is provided by PIMS. Therefore the program has been
expanded to include the measurement of kinetic energy release distributions.

Progress
The measurement of ion kinetic energies is a mature field, and under ideal

conditions very high precision can be achieved. However, severe experimental
constraints preclude application to this program of most of the many methods that
have been developed. Since signal rates are often low, <10-1 sec!, it is
particularly important to preserve as much signal strength as possible, so methods
involving stringent source collimation cannot be used. Photoelectron-photoion-
coincidence (PEPICO) methods might appear to be ideal, but the background of
accidentals would be prohibitive, because the low signal rates are accompanied by
much greater total ion production rates, typically >106 sec"1. In addition the loss
of intensity associated with selection of a given electron energy cannot be
tolerated. Synchrotron light has insufficient resolution to permit the use of
Doppler shifts. Another constraint is the size of the volume within which the
product ions are generated as the photon beam crosses the molecular beam
containing the target clusters. This volume cannot be reduced to less than 1 mm 3
without unacceptable loss of signal strength. Also, the wide divergence of the
synchrotron radiation from its focus limits the physical geometry available to an
apparatus.
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Only retarding-potential methods have the necessary property of signal
strength preservation, but suffer from difficulties in interpretation due to the
addition of the molecular beam velocity to the product recoil velocities. However,
a useful substitute for the retarding potential is provided by the use of a slit in a
configuration in which the molecular beam velocity is combined with a transverse
electric field. The molecular beam must be reasonably well velocity-focused, and
its velocity must be comparable to or greater than the velocities being measured.
As with conventional retarding potential methods, an integral signal is obtained,
differentiation of which is required for recovery of the energy distribution.

Energy calibration of the apparatus utilized the free jet acceleration of
argon in a series of argon-helium mixtures, in which the composition of the
expanding gas was varied from Ar:He - 1:0 to 1:39, so that the laboratory energy
of the argon increased from 0.063 to 0.518 eV. To understand the instrument's
resolution, measurements were made of the kinetic energy release distribution of
O+ from the absorption of 640 Angstrom photons by CO2 that had been
accelerated to 0.477 eV by expansion of a 19:1 He:CO 2 mixture. These photons

the 19.39 eV state CO2+(_2_g+), which then dissociates to the v=0 and v= 1excite

vibrational states of the ground electronic state of CO by the emission of O+ ions
of 0.206 and 0.036 eV. After differentiation of the data and conversion to the

center-of-mass system, two broad peaks were resolved at the correct energies, the
relative intensities of which agreed with Eland's result.

Kinetic energy release distributions have been measured for intraclustet'
reactions induced in the mixed-gas expansions of 1,3-C4H6/SO 2, C6H6/HC|,
C6H5CI/NH 3 and C6H6/O 2. Nearly ali of the observed distributions can be
adequately described as the sum of two evaporation-type spectra. The results for
the system 1,3-C4H6/SO 2 are described first. For (C4H6"SO2)+, a photon energy
of 1300 Angstroms, near threshold for production from the dimer 1,3-C4H6°SO2,
gives an effective translational temperature of 50 K, which is essentially the same
as the rotational temperature calculated for the nozzle beam. This is quantitatively
verified by the analogous near-threshold measurements of the kinetic energy
distribution of 1,3-C4H6+ in the same expan.qion, which also gives 50 K. At 600
Angstroms and 800 Torr, where most of the (C4H6°SO2)+ is produced from
trimers and larger complexes, the 50 K component still appears, but with only
small intensity. This spectrum is dominated by a component whose average
energy is 0.14 eV. Since the average energy deposited in the parent complex ion
(mainly one or the other of the two heterotrimers) is about 6 eV, it is clear that
most, if not all, of the normal modes of the heterotrimer (52 on average) are
involved in the ejection or "evaporation" of the (C4H6.SO2) +. Examination at 600
Angstroms of the formation of the monomer ion C4H6 + reveals a similar story;
the low-temperature component still gives the beam temperature, and the high-
temperature component is consistent with the involvement of most of the normal
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modes of the clusters from which the C4H6+ ions are emitted. The high-

temperature component grows systematically stronger as the nozzle pressure is
increased, in tandem with the growing proportion of clusters in the beam. The
results for the intracluster reaction product C4H6SO + stand in sharp contrast to the

foregoing. There is no low-temperature component corresponding to the beam
temperature, and the spectrum is dominated by a component whose effective
temperature far exceeds that of the (C4H6°SO2)+ produced under the same
conditions. Since C4H6SO + is produced by a mechanism involving at least two

steps, emission of an oxygen atom followed by detachment of one or more
"solvent" molecules, further conclusions must depend on modeling calculations, lt
is clear, however, that the oxygen atom carries away considerable energy, and that

C4H6SO + is not produced by a statistical process.

The results for the system C6H6/O2 are similar in many ways to those just
described. Here also, at 700 Angstroms, one sees growth of a higher-energy

component of C6H6 + ions as the nozzle pressure rises, indicating that they are
"evaporated" from excited clusters. An unusual feature, however, is that the
kinetic energy release distribution of (C6H6"O2)+ shows no higher-energy
component that can be ascribed to production from larger clusters. This provides
independent confirmation of our earlier report that the ion (C6H6"O2)+ is formed
only from the parent dimer C6H6°O2, and not from larger clusters, in contrast to
what is found in essentially ali other systems. The kinetic energy release of the
intracluster reaction product C6H6 O+ is far in excess of what would be expected
for a statistical mechanism, which is only to be expected, since its onset is fully

4.9 eV higher than its thermochemical threshold.

The production of C6H6C1+ from C6H6/HCI complexes contrasts with the
above, because its kinetic energy release distribution is nearly the same as for the

higher-temperature component of the distribution for (C6H6"HCI)+. Partly this is
because the mass of the ejected hydrogen atom is so small that it contributes very
little recoil to the much more massive residual ion, and partly because the

separation of the hydrogen atom drains a large fraction of the excitation energy
from the (trimer) parent ion.

The C6H5CI/NH3 system displays features sharply different from ali of the
others described above. The kinetic energy release distribution of C6H5C1+ shows

no higher-energy component arising from its production from clusters, even at
nozzle pressures such that many clusters are known to be present in the beam.
Evidently this is because ali of the heterocomplex ions decay by another pathway.
There are two intracluster reaction products: aniline ion, C6H5NH2 +, and

anilinium ion, C6H5NH3 +. The onset of anilinium ion corresponds to its
adiabatic appearance potential, unlike nearly every other intracluster reaction
product we have studied. Furthermore, its kinetic energy release distribution is
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consistent with the involvement of most or ali of the normal modes of its pare:lt
dimer ion (C6H5CI'NH3)+, which indicates that it is produced mainly in statistical
or nearly statistical processes. This is also unlike the other intracluster reaction
products described above, but consistent with the adiabaticity of its onset. On the
other hand, C6H5NH2 + conforms to the usual pattern. Its onset is far above its
thermochemical threshold (by 1.2 eV), it is produced much more efficiently from
trimers than from dimers, and its kinetic energy release is markedly higher than
that of C6H5NH3 +, consistent with substantial participation by nonstatistical
processes.

Publications 1991-1993

Cluster Beam Analysis via Photoionization, J.R. Grover, W.J. Herron, M.T.
Coolbaugh, W.R. Peifer and J.F. Garvey, J. Phys. Chem. 95, 6473-6481 ( 1991)

Complexes of Oxygen with Benzene and Hexafluorobenzene, J.R. Grover, G.
Hagenow and E.A. Waiters, J. Chem. Phys. 97, 628-642 (1992)

Cluster Beam Analysis via Photoionization: Thiophene Seeded in Helium and
Argon and Bromotrifluoromethane plus Methanol Seeded in Argon, E.A. Waiters,
J.R. Grover, J.T. Clay, P. Cid-Aguero, and M.V. Willcox, J. Phys. Chem. 96,
7236-7243 (1992)
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STUDIF_S OF COMBUSTION KINETICS AND MECHANISMS

David Gutman,Departmentof Chemistry
Catholic University of America, Washington, D. C. 20064

RESEARCH OBJECTIVES

The objectiveof the currentresearchis to gain newquantitativeknowledgeof the kinetics
and mechanismsof the reactionsof polyatomic free radicalswhich are importantin hydrocarbon
combustionprocessses. The special facility designed andbuilt for these studies (which includes
a heatabletubularreactor coupled to a photoionizationmass spectrometer)is continuallybeing
improved. Where possible, these experimental studies are coupled with theoretical ones,
sometimes conductedin collaborationwith others, to obtain an improved understandingof the
factors determining reactivity.

COMPLETED STUDIES

1. WEAK COLLISION EFFECTS IN THE REACTION CH3CO < = = = > CH3 +
CO, A. Bencsura, V. D. Knyazev, I. R. Slagle, and D. Gutman

(Ber. Bunsenges. Phys. Chem. 1992, 96, 1338)

ABSTRACT

Rate constantsfor the unimolecular decomposition of CH3COhave been obtained as a function
of temperature (420-500 K) and heliumdensity (3-18x10_6atom cre3), conditions which are in
the secondorder region of the fall-offcurve. An Arrheniusexpressionfor thelow-pressurelimit
unimolecular rate constant was obtained from the results, _(He) = (6.7+ 1.8)xl0gexp[( -
6921+ 126 K)/T] cm3 molecule"1s"!. Using a MasterEquationformalism to calculatevalues of
k_,a set of the two energy parametersneeded in the calculations, Eoand <AE> _ (including
its temperaturedependence), was found that is within the range of expected values (including
a temperaturedependencein thecase of < AE> _), which, when incorporated into the Master
Equation, provides calculatedrateconstantswhichagree well with the measuredones. They are
Eo ffi 65.3+4.0 gl mol"_and <AE> _ ffi 65.6 + 0.271T cm"m(the latter, a parameterized
expression, is valid only in the temperaturerange of this study). A transition state model for
the unimolecular decompositionof CH3COwas producedwhichprovideshigh-pressurelimitrate
constants for this reaction(ko_(CH3CO---> CH3 + CO)= 2.50x10_3exp(-8244K/T) s"_and k.
T(CH3+ CO --> CH3CO)= 7.64x10"13exp(-3073K/T) cm3 moleculels"_)and k(E)values for
solving the Master Equationfor reaction conditions that are in the fall-off region. Fall-off
behaviorof k_and k._reportedby others for several differentbathgases was reproducedwithin
the uncertainty limits of the experimental results using the Master Equation formalism
incorporating the transitionstate model, the energy parameter Eogiven above, and reasonable
values for < AE> _ for the differentbath gases used. This Master Equation formalism and
transitionstate model shouldprovide unimolecular rate constantsfor reaction (1,-1) in the fall-
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off region for additional bath gases using reasonable estimate.s of <AE> _ (e.g., values
obtained for this energy-transfer parameter for c311isions between other polyatomic radicals and
the bath gases of interest).

2. KINETICS OF THE UNIMOLECULAR DECOMPOSITION OF iso-C_I'Iv:WEAK
COLLISION EFFECTS IN HELIUM, ARGON, AND NITROGEN, P.W. Seakins,
S.H. Robertson, M.J. Pilling, I.R. Slagle, G.W. Gmurczyk, A. Bencsura, D. Gutman,
W.Tsang

(J. Phys. Chem., Accepted for Publication, 1993)

ABSTRACT

Rate constants for the unimolecular decomposition of iso-C3H_ have been determined by laser
flash photolysis coupled with photoionisation mass spectrometry, over the temperature range
720-910K. The reaction was studied in He, at densities of 3 - 30 x 10_6atom cm-3. More
limited measurements were made for Ar and N2. The reaction is in the fall-off region under all
conditions studied. Three methods of data analysis were employed: (i) A transition state model
was constructed by reference to literature values of dissociation and association limiting high
pressure rate constants over the temperature range 177 - 910K. The model gives
kT = 6.51 x 107 T I's3exp (-17793/T) s"1and kTt = 9.47 x 10":sT _'16
exp (-440/T) cm 3 molecule "t s"_for dissociation and association respectively. The model was
incorporated into a modified strong collision model and the data fitted using (AE)_,,, as a
variable parameter, giving 136 cm"l (He), 130 em"1(Ar) and 129 em "_ (N2). (ii) A Troe
analysis, using the transition state model to determine both k_' and Sr and employing k° as the
variable parameter, is consistent with (AE)_,_ = 200 em"_ for He. (iii) Finally, the
microcanonical rate constants for dissociation were calculated by inverse Laplace transformation
of the association rate constants of Harris and Pitts and incorporated in a Master Equation
analysis with (AE),_ and AI-Igas the variable parameters. The analysis gives (AE)_,,_ = 210
em"_for He and 0AHf._ (iso-C3HT) = 21.0 kcal mol"l.

3. KINETICS OF THE THERMAL DECOMPOSITION OF THE n-PROPYL

RADICAL, _kos Bencsura, Vadim D. Knyazev, Shi-Ben Xing, Irene R. Slagle and
David Gutman

(24th Symp. [Int.] Combust., 1992, 24, 629)

ABSTRACT

The kinetics of the unimolecular decomposition of the n-propyl radical has been investigated.
Experimentally, the decomposition was monitored in time-resolved experiments by using a
heatable flow reactor coupled to a photoionization mass spectrometer. The radicals were
produced by pulsed excimer laser photolysis of 4-heptanone. Unimolecular rate constants were
determined as a function of bath gas (He, Ar, and N2), temperature (12 temperatures between
620 and 730K), and bath gas density (6 densities between 3 and 30x10 t6 molecule cm"3for He
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and 3 densities between 3 and 12x1016molecule cm-3for Ar ana N2). The rate constants are in
the fall-off region under the conditions of these experiments. The data were fit using a Master
Equation analysis. The average step-sizes down (the adjusted parameter in the analysis) were:
.":-.20(He), 267 (N9 and 261 (Ar) cm"1. The unimolecular rate constants were para_neterizedfor
the temperature range 3_ - 1000K _d 0.001 to 10 atmospheres using a modified Lindemann-
Hinshelwood expression.

4. KINETICS AND THERMOCHEMISTRY OF THE OXIDATION OF
UNSATURATED RADICALS: CvtIs + 02, IreneR. Slagle, Akos Bencsura, Shi-Ben
Xing, and David Gutman

(24th Syrup. [Int.] Combus'_.,1993, 24, 653)

ABSTRACT

The kinetics and mechanism of the reaction of C4H5(methylpropargyl radical) with 02 were
• investigated from 296 to 900K in a tubular reactor coupled to a photoionization mass

spectrometer. At room temperature the reaction proceeds by a simple pressure-dependent
addition reaction. Between 369 and 409K the equilibrium C4H5+ O2_ C4H502was clearly
observable and equilibrium constants were measured as a function of temperature. These
measurements yielded the values of AFI°_98(-78 + 3 ld toolq) and AS_s (-122 + 9 J tool1 K'_).
Above 600K the rate of reaction of methylpropargyl with 02 is independent of density and
increases with temperature with a phenomenological rate constant equal to 6.9xlt_4exp(-10.5
kJ mol-t/RT) cm3 molecule_ s-_. A mechanism of the C4H5+ 02 reaction is proposed which
involves initial formation of a C4H502adduct. At temperatures above 600K, decomposition of
the chemically acdvated adduct competes with redissociatiori to C4H5 + 02. The role of
elementary reactions between unsaturated radicals and molecular oxygen in combustion processes
is briefly reviewed.

FUTURE STUDIES

During the next year the studies of the unimolecular decompositior_of free radicalswill
continue. Additional investigations of the kinetics and mechanisms of the reactions of
unsaturated polyatomic free radicals with molecular oxygen will be initiated. Finally, we shall
begin a new set of experimentsdesigned to investigatethe chemicalkinetics of cross combination

: reactions involving methyl raaicals, CH3 + R.

PUBLICATIONS (1991-Present)
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2. I.R. Slagle, L. Batt, G. W. Gmurczyk, D. Gutman, and W. Tsang, J. Phys. Chem.



134

_991, 95, 7732. "The Unimolecular Decomposition of the Neopentyl Radical".
3. A. Bencsura, V. D. Knyazev, S.-B. Xing, I. R. Slagle, and D. Gutman; 24th

Symposium (International) on Combustion; The Combustion Institute 1992, 24, 629,
"Kinetics of the Thermal Decompositon of the n-Propyl Radical".

4. I.R. Slagle, A. Bencsura, S.-r_. Xing, and D. Gutman; Symposium (International) on
Combustion; The Combustion Institute 1_992,24, 629, "Kinetics and Thermochemistry
of the Oxidation of Unsaturated Radicals: C+H5+ G2".

5. A. Bencsura, V. D. Knyazev, I. R. Slagle, and D. Gutman; Ber. Bunsenges. Phys.
Chem. 1992, 96, 1338, "Weak Collision Effects in the Reaction CH3CO < --- > CH3
+ CO".

6. P.W. Sealdns, S. H. Robertson, M. J. Pilling, I. R. Slagle, G. W. Gmurczyk, A
Bencsura, D. Gutman, and W. Tsang, I_.9__,J. Phys. Chem. (Accepted for publication).
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1993, 97, 871, Kinetics of the Unimolecular Decomposition of C2H 5.

ii

I I I I |

300 -

0 il

•- 250 -
I
a
o 200

r, rm
t=

o 150- ."0

Ld
<1 100 -V

o CH CO • C H o CH CHCl50 3 2 5 3 -

• i-C3H 7 • n-C3H 7
0 I I I ,, I I

0 200 4-00 600 800 1000 1200

T/K

Summary of delta E down determinations for free radicals vs. T in helium bath gas.
CH3CHC1 determinations are unpublished results. Points are averages of determinations
obtained at each temperature.



135

High-Resolution Spectroscopic Probes
of Collisions and Half-Collisions

Gregory E. Hall

Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973

Project Scope
Research in this program explores the dynamics of gas phase collisions and

photodissociation by high-resolution laser spectroscopy. Simultaneous state and velocity
detection frequentlypermits a determinationof _ or vector correlationsamong products.
The correlatedproductdistributionsare always more informative, and often easier to interpret
than the uncorrelatedproduct state distributions.

Recent Progress
We haverecentlybuiltan apparatusto recordtransientabsorptionspectrawith 50 ns time

resolution and 20 MHz frequency resolutionusing a single-frequencyTi:sapphire laser. With
multi-pass beam paths, nascentCN photofragmentscan be detectedusing the strongA_X band
transitions. The Doppler-broadenedshapesof single rotationallines dependon two angles which
can be controlledby adjustingthe polarizationof pump and probe lasers. The analysis of the
lineshapesis similar to that requiredfor LIFvectorcorrelationanalysis, but simpler, as only one
photonis involved in the detection stage. We discuss as examples the 193 nm dissociation of
NCCN and C2HsSCN.

Cyanogen (NCCN) has a vibrationally structured absorption spectrum at 193 nm,
assigned to vibronicallyallowed bands of a lAu_--1_+ transition. Previouswork by McDonald
has shownthe fragmentationto be isotropicand the CN state distributionsto be well described
by phase space theory with an availableenergyfor fragmentsof 4800 cm1. Accurate Doppler-
broadened lineshapes allow a more stringent test of the energy partitioning: the speed
distributionof a spectroscopically selected fragment is relatedto the internal energy distribution
of the undetectedcoincident fragment. The lineshape measurementsthus allow a view of the
two-dimensionaljoint distributionof photofragmentpairs:P01;J2), rather than the marginalized
distributionP0)ffiE_2P01;J_.

We confirm that the lineshapesare independentof probe direction or polarization, but
findJ-dependentdifferences in the Q- and R-branchCN lineshapes that indicatea tendency for
J and v, the CN angular momentumand recoilvelocity vectors, to be increasinglyperpendicular
at higher J magnitudes. Weighted sums of Q- and R- branchlineshapes can be differentiated
to give thelaboratory speeddistributions,which can then be compared to the phase space theory
predictions for each measured rotational state. High rotational states are observed to recoil
significantly faster than predicted by phase space theory, while low rotational states recoil
somewhatmore slowly. We interpret this as evidence that high-J, low-J pairs are more likely
and high-L high-J pairs are less likely than expected, based on energy and angular momentum
conservation constraints included in the phase space theory. This is fully consistent with the
observed v.I.J correlation, which can be expressed in the phase space theory as a reduced
rotationaldegeneracy for some combinationsof product states.
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Photodissociationof alkyl thiocyanates(RSNC) and alkyl isothiocyanates (RNCS) was
extensively studied in this group three years ago; R+NCS and RS+CN dissociation channels
were characterizedby LIF of NCS, CN and RS fragments. The chemical branching,evidence
for excited state isomerization, and composite CN product distributionsmade this family of
molecules a tempting target for analysis of vector correlations. We have so far characterized
the CN channel from C2HsSCNdissociatedat 193 rim. The CN (X, vffi0) here is producedin
a composite rotationaldistribution,with a sharppeak at N--70+ 15 and a broaddistributionat
lower J.

A "doublemagic angle" geometry exists for transientabsorptionthat permits laboratory
speed distributions to be calculated from combined R and Q branch measurements. The
measuredspeed distributionimplies that the C2H5Sradicalcoincident with the most likely CN
state (N-69,v-0) has only about 20% of the total availableenergy, despite having mostof the
total productdegrees of freedom. From this
speed distribution, three nearly orthogonal

lineshape functions can be generated which _'"serve as a basis for fitting any transitionin
any geometry for the same probed CN '.,,
rotational state. The fit coefficients in a
series of geometries and rotational branches '_.
provide an overdetermined set of linear
equations for five low-orderbipolar moments *_
of the v and J angular distribution, as
originally described by Dixon in the context
of Doppler-resolvedchemiluminescence. The Transient absorption signal for CN photofragments from

C2HsSCN at 193 nm. R1(69.5) line in the (2,0) band of the
only approximation in the analysis is the A *-X transition..
assumption that the bipolar moments are
independent of velocity. By following the
initial stages of collisional relaxation, we see
that this approximationbecomes poor aftera

few hundred nanoseconds, but is good at ,,._
earlier times for the high-J lines. Time- '.,
dependentabsorptionlineshapesfor an R- and _'*'

t4_

Q-branchline probingthe same quantumstate ,_
of CN (vffi0,J=69.5) are shown in the °.,
figures for one of six polarization
combinationsused. In this single magic-angle
geometry, the velocity anisotropy has no "_'_; o.-_.
influence on the lineshapes, which do,
however, dependon higher moments of the v Sameas above, but Qi(69.5) line. The probe beam is at
and J angular distribution, as well as the 54.7"to thephotolysis polarization, and polarized in the

velocity relaxation. The measured bipolar plane containing the photolysis E vector.

moments for nascent high-J CN indicate a
prompt dissociationfrom a mixed paralleland perpendiculartransition. The low excited singlet
states are analogous to the states of linearNCS', which will be a i_,- and a lA state. The latter
will be split into a Rennerpair: A' and A'. The velocity distributionis mostly parallel, while
the perpendicularcomponent is characterized by an A" type transition, based on the measured
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/320(22)moment. The v,J correlation is near its limiting perpendicular value, excluding any
torsional excitation in the exit channel. The low J CN (X,v-0) states have a composite
lineshape,including both fast and slow fragments. The slower CN radicals evidently arise from
anotherpathway where the C2H5Scan accept a more statistical fraction of the total energy.

The CN photofragmentstudies will continue with HNCS, where CN eliminationevidently
follows isomerization in the excited state. The detailed characterizationof microscopic channels
in these complex systems displaying chemical branching is particularly attractive for systems
small enough to attract serious theoreticalattention.

Work has continued on the applicationof Doppler-resolved laser-induced fluorescence
(LIF)lineshapeanalysis to characterizevector propertiesof reactive and inelastic collisions. We
have primarily studied the reaction H + 0 2 --- OH + O, a chain-branching step of central
importanceto many combustion systems. The characterizationof the detailed dynamics of high
collision energy reactions provides an experimentalcheck on the potentials and calculationsthat
offer hope for understandingand predicting thermal rate constants. Our technique consists of
preparingfast H atoms by dissociation of H-containing precursormolecules with a pulse of
polarizedultraviolet light. Following a short delay to allow reaction with low pressure, thermal
02, the nascent OH productsare analyzed by LIF. From the Doppler lineshapes observed in
different pump-probe geometries and pol_tions, information on the scattering angle
distribution (differential cross section) and angular momentumpolarization is obtained for
selected OH quantumstates.

Recent Publications

Photodissociationof acetoneat 193 rim: Rotational- and vibrational-statedistributions of methyl
fragmentsby diode laser absorption/gain spectroscopy.

G.E. Hall, D. Vanden Bout, and T.J. Sears.
J. Chem. Phys. 94, 4182-88 (1991).

Time-Resolved FTIR Studies of the Photodissociationof Pyruvic Acid at 193 nm
G.E. Hall, J.T. Muckerman, J.M. Preses, R.E. Weston, Jr., and G.W. Flynn.
Chem. Phys. Lett. 193, 77-83 (1992).

The S(D)+N 2 Quenching Process: Determination of the Branching Ratios of Triplet Fine
Structure Products

G.C. McBane, I. Burak, G.E. Hall, and P.L. Houston.
J. Phys. Chem. 96, 753-55 (1992).

A Fourier-TransformSpectrophotometerfor Time-Resolved Emission Measurements
J.M. Preses, G.E. Hall, J.T. Muckerman, T.J. Sears, R.E. Weston, Jr.,C. Guyot, J.C.
Hanson, G.W. Flynn, and H.J. Bernstein.
Pev. Sci. Instmm. 64, 95-102 (1993).

Laser Induced FluorescenceSpectroscopy of the Jet-Cooled HNCN Radical
M. Wu, G.E. Hall and T.J. Sears.
J. Chem. Soc., FaradayTrans. 89, 615-22 (1993).
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SPECTROSCOPY AND KINETICS OF COMBUSTION GASES AT HIGH

TEMPERATURES

Ronald K. Hanson and C. T. Bowman
High Temperature Gasdynamics Laboratory

Department of Mechanical Engineering
Stanford University

Stanford, CA 94305-3032

Proto'am Scone

This program involves two complementary activities: (1) development and application of
cw ring dye laser absorption methods for sensitive detection of radical species and measurement
of fundamental spectroscopic parameters at high temperatures; and (2) shock tube studies of
reaction kinetics relevant to combustion. Species currently under investigation in the
spectroscopic portion of the zesearch include NO and CH3; this has necessitated the continued
development of a unique intracavity frequency-doubling system for a cw ring dye laser which
operates at wavelengths in the range 210-230 rim. Shock tube studies of reaction kinetics
currendy arc focussed on reactions involving CII3 radicals.

Recent Prozress

Work during the currentreporting period has been focussed on the following activities:

UV Rinz Dye Laser Develot_ment Wc have continued to improve the performance of our cw
UV ring-dye laser. The system currendy utilizes a high-power (7 W, all-lines UV) argon ion
laser to pump a Coherent 699 ring dye laser which has been modified to incorporate an angle-
tuned, intracavity-mounted, BBO fr_uency doubler. Output power levels in excess of 1 mW
are obtainable; wavelength coverage is from 209-230 nm through use of two separate BBO
crystals cut at different phase-matching angles. Although the alignment procedure for the laser
is demanding (and tedious) to achieve stable, single-mode output, this laser provides important
scientific capability. In particular, the rapid-tunability of single-mode output allows
measurenmnt of fully-resolved lineshapes of UV-active species in shock-heated flows, which is
our approach for generating a wide range of gas temperatures; and the high brightness of the
laser in a narrow spectral region allows much-improved detection sensitivity (relative to
broadband arc or resonance lamp sources) for absorption measurements of species which absorb
in the UV.

Broadeninz and Shift Parameters for NO We have previously reported measurements of fully
resolved absorption lineshapes of NO gamma-band (0,0) transitions near 225 nm for NO dilute
in either N2 or Ar. These lincshape data, obtained over a temperature range of 295-2800 K and
best-fit with Voigt profiles, yielded values for the collision-broadening and -shift parameters for
a variety of rotational quantum numbers (s¢¢ the paper by Chang ct. al in the Publications
Section). Interestingly, the broadening parameters obtained for NO in N2 and Ar arc about 5
times those found in past work with OH, and the ratio of the shift and broadening parameters
(about 1/3) is also significandy larger for NO than for OH. These observations motivated further
work to measure the broadening and shift parameters for NO perturbed by H20, O2 and NO
itself, owing both to the significance of these species in combustion environments and to the
possibility of enhanced broadening and shift coefficients relative to those for N2 and Ar.
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The room temperature measurements are now complete and have been submitted for
publication. A summary of our findings is provided in Table 1 of this abstract. The important
observations are: (I) the broadening and shift coefficients are remarkably similar for four of the
five perturbing species studied (At, 02, NO, and N2), with the H20 coefficient being about 40%
larger, (2) there is very little J-dependence in the results for the range of rotational quantum
numbers studied; and (3) the ratio of the broadening and shift coefficients (2y/8) is -3.25 + 0.1
for ali the perturbers except H20 which gives a value of-3.85. The next phase of research
involves measurement of these parameters over a wide range of temperature to investigate their
temperature dependence. A theoretical effort is also in progress to develop a lineshape theory
compatible with our experimental observations.

Methyl Absorvtion Coefficient After mapping out the absorption coefficient of CH3 between
215 md 225 tlm, an optimum absorption wavelength of 216.615 nm was selected for use in
kinetics studies. The absorption coefficient was measured over a range of temperature (1350-
2450 K) using five separate sources of methyl as a check for consistency. The magnitude of the
absorption coefficient is similar to the UV absorption coefficient of OH, allowing detection of
ppm levels of methyl over a path length of 10 cmat typical shock tube conditions. Details of our
findings have been submitted for publication.

Methyl Kinetics Our initial application of the CH3 absorption diagnostic has been ethane
decomposition. In these experiments, shock wave heating of ethane, dilute (50-500 ppm C-a.H6)
in Ar or N2, was used to drive the reaction, and detection of CH3 was used to monitor reacuon
progress. Experiments were conducted over a modest range of pressure (0.6 to 4.4 atm) and
temperature (1350-2110 IO to allow investigation of both pressure and temperature
dependencies of the rate coefficient. A summary of the results and a comparison with the
recommended expression of Wagner and Wardlaw is shown in Fig. 1. For clarity, we have
scaled ali our data to one pressure, namely 1 atm, and have shown both the high-pressure limit
and 1-atm rate coefficient due to Wagner and Wardlaw. In brief, our data are in excellent
agreement with Wagner and Wardlaw below 1500 K but fall increasingly below their
recommendation at higher temperatures. Further work is in progress, both to consider the
theoretical implication of our measured temperature dependence and to extend the pressure range
of the measurements.

Future Plans

Research during the coming year will include the following activities:

1. Continued work to improve the power level and stability of the UV ring dye laser.

2. Continued study of absorption lineshapes of NO, including determination of collision-
broadening and collision-shift coefficients for HeO, 02, and NO collision partners at
elevated temperatures. This will include experimental measurements in static cell, flame
and shock tube environments, and development of improved theories for NO lineshapes.

3. Continued study of methyl reactions, including the reactions of CH3 with 02, NO, He, OH
and CH3 itself.

4. New work to investigate sensitive, quantitative detection of HOe using cw laser absorption
near 220 nra.
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Table 1. Collision broadeningand shiftcoefficients for NO At--X (0,0) at 295 ICt

Permr_r J"- 1/2 2y 8 23'/8
(cm'latm"!) (cm'la_ -I)

Ar 3, 13, 26 0.503 -0.159 -3.16

02 3, 7, 13, 18, 26 0.527 -0.160 -3.31
NO 20, 26, 33 0.551 -0.168 -3.22

N2 3, 13,26 0.583 -0.180 -3.24

H20 3, 7, 11, 13, 18 0.787 -0.210 -3.85

tEatri_ of 2"i,and8 foreach _ areJ'-averaged. Dependenceon J"is minimal
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Fig. 1. Shock tube measurements of C2H6 decomposition rate coefficient and
comparison with Wagner and Wardlaw recommendation.
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Theoretical Studies of Potential Energy Surfaces*

Lawrence B. Harding

Chemistry Division
Argonne National Laboratory

Argonne, IL 60439

The goal of this program is to calculate accurate potential energy surfaces (PES) for both reactive
and nonreactive systems. To do this the electronic Schrodinger equation must be solved. Our
approach to this problem starts with multiconfiguration self-consistent field (MCSCF) reference
wavefunctions. These reference wavefunctions are designed to be sufficiently flexible to accurately
describe changes in electronic structure over a broad range of geometries. Electron correlation
effects are included via multireference, singles and doubles configuration interaction (MRSDCI)
calculations. With this approach, we are able to provide useful predictions of the energetics for a
broad range of systems.

Reactive Potential Surfaces for C(1D)+H2. Potential surfaces for both linear and C2v

approaches of C(1D) + H2 have been examined with large basis set (polarized triple-zeta),
MRSDCI calculations employing a full valence CAS reference wavefunction. The calculations show
no barrier to C2v insertion on the lA1 surface. The calculations also predict a crossing between the
1Bl and lA2 surfaces at an energy well below that of the C(1D) + H2 asymptote, giving a second,
zero barrier route for insertion. These results are in accord with recent experiments by Reisler et al
(1992) who found little or no A-doublet preference in the CH(2FI) product.

Collinear abstraction pathways have also been characterized for the 1FI, IA and 1Z+ surfaces, ali
of which correlate with the C(1 D) + H2 asymptote. Abstractions on the lA and li;+ surfaces are
predicted to be significantly endothermic, leading to excited states of CH with no battier to the
reverse reactions. Abstraction on the 1FI surface is calculated to be 6.0 kcal/mole exothermic
(including zero point), in good agreement with experiment, 6.0 kcaYmole. The predicted barrier to
colinear abstraction is 13.0 kcal/mole. The later process has recently been invoked (Gericke et al,
1993) to explain a change in the dynamics of the C(1D) + H2 reaction for H2 (v=l).

Ar + O(3P) Interaction Potentials. This year an extensive series of calculations on the 3I-I and
3X;+potential curves of Ar-O have been completed. The calculations employed three different basis
sets, polarized double-zeta, polarized triple-zeta, and polarized quadruple-zeta. Ali of these valence
basis sets were augmented by the addition of diffuse functions to improve the description of the
long-range interaction. The largest basis set employed then consists of (6s,5p,4d,3f,2g) contracted
Gaussians on the oxygen and (7s,6p,4d,3f,2g) functions on the argon. With each of these basis
sets interaction potentials were characterized using an RHF+I+2 wavefunction. The effects of
corrections for both higher-order excitations and basis set superposition errors have also been
examined. Higher order excitations are found to increase the binding energies by -50% for ali basis
sets. Counterpoise corrections appear to slow the convergence of the interaction potential with
respect to increases in the size of the basis set. The best calculations predict binding energies of 62
and 36 cm -1 for the 31-I and 3X;+ states respectively. The calculations also predict a crossing
between these two potential curves at ..-4.2. A,. These calculations are now being used in
collaboration with Schatz to aid in the interpretation of crossed-molecular beam scattering
experiments of Liu.
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CX3-Y Dissociation Potentials. Potential curves for the bond cleavage reactions, CH3-H,
CH3-F, CH3-CI, CF3-H, CC13-H and CC13-CIhave been characterized using high level ab initio
calculations. The smaller species were examined using both polarized double-zeta and polarized
triple-zeta basis sets while for the larger species only polarized double-zeta calculations were
feasible. The small molecule triple-zeta results have been used to scale the large molecule double-
zeta results. For CH3-F, calculations were carried out for all singlet states correlating with the
CH3+F ground state asymptote for both the C3v reaction path and for planar approaches. The
differences between the planar and nonplanar pathways give the barriers to methyl rotation relative
to the incoming halogen as a function of the C-F distance. The planar calculations predict the
existence of surface crossings between the three singlet surfaces correlating with F(2p). It is
planned to use these potential surfaces to model the dissociation dynamics of CX3-Y molecules.

H3CO Decomposition Pathways. The reaction of atomic oxygen with methyl radicals has
usually been assumed to proceed via addition, forming methoxy radical, followed by CH bond
cleavage forming formaldehyde and atomic hydrogen. However recent measurements by Leone et al
have suggested that carbon monoxide is also a product of this reaction. In an attempt to understand
the mechanism for production of carbon monoxide an extensive search was made for alternative
pathways for decomposition of methoxy radical. Particular reactions examined include,

CH30 ---> H+H2CO (1)
---* H2+HCO ---> H2+H+CO (2)
---> H2COH ---> H + H2CO (3)

H2 + HCO ---> H2 + H + CO (4)
---> H2+HOC --> H2+H+CO (5)

The initial search was performed with a polarized double-zeta basis-set and an RHF+I+2
wavefunction. The relative energies of the minima and transition states located in this way were then
re-evaluated with a polarized triple-zeta basis set. Of reactions (2)-(5), the only one with a transition
state energy close enough to (1) to be competitive is reaction (3) which leads to the same products.
No transition states for either the direct (1,1) elimination of H2 from CH30, reaction (2), or the
(1,2) elimination of H2 from H2COH, reaction (4), could be located. A relatively low energy
pathway for the (1,1) elimination of H2 from CH30 was located with the constraint that the CH
bond lengths to the departing hydrogens be kept equal. However, when this constraint was relaxed
the geometry collapsed to the transition state for loss of atomic hydrogen. A transition state for the
(1,1) elimination of H2 from H2COH was found, reaction (5), however it is predicted to lie more
than 50 kcal/mole above the barrierto reaction (1). These results then provide no explanation for the
observation of carbon monoxide as a direct product.

Intermediates in the Reaction of C2H+O2. Calculations aimed a characterizing possible
intermediates in the reaction of C2H with 02 are now in progress. The calculations predict no
barrier to the addition of 02 and C2H, forming a planar peroxy radical, HC202 (2A"). This
addition is predicted to be 42 kcal/mole exothermic. Other energetically accessible intermediates
include an excited state of the peroxy radical, 2A', calculated to lie 14 kcal/mole above the ground
state, and two ring structures, a three membered ring and a four membered ring predicted to lie 2
and 16 kcal/mole above the peroxy radical, respectively. Several OCCHO structures have also been
examined, ali are predicted to lie > 50 kcal/mole below the peroxy radical.

*Work performed under the auspices of the Office of Basic Energy Sciences, Division of Chemical
Sciences, U.S. Department of Energy, under Contract W-31-109-Eng-38.
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Femtosecond Laser Studies of Ultrafast Intramolecular
Processes

Carl Hayden
Combustion Research Facility
Sandia National Laboratories
Livermore, CA 94551-0969

Program Scope

The goal of this research is to better understandthe detailed mechanisms of
chemical reactions by observing, directly in time, the dynamics of fundamental chemical
processes. In this work femtosecond laser pulses are used to initiate chemical processes
and follow the progress of these processes in time. We are currently studying ultrafast
internal conversion and subsequent intramolecular relaxation in unsaturatedhydrocarbons.
In addition, we are developing nonlinear optical techniques to prepare and monitor the time
evolution of specific vibrationalmotions in ground electronic state molecules.

Recent Progress

(1) Ultrafast Internal Conversion Studies

Ultrafast internal conversion offers a unique opportunity to generate vibrationally
excited molecules on a 100 fsec time scale and to study their time evolution at excitation
energies well above potential barriersto isomerization and dissociation. Spectroscopic
studies1,2have provided much information on the initially excited electronic states involved
in internalconversion. However, information on dynamics from these spectroscopic
studies does not extend beyond the time scale for electronic dephasing, which in some
cases can be less than 10 fsec. For molecules that undergo internal conversion much faster
than any relevant fluorescence times there is very little experimental inforn_tion on the
processes occuring after the initial electronic dephasing time. With femtosecond lasers we
are now able to follow these processes in time andobserve subsequent steps, such as,
evolution through intermediate electronic states, isomerization and vibrational energy
redistribution.

The femtosecond pulses needed for these experiments are produced by a laser
system that we have developed over the past several years. Low power pulses are
generated by a colliding-pulse mode-locked dye laser operating at 628 nra. These 300 pJ
pulses are amplified to 100 IJJin a multi-pass dye amplifier. A portion of the amplified
pulse is focussed into a thin quartz window to generate a broad band continuum. The
desired bandwidth filtered from this continuum is furtheramplified to produce a high
energy, tunable output. For the current experiments, this laser system generates 300 l_J
pulses tunable around 750 nm with a pulse length of about 60 fsec. These pulses are
doubled and then mixed with the fundamental to produce up to I0 IJJat 250 rimin pulses
of less than 200 fsec. An additional continuum source and amplifier chain provides another
synchronized and tunable femtosecond pulse output needed for multiple wavelength excite-
probe measurements.
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We have chosenthe molecule 1,3,5-hexatrienefor ourfirststudiesof ultrafast
internalconversion. Previousspectroscopicstudieshavebeeninterpretedto show that
internalconversionin thismoleculeoccursin about50 fsec. We havebeen studyingthis
processusing femtosecondphotoionizationof the excited statemolecules. In these
experimentsa femtosecondpulse at250 nm excites the0-0 bandof the S2 state in 1,3,5-
hexatriene(mixtureof cis andtransisomers). A secondfemtosecondpulse at350 nm
ionizes the excitedmolecules and the ion yield is measuredas a functionof time delay
between the excitationand ionizationpulses. The resultsare shown in Fig. 1. A spikeof
ion productionis observedatzero delaywhen the pulses overlapin time. This shows that
the initial internalconversionprocessis veryfast,withinour timeresolutionof ~150 fsec.
The ionizingpulseat 350 nmcan excite themolecule only about0.3 eV overthe ionization
threshold,so only low lying vibrationallevels of the ion can be produced. As theexcited
state neutralrapidlyevolves, its wavefunctionceases to overlapfavorably withlow ion
levels and thus thereis significantion yield only whenthe excitationandprobepulses
overlap.

To probe the internalconversionprocessfurtherin timetheionization step must
access highervibrationallevels of the ion. We do thisby focusingthe 350 mn pulse gently
to enhancethe multiphotonionizationprobability.Theresultof scanningthe focused 350
neapulse in timerelative to the 250 nm excitation pulseis shownin Fig. 2. The molecule
is now seen to evolve formorethan 1picosecond. The multiphotonionizationalso
producesfragmentions. By using a mass spectrometerto observethe yieldof a fragment
ion we can distinguishmulti-photonfrom single photonionizationbecause single photon
ionizationdoes not supplysufficientenergy for fragmentation.The time delay scan for
productionof four-carbonfragmentsis also shown in Fig. 2. The productionof fragment
ions is delayedrelative to the parention yield. This delaycan beexplained by recognizing
thatthe parention yieldcontainsbothsingle andmultiphotonionizationcontributions.The
initiallyexcitedneutralionizesefficientlyat the one photonlevel to give parentions, butat
the intensitiesused, fragmentions arenotproduceduntilthe neutralevolves enough thatits
wavefunctionoverlapsfavorablywith higherion levels and multiphotonionization
becomesefficient. Thus, the fragmention delaycurvetracesthe timeevolutionof the
productof the internalconversion. We have measuredali of the observedfragment ions
andthey havethe same timedelaycurves,indicating that a single processin theneutral is
being observed. These experimentsset a lowerlimit of about1.5picosecondson the time
needed forthe vibrationalenergy distributionto become statistical.

(2) Three-ColorFemtosecondCARS Experiments

We arealso developingthe capabilityto coherentlyexcite specificvibrational
motions in molecules using femtosecondstimulatedRamanpumpingand then probethe
time evolutionof these motions. Tocoherently excite a vibration,two time-coincident
femtosecondpulses are tunedso thattheir frequencydifference correspondsto a Raman
mode of themolecule. A third,time-delayedfemtosecondpulse at a unique wavelength
probes the resulting samplepolarizationbycoherentanti-StokesRamanscattering.The
results obtainedexcitingthe 992 cm"1symmetricring-breathingmotionin benzene are
shown in Fig. 3. The excitationpulses areat700 and750 nm while the probe pulse is at
375 nra. The anti-Stokessignal is detected around350 nra. The largepeakin the dataat
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zero time delay is due to nonresonant processes, but by usi. 7 a time-delayed probe at a
uniquewavelengththeresonantcontributionisclearlyd_',stinguishable.Themotionexcited
isnearlyavibrationaleigensu_tcsotheslowdecayisdueprimarilytoinhomogeneous
efmctssuchastheexcitationofabroadrotationaldistribution._nFig.4theresultsarc

shownfora similarexperimentwhereseveralRaman modesarolmd1200cm"Iarcexcited
in1,3,5-hexatriene.Inthisfloppymoleculetheintramolecu!_dcphasingofthemotionis

clearlyobservedasthetimescaleforthedecayismercthanafactorof10.shorterthanin
benzene.Beatingbetweenthedifferentmodesexcitedisalsoobserved.Thistechnique
new allowsustospecificallyexciteandmonitorthetimeevolutionofanyRaman active
motioninamolecule.

Future Plans

We haverecentlyinstalledaphotoelectronspectrometerthatwillmerccompletely
characterizetheintermediatesobservedininternalconversionproccssesoUsingthis

apparatuswe havetakensingle-pulsephotoc:ecn'onspectraofinternallyconverting
moleculesandwillsoonbemeasuringphotoelectronspcc_ asafunctionofdelaybetween
excitationandionizationlaserpulses.We arcalsostudyingothermo_ules showingrapid
internalconversion,suchas1,3-cyclohexadiene.Ininitialworkonthismoleculewe have

seenstrongevidenceforopeningoftheringwithin-200fsecafterexcitation.Work on
thisandothermoleculeswillcontinue.

FutureworkonfemtosecondstimulatedRaman excitationwillbedirectedtoward

excitinghigherenergyvibrationalmotionsinmoleculesbyusingresonantintermediate
electronicstates.Thisisapromisingracthodforefficientlyexcitingvibrationalovertones
onafemtosecondtimescale.We alsoplantoapplyotherdetectionmethods,suchas

multiphotonionization,thatcandetectsubsequenttimeevolutionofthevibrational
excitation in addition to the coherence decay of the initially excited motion.
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1,3,5-Hexatriene Excited State Ionization 1,3,5-Hexatriene Excited State Ionization
1000 , , J , , , I 1.2 _ , , , , _

Oe" II
appearance + Parent mass

000 • 1 + •
%, + • 4-carbon fragments

• • 0.8 +

600 + •
10 • •

"_._ " --_ 0.6 +
>" 400 • • >- +
r-
O • ¢_ 0.4 + •

200 • • • + •
• 0.2 + + ee• •

• " • ***'_'OOomm_

o "_ _ o __ **_:_--_'.-_-_;_;_..

-200 l i I I 1 I I -0.2 J J J I I I I

.looo-5oo o 5oo lOOO15oo _ooo _5oo aooo -_ooo.5oo o 5oo lOOO15oo 2000 2500 aooo

TimeDelay(fsec) Time Delay(fsec)

Fig. 1 Fig. 2
Ion yield as a function of time delay between Ion yield as a function of delay between 250
the 250 nraexcitationpulseanda 350 nm nm excitationpulseanda focused350 nm
ionization pulse, pulse. Data are shown for parent ion

detection and 4-carbon fragment ion
detection. The fragment ion curve monitors
the time evolution of the internal conversion
producL

Three-Color CARS on ql S-HexatrJeneThree-Color CARS on Benzene "' "

e

_" oJ

cn

o
_ o o

¢ <

°°

• ION ce°° °°°°eeee°°°°°°°°°

•tliOO 0 2 fJ'O0 80"00 75'00 I0000 15'iOO - gSOOO O|OO* " 0 aLO0 I0'00 I_S00

Time Delay (fsec) Time Delay (fsec)

Fig. 3 Fig. 4
Coherent anti-Stokes signal as a function of Coherent anti-Stokes signal as a function of
delay from the excitation pulses exciting the delay from the excitation pulses exciting
992 cm"! Ramanmode in benzene. The Raman modes around 1200 cm "1in 1,3,5-
spike at zero delay is due to nonresonant hexatriene. Note the change in dme scale
contributions to the four-wave mixing from the previous figure.
process.



149

Elementary Eeactlon Rate Measurements at High Temperatures

by Tunable-Laser Flash-Absorptlon

Jan P. Hessler

Gas Phase Chemical Dynamics Group

Chemistry Division

Ar&onne NaClonal Laboratory
9700 South Cass Avenue

Argonne, I11inois 60439

The major objective of this program is to measure thermal rate coefficients

and branching ratios of elementary reactlons. To perform these measurements, we

have constructed an ultrahigh-purlty shock tube to generate temperatures between
I000 and 5500 K. The tunable-laser flash-absorption technique is used to measure

the rate of change of the concentration of species which absorb below 50,000 cm-I

e.&.: OH, CH, and CH 3. This technique is being extended into the vacuum-

ultraviolet spectral region where we can measure atomic species e.g.: H, D, C,

O, and N; and diatomlc species e.g.: 02, CO, and OH.

Correlation Analysis In a kinetic experiment that uses linear optical

techniques, e.E. optical absorption, the magnitude of the observed signal always

depends upon the product of the strength of the interaction between the light

field and the absorbing species and the concentration of this species. For

measurements of unstable species, such as radicals, kineticists have always had

the fundamental problem that the concentration of _he radical depends upon the

kinetic behavior of the chemical systems used to produce the radical, which is

not always known. Therefore, one encounters cyclic arguments where
concentrations and kinetic behavior are inferred from previous measurements of

the strength of the optical interaction which, of course, have been inferred from

an assumed knowledge of the kinetic behavior of the radical. To help identify

situations where the strength of the optical interaction maybe measured without

interference from the kinetics of the chemical system we have applied the ideas

developed in correlation analysis I and derived reduced sensitivity coefficients

for a given species with respect to the strength of the optical interaction, i.e.
the absorption cross section. This approach allows us to directly compare the

sensitivity with respect to a given reaction rate coefficient with the

sensitivity with respect to the optical absorptlon cross section. In the future,
we will extend these ideas to include techniques which depend upon a bulk

parameter such as the density gradient measured by schlieren techniques, and non-
linear optical techniques such as degenerate four-wave mixing. We have prepared

a report which describes the codes needed to perform both a standard correlation

analysis and one involving absorption cross sections. Contact the author for a

copy of the codes and report.

A numerical problem frequently encountered in the least-squares analysis

of experimental kinetic data stems from the fact that the condition number of the

curvature matrix, i.e. the ratio of the largest-to-smallest diagonal elements,

may be as high as 107o. Such large values make accurate evaluation of rate

coefficients almost impossible. To drastically reduce the condition number we

have reformulated least-squares analysis to produce a dimensionless curvature

matrix. This reformulation produces condiclon numbers that are generally less

than 103 . Additional advantages of this approach are that the relative
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importance of different rate coefficients and physical parameters may be
determined before the fitting procedure is initiated and, after the fit is

complete, the correlation between the besm-fit parameters maybe described by a
simple vector.

Methyl Chemistry At combustion temperatures there are two main channels for the

reaction of methyl radicals with molecular oxygen

HsCO + O * HzCO + O + H (Channel A)
CH s + 02 _ H3CO0*

H2COOH _ H2CO + OH (Channel B)

The reactions of channel A are endothermlc whereas channel B is exothermic. The

energy difference between these two channels is just the dissociation energy of
hydroxyl, D0°/k - 50970 K. Because of this large energy difference, the

branching ratio between these channels will control the ignition rate of
hydrocarbon/oxygen mixtures.

Last year, we showed that in very lean mixtures, [Oz]0/[C2HeN2]0 > 4000, the
hydroxyl radical may be monitored to measure the rate of channel B without

interference from the methyl-methyl recombination reactions or other hydrocarbon
reactions and presented preliminary measurements of the rate coefficient for
channel B. A more detailed examination of our results has shown that under the

conditions of our initial experiments the rates of formation of hydroxyl and of
vibrational relaxation of 02 are comparable. Therefore, we have to measure the

rate coefficient in the transition region between the shock front and the

establishment of thermodynamic equilibrium. To accomplish this we have devised,

or perhaps reinvented 2, a reaction mechanism which accurately mimics the
vibrational relaxation of molecular oxygen, the reactions with the unrelaxed

oxygen, and the temperature, pressure, and density changes in the transition
region. Briefly, the approach is to add to the mechanism a rigid-rotor molecule

of 02 as an unrelaxed species. Vibrational relaxation may then be introduced
by the reaction

O2(rigld-rotor) + M _ 02(equilibrium ) + M

where a different rate expression is supplied for each collision partner.

Important reactions within the transition region, such as with methyl, are
written as

02(rigid-rotor) + CH s * H2CO + OH with the rate coefficient krigld_roto = and

02(equilibrium) + CH s - H2C0 + OH with the rate coefficient k,_il.

The specific heat, entropy, and enthalpy of the rigld-rotor molecule are
determined by subtracting the vibrational contribution from the standard
thermodynamic expressions.

To experimentally alter the rate of vibrational relaxation of 02 we have

performed experiments with both argon and a mixture of argon and helium as the
buffer gas. From the experiments with argon plus hellum we are able to extract
a rate coefficient at equilibrium
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k._tz(T) - 4.2 x 10-13exp{-4500/T(K)} cm3s "1.

With the above rate coefficient held fixed, the rate coefficient for the reaction

between methyl and Oz(rigid-rotor) is determined from experiments with only the
argon buffer gas. This rate is

kristd.rotor(T) - 5.1 X 10"ltexp{-2600/T(K)} cmSs "1.

Physically we may identify the race coefficient for the rigid-rotor as the race
coefficient for the reaction with Oz(v - 0). We may then use the two measured
race coefficient to estimate the rate coefficient for Oz(v - 1). We obtain

k[Oz(v-1)]/k[Oz(v-0)] = 7. The results for the two measured rate coefficients
and for the estimate of k[Oz(v-1) ] are shown in the figure. Our results for the
rate coefficient at equilibrium compare favorably with the results of Saito et.
al. s, Fraatz 4, Zellner 5. Also, they are only 30% below the recent work of
Lissianski and Gardiner e. To our knowledge, this is the first observation of
level-specific bimolecular rate coefficients in a shock tube experiment and for
this type of reaction.

2.10"'

10-ss

I

U O-S4

2"I0 ''s ' , , • ' _ , , , I ..... i ....
0.5 0.6 0.7 0.8 0.9

IO00/T(K)
Figure I. Rate coefficients for CH 3 + Oz(equillbrium) and CH3 + Oz(rigid-rotor)

HzCO + OH. Data for O2(rigid-rotor) is given by the symbol 0 and for

Oz(equilibrium) by the symbol +. The solid line is the estimate of k[O2(_-l)].
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of Basic Energy Sciences, under contract W-31-109-ENG-38.
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Spectroscopic _nvestigation of the Vibrational _asi-ContinmmArising

fronXnternal Rotation of aN ethyl Group

Jon T. Hougen, Molecular Physics Division, NIST, Gaithersburg, MD 20899

The goal of this project is to use spectroscopic techniques to

investigate in detail phenomena involving the vibrational quasi-
continuum in a simple physical system. Acetaldehyde was chosen for the

study because: (i) methyl groups have been suggested to be important

promotors of intramolecular vibrational relaxation, (ii) the internal
rotation of a methyl group is an easily describable large-amplitude

motion, which should retain its simple character even at high levels of
excitation, and (iii) the aldehyde carbonyl group offers the

possibility of both vibrational and electronic probing.
The present investigation of the ground electronic state has three

parts: (I) understanding the "isolated" internal-rotation motion
below, at, and above the top of the torsional barrier, (2)

understanding in detail traditional (bond stretching and bending)
vibrational fundamental and overtone states, and (3) understanding

interactions involving states with multiquantum excitations of at least
one of these two kinds of motion. Activities during the two and one-

half years of this project will be grouped under the three headings of

this paragraph.

(1) The internal-rotor manifold

A global fit has been carried out I on data consisting of.(i)
almost all a-type lines from torsional states with vt = 0, 1 and 2
found in the broad-band submillimeter pure rotation spectrum of

acetaldehyde recorded at room temperature in Nizhny Novgorod, Russia

(measurement precision ~i MHz), (ii) some 250 vt = 0 and 1 a and b-type
microwave lines near 300 GHz z (measurement precision -50 khz), and

(iii) about 400 lines from the far-infrared vt = 2 _ 1 a,b-hybrid hot

band. While we still hope to add some b-type vt = 2 microwave lines to

this fi_ to improve the experimental precision of gK # 0 energy
intervals, it must be said that for the purposes of this project, all

torsion-rotation levels below the top of the internal rotation barrier

are now understood, both experimentally @nd theoretically. (To our

surprise, the existing theoretical model 3 seems adequate for this

understanding.)

We are now turning our attention to torsion-rotation levels just

above the barrier. In particular, the A and E components of vt = 3 and

the A component of vt = 4 all lie above the barrier, but below the
first small-amplitude vibrational fundamental, so we expect these to be
understandable within the framework of a pure torsion-rotation model.

However, levels above the barrier fall in a regime where essentially no

quantitative comparison of experiment and theory exists for any
molecule. Preliminary calculations show that the vt = 3 and 4 A states

exhibit a strong Coriolis-like interaction (as the energy levels try to

reorganize at the top of the barrier). We are exploring the usefulness

of rotational energy surfaces 4 and other techniques for describing

these levels. Experimentally, we believe we can get AK=0, gJ#0 energy
level differences from the Nizhny Novgorod spectrum, but we do not yet
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know which type of data (infrared hot bands, infrared combination

bands, microwave spectra, double resonance studies, etc.) can provide

AK#0 energy differences.

The theoretical paper, "in preparation" last year, is now nearly

finished. This paper attempts to clarify some existing confusion

associated with the Ka,K c rotational quantum numbers, forbidden "c-
type" transitions, and matrix elements of the dipole moment operator in

a molecule exhibiting internal rotation, by discussing intensity

questions in terms of the competition between internal rotation effects

and asymmetric-rotor K-type doubling effects for control of the the

"good quantum numbers" in the final eigenfunctions, and in terms of

extended group theory 5. The paper wasdelayed to permit inclusion of a

description of the new version of the'Brussels global fit program,

which which now gives intensity predictions incorporating these

theoretical results. Such intensity predictions will almost certainly

be necessary to make sense of observed transitions involving torsion-

rotation levels in the unstudied quantum mechanical regime above the
barrier.

(2) The traditional vibrational manifold

(3) Interactions between internal rotation and ordinary vibrations

Significant progress has been made in studies of the

traditional vibrational manifold and its interactions with quasi-

continuum precursor states, but events did not unfold exactly as

anticipated in last year's report.

The 920 cm-I band was recorded at NIST using a CO2 side-band laser
and supersonic cooling. On the basis of the old Shimanouchi tables 6,

this band was expected to be a CH 3 rocking fundamental, though low-
resolution liquid and solid phase data from the same era / assigned it

to a combination band. Later ab initio calculations 8 supported the

combination band assignment, but challanged a higher-frequency mode

reassignment of Ref. 7. As a result, contrary to expectations for such

a small and apparently well-studied molecule, the location of some

vibrational fundamentals is not completely settled. The NIST high-

resolution work shows conclusively that the 920 cm "I band is a

combination band involving one quantum of the torsion. Further, on the

basis of the torsional splittings observed in the NIST spectrum, the 20
cm -I Fermi resonance interaction deduced in Ref. 7 seems to be correct,

but we have recorded the presumed Fermi resonance partner (the C-C
stretch at 867 cm-I) to verify this explanation. Since Fermi resonance

is often invoked in IVR explanations, it is important to this project
to understand this large Av(torsion) = 1 Fermi resonance in detail.

Analysis is nearing completion of the room-temperature Bruker FTIR
spectrum of the 763 cm -_ fundamental recorded in Brussels by M. Herman.

_is band appears to show some evidence of small perturbations, which

can only come from interaction with a combination level involving two

quanta of the torsion, or with a pure torsional state lying well above

the torsional barrier. Either of these explanations will be

interesting from the point of view of torsion-induced mechanisms for

driving IVR processes at higher energies, but it is still too early to
tell what the actual situation is.

S. Belov and A. Andrews used a slit-nozzle diode laser

spectrometer at NIST to record the C=O stretching fundamental. These



155

measurements were carried out against the advice of the PI, who thought

(in the company of some others) that this band would be heavily

fragmented by interaction with the bath states, and therefore would be

unanalyzable at the present time. Contrary to such thinking, the

present low-temperature spectrum seems relatively simple and

uncluttered. Even though no assignments exist at present, it is

tempting to conclude from the apparent simplicity of the spectrum, that

strong interaction of the C=O stretch with the bath states will not be

turned on until (i) the methyl group begins to rotate, or (ii) the

whole molecule begins to rotate at high angular velocity, lt is

important from the point of view of understanding 1VR processes to
determine to what extent either or both of these speculations is

correct, and we plan to continue work in the C=O stretching region.
Because of the frequency coincidence with the color center laser,

Andrews, Pate and Fraser have also recorded the C=O overtone. Here

preliminary assignments have already been made which indicate moderate

fragmentation from interactions with the bath states even in the cold

(several kelvin) spectrum.

A Fourier transform spectrum of the lowest fundamental of

acetaldehyde at 509 cm-I, which is essentially deg=nerate with a pure

torsion free rotor E state with m ffi7, has been recorded in Germany,

and is being analy_ed by Drs. S. Urban and P. Pracna (Phys. Chem.

Institute in Prague), in collaboration with Dr. K. Yamada in Cologne.
The present status of this work is not known at the time of this

writing.

Work on the small-amplitude fundamentals will continue during the

coming year, always with the goal of qualitative understanding and

quantltive descriptions for interactions with the surrounding quasi-
continuum precursor states. (It should be added here that Fraser, Pate

and Andrews at NIST, though not funded by this project, are also quite
interested in interactions with these bath states, and this rather

outstanding team has investigated a number of other internal rotor

molecules. The results and experience they are accumulating contribute

directly to the design and interpretation of experiments in the present
project.)
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STUDIES OF COMBUSTION REACTIONS

AT THE

STATE.RESOLVED DIFFERENTIAL CROSS SECTION LEVEL

P. L. Houston, A. G. Suits, L. S. Bontuyan, and B. J. Whitaker

Department of Chemistry
Cornell University

Ithaca, NY 14853.1301

Program Scope

State-resolved differential reaction cross sections provide perhaps the most detailed
information about the mechanism of a chemical reaction, but heretofore they have been
extremely difficult to measure. This program explores a new technique for obtaining
differential cross sections with product state resolution. The three-dimensional velocity
distribution of state-selected reaction products is determined by ionizing the appropriate
product, waiting for a delay while it recoils along the trajectory imparted by the reaction, and
finally projecting the spatial distribution of ions onto a two dimensional screen using a pulsed
electric field. Knowledge of the arrival time allows the ion position to be converted to a
velocity, and the density of velocity projections can be inverted mathematically to provide the
three-dimensional velocity distribution for the selected product. The main apparatus has
been constructed and tested using photodissociations. We report here the first test results
using crossed beams to investigate collisions between Ar and NO. Future research will both
develop further the new technique and employ it to investigate methyl radical, formyl radical,
and hydrogen atom reactions which are important in combustion processes. We intend
specifically to characterize the reactions of CHs with I-I2and H2CO; of HCO with 02; and of
H with CH4, CO2, and 02.

Recent Progress

State-to-state differential cross sections for inelastic collisions of NO with Ar have
been measured in a crossed-beam experiment using time-of-flight ion imaging. Rotational
rainbow peaks are observed in the angular distributions, and these move to backward
scattering angles with increasing final rotational level. The images are analyzed using a
Monte Carlo forward convolution program that accounts for the transformation from the
center-of-mass differential cross sections to the experimental image. The results are
interpreted using a simple two-dimensional hard ellipse model to provide quantitative insight
into the anisotropy of the potential energy surface. Rotational rainbow peaks appear in
the angular distributions, and these move to backward scattering angles with increasing j'.
A simple 2-dimensional hard ellipse model provides quantitative insight into the anisotropy
of the potential energy surface: a value of 0.32 _ was obtained for the difference between the
semi-major and semi-minor axes. For NO (j' = 18.5), two rainbow peaks are observed. These
double rainbows are predicted for heteronuclear molecules, but have not previously been
directly observed in the angular distributions. The 2-D analysis is used to obtain the
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eccentricity of the hard ellipse potential from the positions of the two rainbow peaks. At 0.18
eV collision energy, a value of 0.06 ,_ was obtained for _, the eccentricity of the ellipse.
Finally, the angular distributions for the spin-orbit conserving collisions and spin-orbit
changing collisions are remarkably similar, though they were thought to involve two different
potential energy surfaces. An alternative mechanism is proposed to account for the spin-orbit
changing collisions through non-Born-Oppenheimer spin-rotation coupling. The experiment
represents an extension of the ion-imaging technique to a genuine crossed-beam configura-
tion. This new experimental method is general and versatile: it may be used wherever
REMPI techniques are applicable, and quantum state resolved angular distributions are
obtained for ali scattering angles simultaneously.

The program has advanced signifi-
cantly in the past six months in that we
have developed and tested an H atom beam
source. We have succeeded recently in
generating a well-defined beam of H atoms
from photodissociation of H2S, itself en-
trained in a molecular beam. Figure 1
displays the position contours of the H atom
pulsed beam at the time when a probe laser
operating on the Lyman-ct transition ionizes
the atoms. The arrow on the figure shows
the origin of the H atoms, the point at
which a 193 laser dissociated a beam of

H2S. The beam has a well defined velocity
and width, and is intense enough so that we Figure 1 Image of H atom beam.
anticipate good signal to noise for the H +
02 reaction.

Future Plans

The next step is to cross this source with another beam of 02, positioned to intersect
the H atom beam at the H atom location shown in the figure. We will then attempt first to
detect the O atom product by 2+1 resonance enhanced multiphoton ionization near 226 nm.
Attempts will also be made to monitor the OH product through its multiphoton ionization
transitions. Simultaneously, we will test a methyl radical source based on photodissociation
of methyl iodide.
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AROMATICS OXIDATION AND SOOT

FORMATION IN FLAMES

J. B. Howard, C. J. Pope, R.A. Shandross and T. Yadav

Department of Chemical Engineering
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

SCOPE

This project is concerned with the kinetics and mechanisms of aromatics
oxidation and soot and fullerenes formation in flames. The scope includes
detailed measurements of profiles of stable and radical sFecies concentrations in
low-pressure one-dimensional premixed flames. Intermediate species
identifications and mole fractions, fluxes, and net reaction rates calculated from
the measured profiles are used to test postulated reaction mechanisms. Particular
objectives are to identify and to determine or confirm rate constants for the main
benzene oxidation reactions in flames, and to characterize fullerenes and their
formation mechanisms and kinetics.

RECENT PROGRESS

Stable and radical species profiles in the aromatics oxidation study were
measured using molecular beam sampling with on-line mass spectrometry. A
trace additive technique was used in which benzene in low concentration is
studied in a well-characterized hydrogen-oxygen-argon flame. In an effort to
identify and measure the concentration of species expected to be important
primary or secondary products of benzene oxidation, phenoxy and cyclo-
pentadienyl radicals to not appear to be present at the detection limit of the
equipment. Phenyl radical is present in sufficient concentrations to permit
measurement of its concentration profile. Comparison of the phenyl data against
predictions from an early model indicate that either phenyl is not a dominant
intelnnediate in benzene destruction or the phenyl destruction pathway was
inadequately modeled. Also measurable are phenol and cyclopentadiene, the
relative concentrations of which in a rich H2-O 2 flame compared to a rich benzene-
02 flame indicate that benzene destruction may differ significantly between these
two systems. Several commonly used H2-O 2 combustion models failed to predict
well the 02 concentration profile in the rich H2-O2-trace benzene flame, possibly
indicating inadequate description of the O-atom chemistry.



The rate of soot formation measured by conventional optical techniques was
found to support the hypotheses that part,:.cle inception occurs through reactive
coagulation of high molecular weight PAH in competition with destruction by
OH attack, and that the subsequent growth of the soot mass occurs through
addition reactions of PAH and C2H 2 with the soot particles. Soot structure
indicated by high resolution electron microscopy of collected samples has the
appearance of small particles within the roughly spherical units or spherules
comprising the soot agglomerates. This structure would be consistent with the
growth mechanism inferred from gas phase species if the small internal particles
represent reactive coagulation of heavy PAH, and the larger spherules represent
coagulation of the smaller particles in parallel with mass deposition from PAH
and C2H 2.

During the previous year, fullerenes C60and C70in substantial quantities were
found in the flames being studied. The fullerenes were recovered, purified and
spectroscopically identified. The yields of C60and C70have now been determined
over ranges of conditions in low-pressure premixed flames of benzene and
oxygen. Similar flames with acetylene as fuel were found to produce fullerenes
but in smaller yields than benzene flames. The largest observed yields of C60+C70
from benzene-O2 flames are 20% of the soot produced and 0.5% of the carbon fed.
The largest rate of production of C60+C70was observed at a pressure of 69 torr, a
C/O ratio of 0.989 and a dilution of 25% helium. Several striking differences
between fullerenes formation in flames and in graphite vaporization systems
include an ability to vary the C70/C60 ratio from 0.2.6 to 8.8 (cf., 0.02 to 0.18 for
graphite vaporization) by adjustment of flame conditions, and production of
several apparent adducts involving fullerenes C60, C70, C600 and C700, which
undergo facile dissociation to the fullerene cage and a hydrocarbon moiety. A
C60C5I-I6 adduct was isolated and found to be identical to the Diels-Alder adduct
of C_oand cyclopentadiene. Fullerenes formation in flames is a molecular weight
growth process analogous to the formation of PAH and soot but involving curved
and hence strained structures. A kinetically plausible mechanism of the formation
of C60 and C70 fullerenes in flames has been constructed based on the types of
reactions already used in describing PAH and soot growth, but including
intramolecular rearrangements and other reactions needed to describe the
evolution of the unique structural features of the fullerenes.

FUTURE PLANS

In the aromatics oxidation work, further investigation into the presence of
C6H 7 in the rich H2-O2-trace benzene flame will be performed. MeaSurements will
be made closer to the burner in a leaner flame, to see if the large predicted

quantities of C6H 7 can be found. The remaining important species (H, OH, H20,

CO2, C2H2, mass 16, and possibly others) will be measured, and the flame will be
¢,,,-_h,_rprobed for otb.er early aromatics destruction intermediates.

-

-
-
=



Formal reaction path and sensitivity analyses will be done using reactions
from the various mechanisms available, to elucidate the major pathways of
benzene oxidation in the rich H2-O 2 flame. Mechanisms proposed by Chevalier
and Warnatz and Emdee, Brezinsky and Glassman will be used as starting points
in the analysis. Improvements in the benzene oxidation chemistry resulting from
modeling the rich H2-O2-trace benzene flame will be tested on the equivalence
ratio 1.8 benzene-O2 flame of Bittner and H2-O2-trace benzene flame of Jackson
and Laurendeau.

In the study of soot formation a series of soot samples collected through the
zones of soot inception and growth will be subjected to high resolution electron
microscopy. The objective will be to gain further insight into the mechanistic
interpretation of the internal structure of the particles.

The research on fullerenes will be enhanced by the acquisition through an
instrumentation grant of a LC/MS instrument with ionization capabilities
especially suited for fullerenes. The previous LC/MS analyses of samples from
the project have been of major importance, but were performed by collaborators
in Canada (see the three listed publications by Anacleto et al.). The in-house
availability of the LC/MS will allow more extensive and rapid identification of
new fullerenes and curved PAH of interest as fullerene precursors.

PUBLICATIONS FROM THIS PROJECT (1991, 1992 and 1993)

Howard, J.B.: "Radical Sites as Active Sites in Carbon Addition and Oxidation
Reactions at High Temperatures", Fundamental Issues in Control of Carbon
Gasification Reactivity, J. Lahaye and P. Ehrburger, Eds., pp. 377-382, Kluwer
Academic Publishers, 1991.

Howard J.B.: "Carbon Addition and Oxidation Reactions in Heterogeneous
Combustion and Soot Formation", Twenty-Third Symposium (International) on
Combustion, The Combustion" Institute, Pittsburgh, 1107-1127 (1991).

Shandross, R.A., Longwell, J.P. and Howard, J.B.: "Noncatalytic Thermo-
couple Coating for Low-Pressure Flames", Combustion and Flame, 85, 282-284
(1991).

Howard, J.B., McKinnon, J.T., Makarovsky, Y., Lafleur, A.L., and Johnson,
M.E.: "Fullerenes C60and C70in Flames", Nature, 352, 139-141 (1991).

Anacleto, J.F., Pereau!t, H., Boyd, R.K., Pleasance, S., QuiUiam, M.A., Sim,
P.G., Howard, J.B., Makarovsky, Y., and Lafleur, A.L.: "C60and C70Fullerene
Isomers Generated in Flames. Detection and Verification by Liquid/Mass
Spectrometry Analyses", Rapid Communications in Mass Spectrometry, 6, 214-220
(1992).



PUBLICATIONS (1991, 1992 and 1993) (cont'd)

Howard, J.B., McKinnon, J.T., Johnson, M.E. Makarovsky, Y., and Lafleur,
A.L.: "Production of C60 and Ct0 Fullerenes in Benzene-Oxygen Flames", J.
Phys. Chem., 96, 6657-6662 (1992).

Howard, J.B., Lafleur, A.L., Makarovsky, Y., Mitra, S., Pope, C.J., and Yadav,
T.: "Fullerenes Synthesis in Combustion", Carbon, 30, 1183-1201 (1992).

Mitra, S., Pope, C.J., Gleason, K.K., Makarovsky, Y., Lafleur, A.L., and
Howard, J.B.: "Synthesis of Fullerenes (C60 and C70) by Combustion of
Hydrocarbons in a Flat Flame Burner, Mat. Res. Soc. Symp. Proc., 270, 149-154
(1992).

Anacleto, J.F., Boyd, R.K., Pleasance, S., Quilliam, M.A., Howard, J.B., Lafleur,
A.L., and Makarovsky, Y.: "Analysis of Minor Constituents in Fullerene Soots
by LC-MS using a Heated Pneumatic Nebuliser. Interface with Atmospheric
Pressure Chemical Ionization, Canad. J. Chem., 70, 2558-2568 (1992).

McKinnon, J.T. and Howard, J.B.: "The Roles of PAH and Acetylene in Soot
Nucleation and Growth", Twenty-Fourth Symposium (International) on
Combustion, The Combustion Institute, Pittsburgh, 965-971 (1992).

Howard, J.B.: "Fullerenes Formation in Flames", Twenty-Fourth Symposium
(International) on Combustion, The Combustion Institute, Pittsburgh, 933-946
(1992).

Rotello, V.M., Howard, J.B., Yadav, T., Conn, M.M., Viani, E., Giovane, L.M.,
and Lafleur, A.L.: "Isolation of Fullerene Products from Flames: Structure
and Synthesis of the C60-Cyclopentadiene Adduct", Tetrahedron Letters (in
press).

Anacleto, J.F., Quilliam, M.A., Boyd, R.K., Howard, J.B., Lafleur, A.L., and
Yadav, T.: "Charge-Transfer Ionspray LC-MS Analyses of Fullerenes and
Related Compounds from Flame-Generated Materials", Rapid Communications
in Mass Spectrometry (in press).



164

IONIZATION PROBES OF

MOLECULAR STRUCTURE AND CHEMISTRY

Philip M. Johnson
Department of Chemistry

State University of New York, Stony Brook, NY 11794

PROGRAM SCOPE

Various photoionization processes provide very sensitive probes for the detection
and understanding of the spectra of molecules relevant to combustion processes. The
detection of ionization can be selective by using resonant multiphoton ionization or by
exploiting the fact that different molecules have different sets of ionization potentiaL.
Therefore the structure and dynamics of individual molecules can be studies even in a
mixed sample. We are continuing to develop methods for the selective spectroscopic
detection of molecules by ionization, and to use these methods for the study of some
molecules of combustion interest.

MASS ANALYZED THRESHOLD IONIZATION SPECTROSCOPY

Techniques have recently been developed to obtain the spectra of ions by
exploiting the fact that very high Rydberg states converging on each ionic state can be
very long lived. By time delays or small electric fields, the ions or electrons resulting
from field ionization of these high Rydbergs can be separated from the charged particles
resulting from direct photoionization. Scanning an excitation energy across the ionization
continuum (with one or more photons) and looking for the signature provided by the
high Rydberg states therefore produces a high resolution spectrum of the ion. When
electrons are detected, a time delay separation is used and the method is called ZEKE.
We have introduced the technique of providing mass resolution to the threshold
ionization spectrum by separating the photoions from the field produced ions in a small
electric field. We call this mass analyzed threshold ionization spectroscopy (MATI).

Recently we have been working on the improvement of the MATI apparatus,
particularly with respect to its mass resolution. In order to have good spectral resolution
in the optical spectrum, it is necessary in general to use a very low field ionization
voltage. This very low voltage necessary in the source region of the machine presents a
very great challenge to the design. To that end we have designed and built a much more
sophisticated spectrometer which has space focussing and velocity focussing for the ions
in a tandem geometry. With this we have substantially improved the mass resolution of
the MATI technique to a very usable form. It is now possible to get mass resolution
greater than 60 with an extraction field of less than one volt/cre. The mass resolution
improves dramatically with increasing extraction voltage but optical resolution suffers.
Further development is under way aimed toward enabling MATI to be used at higher
temperatures, possibly even ambient, where thermal velocities are significant with respect
to those provided by the low voltages of the source. We are also exploring the
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possibilities of creating an apparatus in which MATI could be done with a continuous
light source such as a VUV lamp or a synchrotron.

We have continued our study of the vibrational structure of diazines, particularly
pyrazine, exploring the capabilities of ab initio force field calculations in understanding
the threshold ionization spectra. MP2/6-31G" calculations of the vibrational frequencies
of the neutral ground, St, and the ionic ground state have been compared with the
experimental values, finding that certain vibrations of $1 and the ion which engage in
extensive vibronic coupling are not properly determined by the calculated force field.
Most vibrational frequencies are accurately reproduced, however. Variations in the
complexity of the threshold ionization spectra with the level of S_ excitation indicate that
internal vibrational relaxation is taking piace at a very low energy in that state, possible
involving vibronie interactions and mixing with the triplet manifold.

AUTOIONIZATION OF CARBON DIOXIDE

In (3+ 1) resonance enhanced multiphoton ionization photoelectron spectra of
CO2, photoionization competes with dissociation. In addition to direct photoionization,
autoionization is possible through accidental resonances embedded in the continuum at
the four-photon level. Photoabsorption from these long-lived autoionizing states leads to
resonance enhanced above threshold absorption (REATA). REATA produces
photoelectron terminations on the C state of CO_. Previous experiments did not indicate
whether the dissociation occurred at the three-photon level or four-photon level.
REMPI-PES of CO2 via several Rydberg states have been collected at a number of laser
intensities, and it was found that the photoelectron spectra terminating on each individual

• ionic state do not change over the range of experimentally available laser intensities.
This indicates that the dissociation of CO2 occurs at the four-photon level. The long
vibrational progressions in the PES indicate that the dominant ionization process is
autoionization rather than direct ionization. Relative intensities of the ,'f(and C state

components of the PES do change with intensity, confirming the C state assignment and
its five-photon mechanism.
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PHOTOCHEMISTRY OF MATERIALS IN THE STRATOSPHERE

Princioal Investieator: Harold S. Johnston
- - Chemical Sciences Division

Lawrence Berkeley

Mailing address: Department of Chemistry
University of California
Berkeley, CA 94720

Program sconev

This research is concerned with global change in the atmosphere, including photochemical
modeling and, in the past, experimental gas-phase photochemistry involving molecular
dynamics and laboratory study of atmospheric chemical reactions. The experimental work
on this project concluded in August 1991, but there is a back-log of several journal articles
to be written and submitted for publication. The theoretical work involves photochemical
modeling in collaboration with Lawrence Livermore National Laboratory (LLNL) and
advising the Upper Atmosphere Research Program on Atmospheric Effects of Stratospheric
Aircraft, National Aeronautics and Space Administration (NASA).

Recent Progressw

The photodissociation of NO3 was studied using the method of molecular beam
photofragmentation translational spectroscopy (ref. 12 below). The existence of two
photodissociation channels was confirmed under collision-free conditions. The observed

quantum yield for the concerted 3-center rearrangement resulting in NO(2rI) and O2(3Eg-,

lA) was 0.70-20.10 at 588 nm and decreased sharply at wavelengths shorter than 587 nra,
falling to less than 0.001 at 583 nm. The observed quantum yield for the product channel,
NO2 + O, increased at wavelengths below 587 nm to 0.99. From these observed
spectroscopic results, the zero-temperature dissociation energy, D0(O-NO2),is 48.69:£-0.25
kcaYmol, which when combined with the enthalpies of formation of O(3P2) and NO2(2A1)

yields AfHO0 = 18.875.-0.33 kcaYmol and AfHO298= 17.62-2-0.33 kcal/mol. From the
wavelength dependence and translational energy distribution for the O2 + NO products, the

potential energy barrier for NO3(2A'2)---> No(2rI)+ O2(3Eg ", lA) was found be
• 47.3:£'0.8 kcal/mol. The present results are more precise than, but in good agreement with,

previous results by F. Magnotta (Geophys. Res. Lett. 7, 769, 1980) and D. Neumark et
al. (J. Chem. Phys., 94, 1740, 1991).

Another laboratory (private communication) has confirmed the proposal (ref.10 below) that
nitrosyl sulfuric acid rapidly converts inactive HC1 to photochemically active C1NO at
stratospheric temperatures.

Future Plans

From considerations of thermochemistry and room temperature rates, it appears probable
that several additional heterogeneous reactions are important in stratospheric
photochemistry. To explore these possibilities, this project is collaborating with CSD
investigators at Berkeley and with others at Livermore and elsewhere.
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DYNAMICAL ANALYSIS OF HIGHLY EXCITED MOLECULAR
SPECTRA.

Michael E. Kellman

Department of Chemistry, University of Oregon, Eugene, OR 97403.

PROGRAM SCOPE:

The goal of this programis new methods for analysis of spectra and dynamics of highly
excited vibrationalstates of molecules. In these systems, strongmode coupling and
anharmonicRygive rise to complicated classical dynamics, and make the simple normal modes
analysis unsatisfactory. New methods of spectral analysis, patternrecognition, and assignment
aresought using techniquesof nonlineardynamics including bifurcation theory, phase space
classification, and quantizationof phase space structures. The emphasis is chaotic systems and
systems with many degrees of freedom.

RECENT PROGRESS AND FUTURE PLANS:

The goal of earlier workwas a method to extract dynamical information about molecules
fromanalysis of fits of their spectra with spectroscopic fitting Hamiltonians. This led to a
systematic analysis using nonlinear dynamics tools such as bifurcationtheory. The result was an
essentially complete classification of the spectroscopic fitting Hamiltonian for two coupled
modes, and applicationof this analysis to assignment of spectrain terms of new quantum
numbersappropriate to the underlying dynamics of the quantum states [L. Xiao and M.E.
Kellman, J. Chem. Phys. 93, 5805 (1990); J. Chem. Phys. 93, 5821 (1990)].

Two furthermajorsteps, far morechallenging than earlierwork,are needed in this project
for achievement of the desired frameworkfor analyzing highly excited spectra. The first
problem is classification of the quantum spectraof chaotic systems. The second problemis
phase space classification of systems with many degrees of freedom,and using this to classify
the quantum spectrum.

I. CLASSIFICATION AND PATTERN RECOGNITION IN SPECTRA OF CHAOTIC
SYSTEMS

Recent Progress

The basic problem is quantization of the phase space structureelucidated by bifurcation
analysis of chaotic molecular systems. This is necessary to achieve a rigorousquantum number
assignment based on phase space structure. Our earlier workon assignment of systems such as
the normal-local modes transition,or a single Fermi resonance in coupled C-H bend and stretch,
made use of the fact that a good fit can be obtained with a single resonance coupling. This is
implicitly based on the notion that the truedynamics in these systems, which sometimes
undoubtedly contain a degree of chaos, is well-approximatedby the remnants of inv_ant tori.
We are trying to put this idea on a rigorous basis, on the basis of mathematical work of Mather
and others which shows that the remnants of tori are Cantor sets Ccantori"). We are attempting
to apply this workto the assignmentproblem by semiclassically quantizing cantori, including the
determinationof wave functions.
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Future Plans

An important case which cannot be handled by the classification methods developed to date
which is of relevance to molecular spectroscopy is chaotic systems where the primary resonance
coupling, e.g. the coupling between local modes which gives rise to the
symmetric-antisymmetric stretch splitting, is very large. For example, for very large coupling
between Morse oscillators, there is a series of resonances between normal modes; these

resonances fall outside our local-normal two-zone classification of the catastrophe map of the
Darling-Dcrmison Hamiltonian. There are significant cases in spectroscopy where this is
probably very important, for example, in CO2and CS2. We plan to investigate extension of the
use of fitting Hamiltonians and their attendant bifurcation analysis to these cases.

H. BIFURCATIONS AND CLASSIFICATION OF SYSTEMS WITH MANY DEGREES
OF FREEDOM

Recent Progress

Ali of the discussion so far, both of our past work on single resonance Hamiltonians and
work in progress on chaotic systems, has been for two degree-of-freedom systems. Independent
of the problems that arise from the presence of chaos in these systems, it is evident that a
successful approach to highly excited spectra has to confront direcdy the problem of many
interacting degrees of freedom. This divides naturally into two parts. The fh'st is the problem of
identifying the dimensions of phase space actually affected by bifurcations. A very important
by-product is the identification of approximate constants of motion associated with the
unbifurcated degrees of freedom. These are associated with energy transfer pathways and
"superpolyad" quantum numbers which are proving useful to other groups in accounting for
some of the main features of complex spectra, in particular, fits of acetylene absorption spectra
and hierarchies of splittings in dispersed fluorescence and SEP spectra. A solution to this
problem has been presented with a theory [M.E. Kellman, J. Chem. Phys. 93, 6630 (1990)] of
approximate constants of motion derived from spectral fitting Hamiltonians with multiple Fermi
resonances. The formalism reduces to methods of vector algebra and leads to a simple
"resonance vector" method which is quite easy to apply. The constants of motion correspond to
"superpolyad" and other quantum numbers very useful for assigning complex spectra. In
ongoing studies we have been analyzing these quantum numbers in fits of experimental and
simulated specwa of C2H 2 currently under investigation in several laboratories. The resonance
vector analysis has been applied by Field and coworkers to dispersed fluorescence and SEP
spectra of acetylene in a model including vibrational angular momentum and vibrational
/-resonance. They find that the superpolyad number is very useful for organizing information
about energy transfer pathways, including the observation of hierarchies of time scales for the
energy flow.

The second problem is the classification of the structureof the bifurcated degrees of
freedom. The superpolyad quantum number permits a simplification similar to that in the
two-mode system, in that it makes it possible to solve analytically for the large-scale bifurcation
structurefor spectroscopic fitting Hamiltonians of chaotic many-degree-of-freedom systems. An
important feature of the single resonance Hamiltonians used in our earlier work is that they yield
a simple and exhaustive classification of the bifurcated phase space structure of the fitting
Hamiltonian, thereby leading to a set of quantum numbers appropriate to the classical dynamics
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underlying a given spectrum. For the single resonance Hamiltonian, it is possible to achieve this
classification analytically, without numerical solution of Hamilton's equations. This capability
for the single resonance Hamiltonian to find an analytical classification affords great insight into
the molecular dynamics underlying the assignment. For chaotic two degree-of-freedom systems,
the hope is that this classification will carry over to most physically important situations. This
will happen if the large-scale bifurcation structure of the chaotic Hamiltonian is essentially that
given by the single resonance approximate Hamiltonian. That this expectation may often bc
reasonable is indicated by our finding [J.M. Standard and M.E. Kellman, unpublished] that wave
functions of coupled stretches in ozone calculated on a potential surface arc essentially similar to
those of the single resonance fitting Hamiltonian, with the same local/normal dichotomy suitable
for spectral assignment.

Insofar as possible, it is desirable that the analysis of the many degree-of-freedom problem
incorporate and generalize the property of the single resonance Hamiltonian that it gives an
analytic solution to the large-scale bifurcation structure and spectral assignment. At first this
might appear unlikely, because the multidimensional Hamiltonian is likely to have more than one
resonance, hence be chaotic. For example, a fit of the spectrum of all three vibrational modes of
water requires not only a stretch-stretch coupling, but also a 2:I Fermi resonance between the
symmetric stretch and the bend. However, for the single-resonance Hamiltonian it is not the lack
of chaos per se that allows an analytic classification. Rather, the key factor is the existence of a
conserved global action (polyad number). The intcgrability of the single-resonance Hamiltonian
• a_ confines trajectories to invariant tori is merely a by-product of this extra constant of motion.
The crucial feature of the Hamiltonian for classifying phase space is therefore not that all the
trajectories be integrable, but only that the large-scale bifurcation structure be analytically
solvable. Furthermore, this analytic solvability as a consequence of the polyad number extends
to many degree-of-freedom chaotic systems. The basic idea is that the large-scale bifurcation
structure is defined by the lowest-order periodic orbits and their bifurcations. If the superpolyad
number is a constant of motion, it can be shown that the lowest-order periodic orbits can be
solved analytically, even for a multidimensional chaotic system.

Future Plans

This is the basic result need_ to find the lowest period orbits and their bifurcations, i.e.,
the sought-after large-scale bifurcation structure. The mapping out of this structure for systems
with three and more degrees of freedom is presently being carried out with the aim of a
classification analogous to the catastrophe map for two degree of freedom systems. The starting
point is the construction of bifurcation diagrams for individual molecules based on the fits of
their experimental spectra. The accompanying figure shows the bifurcation diagrams recently
obtainedI for H20 and H2S. It is evident that these diagrams are complex and that different
information is obtained for each molecule. In future work we plan to investigate (1) recognition
of spectral hallmarks of these bifurcations, and (2) systematic mapping out of the complete
bifurcation structure of three-mode systems, analogous to our earlier "catastrophe map"
classification of two-mode systems. In connection with (1), we plan a comparison of our
dynamical bifurcation analysis with Davis' hierarchical tree analysis.

1. Zimin Lu and M.E. Kellman, "Bifurcation analysis of three-mode vibrational Hamiltonian for
spectra of triatomics", manuscript in preparation.
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TOLUENE PYROLYSIS STUDIES AND
HIGH TEMPERATURE REACTIONS OF PROPARGYL CHLORIDE

R. D. Kern, I-L Chen and Z. Qin
Deparunent of Chemistry

University of New Orleans
New Orleans, LA 70148

Program Scope

The main focus of our program is to invesdgate the thermal decompositions of fuels that

play an important role in the pre-particle soot formation process. It has been demonstrated that
the condition of m_./rm_m SOOtyield is established when the reaction conditions of temperature

and pressure are suf_ient to establish a radical pool to support the production of polyaromatic
hydrocarbon species and the subsequent formation of soot particles. However, elevated
tempemtmes result in lower soot yields which are attributed to thermolyses of aromatic ring
structures and result in the bell-shaped dependence of soot yield on temperature. We have
selected several acyclic hydrocarbons to evaluate the chemical thermodynamic and kinetic effects
attendant to benzene formation. To assess the thermal stability of the aromatic ring, we have

studied the pyrolyses of benzene, toluene, ethylbenzene, chlorobenzene and pyridine. Time-of-
flight mass spectrometry (TOF) is employed to analyze the reaction zone behind reflected shock
waves. Reaction time histories of the reactants, products, and intermediates are constructed and
mechanisms are formulated to model the experimental data. Our TOF work is often performed
in collaboration with Professor John IQefer and his use of laser schlieren densitometry (LS) to

measure density gradients resulting from the heats c_ various reactions involved in a particular
pyrolytic system. The two techniques, TOF and LS, provide independent and complementary
information about ring formation and ring rupture reactions.

Recent Progress

Although the thermal decomposition of toluene has been investigated by a variety of
shock mbe teclmiques over a wide range of temperature, total reaction pressure and inidal
reactant concentration (see listing in Table 1), there remain several unresolved questions about
the mechanism and disagreements in the experimental data.

Table I" SummAry of shock zone reaction conditions
III I I

Technique Temp (K) Total Press (atm) [CTHs]o (tool cm-3) Ref. illl |
i

UVAS 1450-1900 1.3-36.3 (0.1-1.0) x 10-8 1
TOF 1590-2145 0.3-0.5 (4.36-4.92) x 10-8 2
LS 1400-2300 0.13-1.3 (1.1-27) g 10-8 2
ARAS 1410-1730 3 (1-5) x 10"t° 3
ARAS 1450-1790 0.4 (0.03-0.6) x 10-1° 4
ARAS 1380-1700 1.5-7.8 (0.3-4.7) x 10-1° 5
SPST 1100..2700 4-8 (0.48-48.0) x 10-s 6 i
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One of the disagreements involves the independent measurementof H atom production
in toluene pyrolysis nsln.g atomic resonance absorptionspectroscopy(ARAS) by Skimmerz,4and
by Just". An example ts displayed in Figure I: the solid circles represent dataJ at 1245 K; the
solid line is due to model calculations using the rate constants from ref. 4. The results are
general; i.e., the rate data from Skinner 3'4are consistently lower than those of 3ust5.

Figure 1 Figure 2
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Otherkeyquestionsconcerntherelativeimportanceoftwochannelsintheinitialstep

C__I-Is _ C__I'I?+ H (1)
_ +CH3 (2)

andthesubsequentratesofbenzylandphenylradicaldecomposition.

C7H7-_CsHs+_ (3)
-->C_ + C4H4 (4)

c_-__ C_H_+_ (S)
C:a3--,C4_ +H (6)

A 28-stepmechanismwasformulated?whichincludespressuredependentrateconstant
expressionsforthetwoinitiationsteps.RRK.Mcalculationsshowthat(I)and(2)arecomparable
inratesintherange1400-1600K, butthat(2)isdominantathighertemperaturesduetothe
irreversibilityofthephenylradicaldecompositionchannels,(5)and(6).The dominanceof
reaction(2)isconsistentwiththeappearanceofCH4asaproductrecordedinthesinglepulse
shocktube($PST)6andTOF2experiments.Theproposedmechanism?modelssuccessfullythe
LSz,TOFz,andARA$ sreactionprofiles(seeFigure2),butnotthedam ofrefs.I,4,5.

I
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Propargyl radicalhas been shown to be an efficient precursorto benzene formation and
as a consequence an effective promoter of soot formation in the pyrolyses of allenes'9, 1,2
butadiene1°andin richacetylene flames11. However, in mixturesof propargylchloride dilute in
neon, benzene is not detected as an expected product of reactions involving C3H3 radicals.
Moreover, in mixtures of C,3H3C1containingH2, benzene is readily observed.Experimentson a
3% CoH3CI- 5% D2-92% Ne mixturerevealedaconstanttemporalHCf/DCIproductratio:'hat
isapproximatelyequalto5. IfC-CIbondfissionisthemajorinitiatingreaction,theHCI/DCI
rationwouldbe< IduetothereactionofCI+ D2-->DCI + D. Thereforeitisproposedthat
themajorchannelforCzH3CIdissociationyieldsHCI andsingletcyclopropenylidene.

C3H3CI+ M --->CzH_ + HCI + M (83%)
C3H3CI+ M -->C3H3+ CI+ M (17%)

InthepresenceofI-I2,C3H2reactsexothermicaIIytoformthethermallyexcitedadduct
C3H4"whichreadilyisomerizestoeitheralleneorpropyneaspredictedbyabimolecular-QRRK
calculation12.Thecalculationrevealsthatformationofalleneandpropryneaccountfor97% of
theproductdistribution.

k2_

I:_H]H * _ cycI°'C3H3+H

C k.1
k3(E)_,H3C.C - CII/\ +H2

HC_-CH
t.___1(_) k4(E)= H2C = C = CI-I2

HC---_Clt

Subsequentreactionsinthe mechanismleadtobenzene formation.Benzene productionisalso
recordedinmixturesofC3H3CI+allene,C3H3CI+propyne,C__H3CI+_ andC3H3CI+ C2H4.
Computersimulationofthedatautilizinga 36 stepmechanism_eldssatisfactoryagreement
betweenthecalculatedandexperimentalresults.

SupplementalDOE fundswereusedtopurchaseahighspeedrealtimedigitizer,interface
andmicrocomputertoprocesstheTOF data.We havecaputuredsingleshotTOF experiments
ontheditigitzeratsamplingratesofInsintervalsduring1ms observationperiods.A vendor-
recommendedsoftwarepackageisprovingunsatisfactoryanda programha,zbeenwrittento
transferthe TOFdatafrom the digitizer to the microcomputer.

Future Plans

We will be testing our new data processing system by studying the thermolyses of
ethylene and cyclopentadiene.
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Stochastic Models for Turbulent Reacting Flows

Alan Kerstein
Combustion Research Facility
Sandia National Laboratories
Livermore, CA 94551-0969

The goal of this program is to develop and apply stochastic models of various processes
occurring within turbulent reacting flows in order to identify the fundamental mechanisms
governing these flows, to support experimental studies of these flows, and to further the
development of comprehensive turbulent reacting flow models.

The rates and mechanisms of chemical reactions in turbulent flow are governed by a minimum
of three distinct physical processes: convection, molecular mixing, and chemical kinetics.
Although other processes such as radiative heat transfer play a key role in many combustion
applications, the focus of this project is on the three aforementioned processes and their
interactions. None of these processes, generic to all reacting flows, is represented in a fully
adequate manner in existing computational models of turbulent reacting flow. The scope and
reliability of existing models is therefore limited, and improvements in this regard would have
both scientific and technological benefits.

In many instances, the treatment of molecular mixing is the key limitation to improvements in
model performance. In the simplest formulations applied to combustion problems, there is no
explicit treatment of molecular mixing because large-scale entrainment is the rate-determining
process. Though adequate in many instances for determination of the overall burning rate, this
approach omits the interplay between temperature fluctuations and chemical variations that
influences thermal NO production, soot formation, and other important chemical processes in
flames.

The methodology for modeling turbulent mixing, that has been developed by the P.I. is denoted
the "linear-eddy" approach [1,2]. As its name Implies, this approach is designed to capture
the relevant physics through a representation of turbulent mixing involving one spatial
dimension. In this representation, molecular diffusion can be treated in a physically sound
manner by fully resolving the concentration field computationally and by implementing Fick's
law (or its appropriate multispecies generalization) directly. In applications to chemically
reacting flows, the chemical-kinetic mechanism (complete or reduced, as appropriate) is
implemented within each resolved cell of the computational domain.

The limitation to one spatial dimension renders the computation affordable for Reynolds
numbers (Re) at which laboratory experiments are performed. In many such experiments, the
overall flow structure is simple enough for linear eddy, formulated as a stand-alone model, to
capture salient features of the spatial development of the mixing process. For more
complicated configurations, the approach that will be adopted in future applications is to
formulate linear eddy as subgrid model separately implemented within each cell of a large-eddy
or other comparable simulation, with appropriate communication between the linear-eddy
simulations. Though costly, this approach is well suited to massively parallel computer
architectures. Preliminary demonstrations of the feasibility of this approach have been
performed.

The key to the effectiveness of the model is the formulation of a suitable one-dimensional
representation of turbulent stirring. Specializing to an incompressible fluid (though



178

compressible cases can also be treated), continuity is obeyed in one dimension only by the
trivial flow consisting of a spatially constant velocity at any instant. To represent convective
stirring in one dimension, it is therefore necessary to allow discontinuous fluid motions.

In the linear-eddy approach, convective stirring is simulated by means of a stochastic process,
rather than by solving a fluid-mechanical equation. This process consists of a random
sequence of events, each involving an instantaneous spatial rearrangement of a portion of the
scalar field. Rearrangement events are the linear-eddy analogs of turbulent eddies. The linear
extent of the scalar field that is rearranged during a given event represents the eddy size. The
model incorporates inertial-range scaling through the adoption of an eddy-size distribution
function with appropriate power-law behavior and with upper and lower cutoffs representing
the integral and Kolmogorov scales, respectively.

Each rearrangement event is a "triplet map," specially formulated to emulate the action of a
single eddy. The selected portion of the concentration field is replaced by three images of itself,
each compressed by a factor of three. The central image is spatially inverted. The latter step
assures that discontinuities will not be introduced.

Qualitatively, the triplet map captures the action of compressive strain. Quantitatively, the
triplet map has the following features: (1) A spatially homogeneous, statistically stationary
sequence of triplet-map events induces exponential growth of material-surface area. (2)
Based on the foregoing specification of the eddy-size distribution, the growth rate scales as
the local rate of strain.

Operationally, the linear-eddy model is implemented as a Monte Carlo simulation. Molecular
processes evolve in a conventional manner based on deterministic finite-difference solution of
the governing equations. This deterministic evolution is punctuated by instantaneous,
randomly occurring rearrangement events. The model has natural analogs of the Reynolds,
Schmidt and Damkohler numbers, allowing parameters governing the rearrangement process to
be expressed in terms of physical quantities.

Analysis of this formulation and comparison of computed results to measurements demonstrate
that many intuitive notions based on continuum flow carry over, quantitatively as well as
qualitatively, to the linear-eddy framework. For instance, the linear-eddy analog of eddy
duration ("turnover time") is the time between successive events of a given size at a given
locality.

For spatially developing mixing configurations with either localized or extended scalar sources,
linear-eddy simulations capture the phenomenology of macromixing as well as micromixing,
and the interplay between the two. This interplay is most evident in multistream mixing
problems. Linear-eddy simulations reproduce, with quantitative accuracy, detailed mixing
measurements by Warhaft in a three-stream configuration, and Damkohler-number effects
observed by Bilger in a two-stream configuration [3].

In future work, the advantages of the linear-eddy modeling approach for computation of
turbulent reacting flows with multistep chemistry will be exploited by applying the model to
several experimental configurations of current interest. The model will be used to interpret
chlorocarbon chemistry measurements being performed in a turbulent plug flow apparatus at
MIT, and mixing measurements being performed at the University of Arizona in an incinerator
simulator. For the latter application, comparison to cold-flow mixing measurements will serve
to validate the model formulation. Further computations will be performed to extrapolate the
results to actual incinerator conditions. The linear-eddy modeling approach is the first yet
proposed that has the potentiality to provide reliable extrapolations of this sort.
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Another topic that will be addressed in future work is differential molecular diffusion. When
fluid containing species of unequal molecular diffusivities is entrained into a background fluid,
the different species may experience different effective dilution rates and therefore can
separate. The dependence of this differential molecular diffusion effect on turbulence intensity
as characterized by Re is not well understood experimentally or theoretically. In this regard,
the P.I. recently obtained a novel result by analyzing this problem from the viewpoint of scaling
laws governing the power spectrum of a diffusive scalar in turbulence. It was deduced that the
commonly used measure of differential molecular diffusion should scale as Re -1/4, a slower
falloff than has previously been proposed. This implies an unanticipated persistence of the
effect at the high Re values corresponding to combustors and reactors of technological interest.
Confirmatory computations using the linear-eddy model are planned.

Another topic addressed in this program is turbulent premixed flame propagation. Both the
geometry [4] and the propagation rate [5] of turbulent flames have been considered.

The mechanism determining the premixed burning velocity in a turbulent medium is generally
considered to be best understood in the weak-turbulence limit u' << S, where u' is the rms
velocity fluctuation and S is the laminar flame speed. In this limit, the dependence (U / S) - 1 -
(u'/S) 2 has been derived, where the turbulent burning velocity U is operationally defined as S
times the surface area of the wrinkled flame per unit projected transverse area.

This standard result is based on consideration of the effect of one cycle of an oscillatory
perturbation of the front, corresponding to forward propagation of the front for a streamwise
distance equal to one wavelength of the perturbing field. During the present project, the
cumulative effect of many such perturbations over a streamwise distance of many wavelengths
has been analyzed. It was found that over this longer distance, corresponding to a heretofore
unrecognized "slow" time-scale governing the propagation process, the cumulative effect of the
perturbations is a buildup of flame-front fluctuations until a balance is eventually reached
between fluctuation generation and decay mechanisms.

The method of analysis is a variant of the "nonequilibrium Flory theory" of Hentschel and
Family [Phys. Rev. Lett. 66, 1982 (1991)]. Interface evolution is characterized by a stochastic
differential equation. The growth rate of fluctuations induced by the stochastic forcing term is
estimated using random-walk theory, and this rate is compared to the decay term to obtain a
balance condition, and thus to estimate the fluctuation amplitude, transient relaxation time, and
other relevant properties. The scaling corresponding to this balance is (U / S) - 1 - (u'/S) 4/3.
Numerical flow simulations confirm this prediction.

A recent research initiative involved the development and application of a novel concept,
denoted conditional similarity, for the mechanistic interpretation of turbulent mixing
measurements.

lt is proposed that similarity scaling of image data from turbulent shear flows should be based
not on the time-averaged flow centroid, vorticity spread, etc. but on instantaneous values
deduced from individual images. The motivation is that flow microstructure is more sensitive to
large-scale properties at the given instant than to an average that includes conditions far
removed in time. On this basis, a conditional similarity concept was formulated that suggests
a new data reduction approach. Using this approach, conditional similarity hypotheses, which
generalize conventional similarity hypotheses, can be tested. An initial application to mixing
measurements performed at Sandia by Bob Schefer demonstrated the utility of the approach.
Additional applications are planned.
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KINEI'ICS OF COMBUSTION RELATEDPROCESSES
AT HIGH TEMPERATURES

John H. Kiefer
Department of Chemical Engineering

University of Illinois at Chicago
Chicago, Illinois 60680

This past year has seen an excursion into perhalomethane dissociation using the
laser-schlieren (LS) technique, with work on CC14 already published (see below) and on

CF3CI under analysis. However, our emphasis has again been on the study of relaxation
and dissociation of large molecules using the converging/diverging nozzle method to
generate very weak (low pressure) shock waves.

Vibrational Relaxation in Large Molecules
We have now observecl relaxation in norbornene (C7H10), norbornadiene (C7H10),

benzene, cyclopropane, cubane (C8H 8) quadricyclane (C7H8), and CF3C1. In ali but cubane,
where we had an inadequate sample, we have been able to observe relaxation over a wide
range of temperature. With the exception of cubane and quadricyclane, whose exothermic
isomerization causes severe flow instabilities (incipient detonation), our measurements
cover 400-1200 K. The most surprising result is that, of ali these species, only norbornene

shows a single relaxation time. Contrary to conventional wisdom 1,2, which has multiple
relaxation a rare occurrence, we see double relaxation in ali other species we have
examined (see Figure 3). This suggests two conclusions. First, the resolution of our
method is as good or better than ultrasonic techniques. For double relaxation it may
actually be superior because small deviations from exponential decay are easily discerned.
Second, the "series" model of rate controlling energy transfer though the lowest-frequency
mode is far from being generally applicable, at least for large molecules dilute in krypton.
We are continuing to investigate this phenomenon in other molecules and over a wider
range of mixture composition.

Dissoda_tion Rates and Incubation Times in Norbornene.
Norbornene (C7H10, bicy/:lo [2,2.:.1] hept-2-ene) dissociates to ethylene and

cyclopentadiene via a retro-Diels-Alder reaction. The thermochemistry of this process is
well known, and its rate has been reliably determined at low temperatures 3,4. The
products of this process are stable, on the LS microsecond timescale, up to 1400-1500K. In
fact, we see no evidence of any parallel dissociation or isomerization channel, nor of any
secondary reactions, to 1500 K.

In norbornene we are able to resolve both vibrational relaxation (500-1300 K) and
dissociation (900-1500 K). Over a somewhat narrower range, 900-1300 K, both relaxation
and dissociation can be seen in the same experiment. From such experiments, and from a
modeling of other, higher pressure dissociation experiments, we have derived the
incubation times and steady-state reaction rate constants of figures 1 and 2. Incubation can
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be observed in this molecule in large part because the relaxation process is only weakly
dependent on T (Pz ct T0.6). The incubation time to relaxation time ratios of figure 2 drop
somewhat more rapidly ~T"2. The dissociation rate constants of figure 3 show very strong
and sudden unimolecular falloff, but this is well reproduced by the simple RRKM
calculation also shown. We are preparing a complete description of this work for
publication.

Unimolecular Dissociation of C2H 2 ( with A.F. Wagner)
We are currently extending our analysis of the effect of restricted internal rotation of

the H-atoms on the rate of low-pressure-limit dissociation of small unsaturated hydrides
(see the HCN paper below) to C2H2. A semi-classical, excluded volume approach would
seem able to deal with the H-H interaction in this dihydride, but there are some unusual
features of the potential which still present problems.

Future Plans
Our plans include the completion of our work on allene/propyne pyrolysis

incorporating a LS study of 1,2-butadiene decomposition, the decomposition of other
perhalomethanes, CF3Br, CF3I, CF4, along with further study of relaxation and relaxation
dissociation coupling in large molecules.
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COMBUSTION KINETICS AND REACTION PATHWAYS

R. Bruce Klemm and James W. Sutherland

Combustion Kinetics Group/Bldg. 815
Department of Applied Science

Brookhaven National Laboratory
Upton, NY 11973

PROGRAM SCOPE: This project is focused on the fundamental chemistry of combustion. The
overall objectives are to determine rate constants for elementary reactions and to elucidate the
pathways of multichannel reactions. A multitechnique approach that features three independent
experiments provides unique capabilities in performing reliable kinetic measurements over an
exceptionally wide range in temperature, 300 to 2500K. Recent kinetic work has focused on
experimental studies and theoretical calculations of the methane dissociation system (CH4 + Al"

CH3 + H + Ar and H + CH4-_ CH3+ Hz). Additionally, a dischargeflow-photoionization
mass spectrometer (DF-PIMS) experiment is used to determine branching fractions for
multichannel reactions and to measure ionization thresholds of free radicals. Thus, these
photoionization experiments generate data that are relevant to both reaction pathways studies
(reaction dynamics) and fundamental thermochemical research. Two distinct advantages of
performing PIMS with high intensity, tunable vacuum ultraviolet light at the National Synchrotron
Light Source are high detection sensitivity and exceptional selectivity in monitoring radical species.

RATE CONSTANT FOR O{31_+ C0[L (400K to 1500K): In the present study, rate constants
for the O + CaI'I6reaction were measured using three independentmethods: (i) discharge flow-
resonance fluorescence (453<T<1048K); (ii) flash photolysis-resonance fluorescence
(416<T<520K); and (iii) fl_h photolysis-shock tube (728<T<1489K). There is excellent
agreement among the three individualdata sets obtained by these independenttechniques in the
overlapping ranges of temperature. The data were fit by a simple Arrhenius equation; and the
mean deviation of experimental points from this fit was + 11.1% at the one sigma level.
However, slight curvature in the plot was evident at the highesttemperatures and an improved fit
was obtainedby using a threeparameter expression:

k(T) = 1.45x10t_l"°'957exp(-3340 K/T) cm3 molecule"ls"_

The mean deviationof the experimentalpoints from this fit is 5:9.6%. Great care was exercised
in this work to document the extent of secondary reaction complications, particularly at low
temperatures (e.g. due to the reaction of O-atoms with ethyl radicals). This work has also
extended (tohigher temperatures) the range for the directly measured rate constantvalueby nearly
300 degrees (K). Additionally, the present kinetic results for the reaction of O(3P) with ethane
do not display the extreme non-Arrheniusbehavior of those reportedby Fontijnand co-workers,
i.e. it was not necessary to invoke a large tunnellingeffect for this particular reaction. Indeed,
the present results are in reasonablygood agreement with a simple TST calculationreported by
Golden and co-workers thatdoes not incorporatea tunnellingcorrection.
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RATE CONSTANT FOR O(3P_4- 1-C_H,: The rate constant for the reaction of ground-state
atomic oxygen with I-C4Hswas measured by the FP-ST technique over the temperaturerange
780K to about 1400K. At temperaturesabove 1400K the results suggested that the kinetic system
was no longer simple and thatreliablekineticdata were not obtainable. The data (780K - 1400K)
were combined with data obtained previously in this laboratory by the FP-RF and DF-RF
techniquesover the temperaturerange 294K - 871K. The combined results (294K<T < 1400K)
were in reasonableagreement with the recent data of Fontijn ct al. that were obtained over the
more limited temperature range of 335K to 1110K using their high-temperaturephotochemistry
CrITP)technique.

The combined data from the three independenttechniques(FP-RF, DF-RF and FP-ST) employed
in the present study were best fit to a sum-of-exponentialsexpression:

k(T) - 1.4 x 10"iIexp(-375K/T) + 6.8 x 10"t°exp(-3800K/T)cm 3 molecule"1s"l

These resultsareconsistentwith the onset of a second reactionchanneldue to H-atomabstraction
at high temperatures,T > 1000K.

PHOTOIONIZATION STUDIES: REACTION PATHWAYS AND PHOTOIONIZATION
THRESHOLDS: The objectives of this experimental project are to investigate pathways for
multichannelelementaryreactions and to obtain photoionizationspectra and ionization energies
for important combustion-related radical species. The independent DF-P1MS apparatus was
specifically designed to be operated on the U-11 beam line at the NSLS to utilize the intense and
tunableVUV radiation available there.

The reactionof N-atoms with ethyl radicals may be importantin "prompt"NO, mechanisms and
it has been implicatedas a complicatingfeature in flow tube studies of "active nitrogen"reactions.
The thermodynamicallyaccessible channelsfor the N + C2H5reactionare given below along with
the corresponding AH in kcal/mol:

N+ C_qH5 _H2CN + _ .. [-56]
-* H(CH3)CN 4- H [-55]

--_ + NII [-391
-_HCN + CH3 +H [-23]
-* CH3CN + 2H [-19]
-_CH3CN + H2 [-123]
--i,HCN + CH, [-124]
-* CH3CHNH [-139]
-" cyc-C2H4NH [-111]

The H2CN + CH 3 channel and the NH + C2H4channel were previouslyfound in this laboratory
to be major product pathways. By using perdeuteratedethane to generate C2D5, via F atom
abstraction, it was possible to isolate the underlinedproductsby mass. In the present study a _
quantitative branchingfraction for the NH + C2H 4 channel was determinc_ to be 0.6:1:0.2. The
other majorchannel, H2CN 4. CH3, presumably accounts for most of the remainder (0.4).
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In addition, photoionization spectra and ionization thresholds for BrO and HOBr were obtained
using DF-PIMS at the NSLS. BrO and HOBr were generated in the flow tube by reacting O-
atoms and OH-radicals, respectively, with Br2. Spectra for both were measured over the
wavelength range, 106-122 nra. For BrO, a threshold at 10.46 (+ 0.02) eV was obtained. This
value is slightly larger than one (10.29 eV) determined using photoelectron spectroscopy.
However, in the PES study it appears that signal due to direct ionization of BrO was obscured by
that from Br2. and O2+(tA). A directly measured photoionization threshold for HOBr (10.62 5:
0.02eV) has apparently not been reported previously.

METHA.NE DISSOCIATION REVISITED: Last year, the kinetic study of (i) the reaction of
CH3radicals with 1-12and (ii) the thermal dissociation of methane was reported at the Combustion
Symposium. In that work, primary product H-atoms were monitored directly using the atomic
resonance absorption detection technique with a detection sensitivity of about 5x10t° atoms cm"3.
For the reaction of CH3 + H2, experiments were performed using either acetone or ethane to
generate CH3radicals rapic!lyby thermal dissoc.iationin argon. Results from this study agree well
with those for the CH3 + H2reaction that were computed using k.2= k2/K2 (where k2 is the rate
constant for the H+CI-I4 _ CH3 + H2reaction and K2is the equilibrium constant) as reported
in an earlier study from this laboratory. The discrepancy between these results and those (for kz)
reported by Roth and Just therefore remained. Similarly, for the methane dissociation study, the
results for kt* were also in good agreement with previous results reported from this laboratory.

Further work during the past year, has focused on checking H-atom calibration measurements and
performing additional methane dissociation experiments. Ali calibration and kinetic results to date
have confirmed our previous measurements and therefore the discrepancy between this project's

, results and those of the older studies remains. Also during the past year, three new shock tube
studies on methane dissociation have been reported. A laser schlieren study (Univ. of Chicago),
at temperatures of 2800-4400K, provided values for kt* (using an RRKM extrapolation procedure)
that were about 50% larger than those of Roth and Just at 2000K. The second study (Stanford
University), in which the [CH3]was monitored with a detection sensitivity of about lxl0 t3radicals
cm"3,gave kt * values (1800-2300K) that were within the experimental t_ncertaintyof those of Roth
and Just however, their results were consistently smalier over their entire temperature range.
While both of these studies employed kinetic modeling to derive kt" data, the Stanford Univ.
work was much less sensitive than the Univ. of Chicago work to variation of rate constants for
other reactions in the mechanism (i.e. the CH3detection study was considerably more direct than
the laser schlieren work). Finally, a third study (DLR/Stuttgart) was reported as a Poster at the

, Combustion Symposium last year in Sydney. In that investigation, H-atoms were generated
thermally (via CaHsI_ C2H5+ I, C2H5--, C2H4+ H) and rate constant values for H + CH4 --,
CH3 + Hs were measured directly. At temperatures above 1700K, the effect of methane
dissociation was observable in non-zero baselines for [H] at long reaction times. In this study,
the [I-I]data were analyzed using non-linear fitting methods and values for kl ° and k2 (H + CH4)
that agreed with Roth and Just were reported. However, we performed an analysis of some of
their data (DLR) using a linearized fitting piocedure (i.e. closed form solution) and derived kt °
and k2values that are considerably smaller than those reported. Indeed, the re-analyzed k2values
(for three runs) were about one-half of theirs (or only about 30% larger than our published results)
and the re-analyzed kt° values (for two runs) were less than one-half of theirs (or about 80%
larger than our published results).
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FUTURE PLANS: High temperature kinetic studies that utilize the unique capabilities of this
project will continue on the reaction of O(3P) atoms with selected alkanes and alkenes, e.g.
propane and isobutene. Where appropriate (e.g. O-atom + olefin reactions), the kinetic work will
be augmented by reaction pathways studies using DF-PIMS. In addition, studies on the thermal
decomposition of C2I-I6may be initiated together with appropriate kinetic modelling studies. DF-
PIMS studies will also continue to emphasize thermochemical measurements (ionization energies
and enthalpies) for a wide variety of radical species that can be generated cleanly in the discharge
flow reactor. A potentially significant error in the values of the rate constant for CH4dissociation
reported by other workers has been identified as the result of studies in this laboratory. This
discrepancy, which has important practical and theoretical consequences, has not been
satisfactorily resolved as yet, despite significant contributions from this and several other
laboratories. Therefore, the kinetic study of methane dissociation will continue but greater
emphasis will be placed on critical evaluations and theoretical calculations. In particu!ar,
modification (smaller step sizes) of the "Unimol" code to perform RRKM/master equation
calculations may be required to obtain internally consistent results for the CI-h system.
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1. Rabinowitz, M. J., Sutherland, J. W., Patterson, P. M., and Klemm, R. B. Direct rate

constant measurements for H+CH4 _ CH3+Hs, 897-1792K, using the FP-ST technique. J.
Phys. Chem. _., 675-81 (1991).

2. Sutherland, J. W., Patterson, P. M., Klemm, R. B. Rate constants for the reaction 0(3P) +
H_0 ,_ OH+OH, over the temperature range 1053K to 2033K using two direct techniques.
Pro¢, Twenty-third lnt'l. Sym[ms. on Combustion, The CombustionInstitute, Pittsburgh, 1990,
pp. 51-7 (1991).

3. Nesbitt, F. L., Marston, G., Stief, L. J., Wiekramaaratehi, M. A., Tao, W., and Kiemm, R.
B. Measurement of the photoionization spectra and ionization threshold of the HzCN and
D_CN radicals. J. Phys. Chem. 95, 7613-7 (1991).

4. Yarwood, G., Sutherland, J. W., Wiekramaaratehi, M. A., and Klemm, R. B. Direct rate
constant measurement for the reaction 0+N0+Ar _ N(h+Ar, 300K to 1341K. J. Phys.
Chem. 95, 8771-5 (1991).

5. Tao, W., Klemm, R. B., Nesbitt, F. L., and Stief, L. J. A discharge-flow photoionization
mass spectrometric study of hydroxymethyl radicals (I-I2COHand H2COD): photoionization
spectrum and ionization energy. J. Phys. Chem., 96, 104-7 (1992).

6. Klemm, R. B., Sutherland, J. W., Rabinowitz, M. J., Patterson, P. M., Quartemont, J. M.,
and Tao, W. Shock tube kinetic study of methane dissoeiation: 1726K<T <2134K. J. Phys.
Chem. 96, 1786-93 (1992).
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1. Klemm, R. B., Sutherland, J. W., and Tao, W. Shock tube kinetic study of the CH3 + H2

-,, H + CH_reaction and the methane dissociation reaction. Twenty-fourthInt's. Sympos. on
Combustion, July, 1992, Poster Paper #52.

2. Klemm, R. B., Sutherland, J. W., Patterson, P. M., and Tanzawa, T. Direct rate constant
measurements for the reaction O(3p) with ethane: 416K <T < 1489K. Twenty-fourth Int'l.
Sympos. on Combustion, July, 1992, Poster Paper #53.
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Studies in Combustion Dynamics

M. L. Koszykowski
CombustionResearchFacility
SandiaNationalLaboratories

Livermore,CA 94551

The goal of this programis to develop a fundamentalunderstandingand a quantitative
predictivecapability in combustion modeling. A large partof the understandingof the
chemistryof combustionprocesses comes from "chemical kinetic modeling." However,
successful modeling is not an isolated activity. It necessarily involves the integrationof
methods and results from severaldiverse disciplines and activities including theoretical
chemistry, elementary reaction kinetics, fluid mechanics and computational science.
Recently we havedeveloped and utilizednewtools forparallelprocessingto implementthe
firstnumericalmodel of a turbulentdiffusionflameincludinga "full"chemical mechPnism.

Turbulent Flame Modeling:

Presently, one of the most importantproblems in turbulentcombustion modeling is
correctly approximatingthe coupl'.mgbetween reactive and diffusive.processes on the
smallest scales. Future progress m combustordesign is very promtsmg if modeling
capabilitiesarefurtherextended so that detailata freer level of structurecan be predicted.
To be sufficientlyaccurateto be used as designtools, these models and their corresponding
computational codes must includeboth chemistry, fluid mechanics,and their interactions
over a broadrangeof time andlength scales.

While fluid-mechanicalturbulencemodels and detailed-chemistryflame models in simple
flows aresolvable on standardvector supercomputers,the combinationof turbulentflow
and detailedchemistry in the same model requiresthe next generationsupercomputer:the
massively parallel machine. We have investigated a probabilitydensity function (PDF)
code for ajet flame diffusion problem. ThePDF algorithm involves mostly Monte Carlo
calculations and is highly amenable to an efficient parallel implementation. A toolkit
approachis used to partition the algorithmic portions of the code (e.g. equation solver,
MonteCarlosimulation)fromthe applicationspecificcode.

Parallel Architecture:

Existingtoolsfor parallelsoftwaredevelopmentgenerallyfall into two categories:1) high-
level toOs and compilers that hidethe paraUelizationdetails, makingthem easy to use but
also hidingthepitfalls thatlead to bottlenecks;or, 2) low-level toolsfor messagepassing
thatcreatescalable code, butrequiredetailed knowledgeof algorithms and software that
aredifficultfor the non-systemsprogrammerto use. Thepurposeof our approach,thatof
a toolkit,is to allow a physicalscientistto createan integratedandscalableapplicationcode
that transparentlyaccesses parallel computingresources and avoids the traditionalpitfalls
associatedwith parallelcomputing. The toolkitis ahigh-level object-orientedframework
forparallelcomputingthat is designedfor directintegrationof existing applicationcodes.
It is writtenin C++ in an extensiblemannerthatguaranteesscalablecode.

Chemically Reacting Flow Problem

We have investigated a turbulentdiffusion flame that consists of a cylindricaljet which
injects a fuel into a coflowing airstreamand is ignited. The model is composed of three
parts: the turbulentmotion model, the chemicalreactionmodel andthe couplingbetween
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chemical reactions and turbulence. The downstream exhaust is computed using an
advancinggridbeginningfrom theinletand advancingdownstreamuntilchemicalactivity
is complete. Symmetryallows this problem to be modeled using a one dimensional grid
that effectively representsaradialslice of the cylindrica_tnozzle. The modelis basedon the
probabilitydensityfunction(PDF)approximation.

The algorithmis a piecewise Monte Carlomethod in which the Monte-Carloaspectof the
problem comes from the transport(or mixing) of particles to and from nearest-neighbor
cells. This mixing is a result of fluid-mechanical turbulenceand Fickian diffusion. The
chemistrythataccountsfor most of the computation,is ,localtoeach cell in whichparticles
fromone nodecell arerequired_ocommunicatewith on_lythe rightand leftneighborcells.

The toolkitimplementationbuilds upon a piecewise MonteCarlo(PMC) object. The first
step is to spatially-domaindecompose the lineargrid. The PMC object then exploits the
nearest-neighbordependenceof the physicsof thisproblemand definesthreetypesof cells:
left boundary,right boundary,and interior. The data necessary to computean interiorcell
is the cell itself and its fight and left neighbors. We define a callbackaroundthis called
Inside. It receives threeobjects called Data Racks that hold ali of the data relevant to the
cell and its neighbors. The callback will recover the data necessary to do its computation
by sending messages to the Data Racks and, once the computation is accomplished, the
callback will send a message updating the relevant data in the Data Racks. The two
leftmost cell's Data Racks will be sent to another callback (LBndry)to handle the left
boundary condition. The rightmost two celrs Data Racks will be sent to a thirdcallback
(RBndry) to handle the fight boundary condition. These three routines are sufficient to
accomplish the PDF calculation.

The PMCobject takes care of processor-to-processorcommunicationsuch as updatingthe
ghost nodes (nodes that are overlap processors) and returning the results to a host
processor. Independent callback routines fill out stubs on the PMC object to provide the
physics particularto the PDF problem.

Results

The entire one-dimensional grid of cells plus boundary conditions for the two cells on left
and rightends of the grid compose the Monte Carloportionof the problem and accounts
for 99.3% of the computer time, even with minimal chemistry. At the appropriatetime,
statistics computedfromthe particles distributedover the cells contributeto an update of the
flow field, either as an iteration converging on a steady state or as a time step in a
nonsteady problem. The additionof realistic chemistryincreases the computation required
by 10 to 100 fold.

Through our toolkit, the power necessary to compute PDF chemically reacting flow
problems with realistic chemistry on massively paralleland distributedsystems has been
provided. Moreover, by encapsulatingthe PMCalgorithm in an autonomousobject and
thus insulating the specific physics of a PDF problem from the algorithm, we produce
reusable code thatcan be used on other chemicallyreacting flow problems. Ultimately,the
update of the flow field will require an equation solver; however, in this early
implementation we anticipateavoiding this issue by solving the entireflow field on every
processor. Since this step requireslittle computationand the communication of very few
averagednumbersto each processor,it is expectedthatthe lack of salabilityin this step will
have littleimpact on the speed-up necessaryforthisapplication.

The results, shown in figure 1, are in excellent agreementwith experiment. In the coming
year we will make detailed predictions of species concentrationprofilesand compare with
experiment,as well examining the effects of the moleculardiffusion approximationon the
coupling of thechemistrywith the fluid mechanics.
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Figure 1 shows our prediction for total NO formation in a turbulent diffusion flame
including a complete H2-AIR chemical mechanism. Also included are the experimental
measurementsandpreviousresultsusing a reducedmechanismanda look-up table for the
chemicalcalculations.
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M. L. Koszykowsld, J. F. Macfarlane,andR. C.Armstrong "Achieving Full Chemistry
in CombustionModels Using POET' Proc.of the 1993 High PerformanceComputing
Synposium- GrandChallangeApplications,ArlingtonVirginia,March29, 1993.
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LASER SOURCESAND TECHNIQUESFORSPECTROSCOPYAND DYNAMICS

Andrew H. Kung

ChemicalSciencesDivision
LawrenceBerkeleyLaboratory
Berkeley, California, 94720

Project Scope

This prog:'am focuses on the development of novel laser and spectroscopic techniques in
the IR, UV, and VUV regions for studying combustion related molecular dynamics at the
microscopic level. Laser spectroscopic techniques have proven to be extremely powerful in the
investigation of molecular processes which require very high sensitivity and selectivity. Our
approach is to use quantum electronic and non-linear optical techniques to extend the spectral
coverage and to enhance the optical powerof ultrahighresolutionlasersourcesso as to obtain and
analyze photoionization, fluorescence, and photoelectron spectra of jet-cooled freeradicals and of
reaction products resulting f_m unimolecularand bimolecular dissociations. New spectroscopic
techniquesare developed with these sourcesfor the detection of optically thin and often short-lived
species. F_cent activities centeron regenerativeamplificationof high resolution solid-state lasers,
development of tunable high power mid-IR lasers and short-pulseUV/VUV tunable lasers, and
development of a multipurpose high-ordersuppressorcrossed molecular beam apparatus for use
with synchrotron radiation sources. This programalso provides scientific and technical support
within the Chemical Sciences Division to the development of LBL's Combustion Dynamics
Initiative.

Recent progress

1. RegenerativeAmplificatiolaof Single FreauencvOpticalParametricOscillators We have
demonstratedfor the ftrst time an extremel_¢broadlytun-ableali solid-state single-frequency source
based on an optical parametricoscillator (OPO) regenerativeamplifier arrangement. The source
combines the virtuesof an OPO with those of a solid-state laseramplifier to !?rovidehigh power
jitter-free pulsed radiation that is near-diffraction limited, rapidly and broadly tunable, and very
narrowband. The work is motivated by the desire to have a solid state device that would have
excellent frequency control,and can easily be time-synchronizedto other laser pulses. To achieve
this, we started with a commercialsingle-frequency OPO that is tunable from700 nm to 1000nm
and injected its 2-nsec long pulses into a Ti:A1203 ringcavity. Optics in the cavity were arranged
to operate in the regenerative amplifier mode. Pulse injection and extraction were achieved by
polarizationcoupling using two Pockels cells and a polarizer. A half-wave Fresnel Rhomb served
to spoil lasing in the absence of an injectedpulse. This regenerativearrangementhas the advantage
of being extremely broadband. It relaxes the need for longitudinal and transversemode-matching.
Timing and frequency are controlled by the OPO, while output power and spatial filtering are
provided by the Ti:AI203 resonator. The amplifier output was nearly TEM00. Pulse energy was
measured from 840 nm. to 910 nm. With injection of a 0.5 mJ pulse from the OPO, the output
energy ranged from 40 mJ at 840 nm. to 20 mJ at 920 nm.. The slow fall-off in wavelength
dependence is significant because stand-alone Ti:AI203 lasers and linear amplifiers become
inefficient at 910-920 nm and beyond. This device thus results in a much broader tuning range.
The output photon efficiency was 20% to 24%. Improvements to the cavity should increase this
efficiency since depletion of the Ti:A1203 fluorescence was observedto reach 60%. Addition of a
poweramplifier will boost theoutput energy to more than 100mJ.
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2. Tunable High Power IR Laser Develot_ment The propose of this task is to develop a high
resolution, high power, mid-infrared laser source. The goal is to make available a tunable infrared
laser that is suitable to use in research on multiphoton excitation and dissociation experiments, lt
has been commonly recognized that understanding the photodissociation dynamics and reactivity of
hydrocarbon free-radicals are essential for understanding the combustion processes of fossil fuels.
Infrared multiple-photon absorption will imitate the combustion process in the excitation of reactive
species. IR-UV pump and probe will allow the study of mode selectivity in photodissociation. In
both cases, an intense IR laser is required. The preliminary specifications of the IR laser are as
follows: tuning range, 3 to 10 microns, pulse energy 10 to 100 mJ, wavelength stability 1 in 104,
and transform-limited resolution.

Three approaches were evaluated for this development, ali involving non-linear optical
techniques to convert fixed frequency or tunable high power visible or near-lR lasers to the mid-
IR: difference frequency mixing, optical parametric oscillation (OPO), and Raman shifting, lt was
clear that a fourth approach, direct lasing, is not feasible because no suitable material is available.

Crystal materials that are transparent in the mid-lR generally have low optical damage
thresholds. This investigation therefore focuses on using Raman shifting in gases as the
wavelength conversion stage. Gases can be replenished easily if needed. Previous studies have
shown that good conversion can be achieved in a multi-pass Raman cell of H2 and its isomers.
Furthermore, the monochromaticity and spatial quality of the input can be preserved. Our
calculation shows that a 20 pass Raman cell operating with 10 atm. of H2 will be required to obtain

powerful IR radiation down to 8 microns. Generation at 10 _tm becomes problematic due to
decreasing Raman gain and inception of H2 dimer absorption.

For a preliminary study, we have constructed a high pressure Raman cell using second

order Stokes in H2 to produce lR in the region of 2 to 4 _tm. The cell was tested for 600 psia
operation. It was placed in a cavity of two 1" diameter concave copper mirrors that are separated
by -.2m to effect multiple passing of a pump laser beam. We have chosen an external mirror
arrangement because it simplifies the initial multipass alignment procedure. Successful second
Stokes generation has been obtained with this cell using a Ti:sapphire based pump laser. In this

preliminary study, 0.5 mJ of 3 I.tm radiation has been produced using 10 mJ of incident pump
energy. With optimization of the Raman process and use of full power from the OPO regenerative
amplifier system that is being developed for this project, we should meet the goal of obtaining > 10

mJ in the 3 _tm region.

3. Multitmmose high order sut_t_ressor_,and crossed mole Studies on
high-order suppression of undulator light have shown that a combination of reflection filtering and
rare gas filtering will provide a spectralpurityof better than 1/100,000 for the energy range of 5-30
eV. The reflection filters cut off photons with energy higher than 30 eV and the rare gas filter then
serves to absorb unwanted orders from the undulator emission. We have f'mished the engineering
design of a gas filter. The filter employs an active length of 10 cm and is for use with a maximum
gas pressure of 30 Torr. It is embedded in a multipurpose triply differentially pumped chamber
that features a flexible design. By placing a rare gas tube in the center of the chamber the machine
will serve as a high-order suppressor. Alternatively, when a rotating pulsed molecular beam
source is placed in the center of the chamber, it can be used as a photodissociation apparatus.

Future Plans

Development of the regenerative amplifier continues with measurements to determine the
full tuning range of the device. A booster amplifier is being incorporated to increase the device
output energy by a factor of ten. With this pulse energy, the device will be suitable for use as the
front-end of the tunable IR system.
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Investigation in using highorder Raman shifting to generate high power tunableIR is in
progress. We are optimizing the use of the external cavity multipass cell to generate 2 to 4 gm
radiation. This will provide us with a preliminary IR source to s,udy the spectroscopy and mode-
selective dissociation dynamics of hydrocarbonfree-radicals. In order to reach the ultimate goal of
making 5-8 gm mid-IR radiation, we aredesigning a multipass cell with internal mirrors for third
order Raman shifting. A large number of passes is necessary to reach threshold for Raman
conversion since the Raman gain falls off significantly as the IR wavelength gets longer. In
addition to H2, we axe also investigating using HD and D2 as the medium for efficient conversion.

Development of the multipurpose chamber is proceeding with the desiga of a versatile
rotating source chamber that fits into the main chamber of the high-order suppressor. When
mounted at the top of the main chamber, the source chamber supplies rare gases for high-order
suppression of undulator radiation. This source chamber can also be utilized to produce free
radicals by photolysis in front of a pulsed nozzle or by pyrolysis in a nozzle attached to the
chamber. As another option, two such chambers can be fitted to the main chamber to form a
crossed-beam machine for studying scatteringexperiments.

Recent Publications:

A.H. Kung,RegenerativeAmplificationof a Single-FrequencyOptical ParametricOscillator, Opt.
Lett., (submitted).

E.F. Cromwell, D.J. Liu, M.J.J. Vrakking, A.H. Kung, and Y.T. Lee, Dynamics of H2
Elimination from Cyclohexadiene, J. Chem. Phys. 95, 297-307 (1991).

A.H. Ktmg and Y.T. Lee, Spectroscopyand Reaction Dynamics Using Ultrahigh Resolution VUV
Lasers, in Vacuum Ultraviolet Photoionization and Photodlssoclation of Molecules
and Clusters, C.Y. Ng, editor, World Scientific Publishing Company, Singapore (1991),
pp.487-502.
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Dynamics and Structure of Stretched Flames

ChungK. Law
Departmentof MechanicalandAerospaceEngineering

PrincetonUniversity,Princeton,NJ 08544

Program Scope
The programaims to gainfundamentalunderstandingon the structure,geometry,_d dynamicsof
laminarpremixedflames, and relatethese understandingto the practicalissues of flame extinction
and stabilization. The underlyingfundamental interest here is the recent recognition that the
response of premixed flames can be profoundlyaffectedby flame stretch,as manifested by flow
nonuniformity,flame curvature,and flame/flow unsteadiness. As such, many of the existing
understandingon the behaviorof prernixedflames need to be qualitatively revised. The research
programconsists of threemajorthrusts:(1) Detailed experimentalandcomputational mappingof
thestructureof aerodynamically-strainedplanarflames, with emphasison the effects of heatloss,
nonequidiffusion,and finiteresidencetime on the flame thickness,extent of incompletereaction,
andthe state of extinction. (2) Analytical studyof the geometryand dynamicsof stretch-affected
wrinkled flame sheets in simple configurations, as exemplified by the Bunsen flame and the
spatiaUy-periodicflame, with emphasison the effectsof nonlinearstretch,the phenomenaof flame
cusping, smoothing, and tip opening, and their implicationson the structureand burningrateof
turbulentflames. (3) Stabilization and blowoff of two-dimensional inverted premixed and
diffusion flames, with emphasis on understanding the controlling mechanisms of flame
stabilizationand determiningthe criteria governingflame blowoff. Theresearchis synergistically
conducted through the use of laser-based diagnostics, computational simulation of the flame
structurewith detailedchemistryand transport,andmathematicalanalysis of the flame dynamics.

Recent Progress
Useful contributions have been made in understandingthe structureof laminar premixed and
diffusion flames, with emphasis on the influence of aerodynamics and chemical kinetics.
Highlightsof some of these accomplishmentsarebrieflydiscussedin the following.

Effectsof Curvatureon Diffusion FlameExtinction
Although considerable understanding has been gained on the properties of stretched

premixed flames, studies on stretched diffusion flames have been limited to effects of
aerodynamicstrainingon the planar counterflowflames. Since flames in practical situationsare
seldom planar,as in the case of the laminar flameletsin turbulentdiffusion flames, it is of interest
to study the effects of curvatureon the burningintensity of diffusion flames. In this study we
adoptedthe tip of the Burke-Schumannflame as a representativecurved flame. An asymptotic
analysis of the flame structure in the tip region showed that increasing the flame curvature
facilitatednear-complete reactionand therebyenhancedthe burningintensity. Consequently,for
unityLewis numberflames, increasing the flow velocity reduced the flame radius and thereby
tendedto inhibittip opening;Lewis number(Le) is defined as the ratioof the thermaldiffusivityof
the mixture to the mass diffusivity between the deficient reactantand the inert in the mixture.
Experimental results using near unityLe acetylene/airflames agreed with the predictedflame
geometryand its inabilityto achieve tip opening. Tip opening, however, could be achieved by
usinga sub-unityLe fuel streamof hydrogenandcarbondioxide, whichcaused a generallowering
of the flame temperaturein the entireflame tip region. Furtherexperimentationthenconfirmedthe
theoretical result that negative stretch, in the form of compressive flame curvature,promoted
burningandtherebyretardedextinction.
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Dual ExtinctionStatesof Radiation-AffectedFlames
Existing understanding of flame extinction is based on the concept of the Damk_Shler

number,Da, defined as the ratio of the characteristic flow time to a characteristic reaction time in
the flame. Thus for a steadily-burningflame, decreasingDa reduces the avvilable time for reaction
and thereby promotesextinction. The viability of this concept has be.enextensively demonstrated
both theoreticallyand experimentally. Suchan understanding,however, is based on a conservative
system in that in the reaction-sheet limit the flame temperatureis the adiabatic flame temperature.
A combustion system is nevertheless inherently nonadiabatic du'_to radiative loss from the flame
as well as the hot surfaces which may be present in the system.

The subtlety here is that radiative heat loss is a volumetric process and its loss rate
frequently increases with increasing system dimension and thereby the flow time. Thus wl'.ile
increasing the systemDa allows more time for chemical reaction to proceed, it also leads to more
heat loss and therefore reduces the flame temperat_a'e. With sufficient reduction in the flame
temperature,extinction can conceivably also occureven with the increase in the time available for
reaction.

Combiningthe aboveconsiderations,we have theore'icaUydemonstratedthat burningcan
exist only for a range in Da, boundedby a kineticaily-controlledDa on the lower limit and a loss-
controUedDa on the upper limit. When these two limits coincide, steady burning is not possible.

Theory of FundamentalFlammabiliwLimits
While "flammability limit'; has a long and prominent history in the description of

combustion phenomena, a clear and unique fundamental definition, which will also allow for its
unambiguous theoretical and experimental "letermination, has yet to be identified. As a
consequence, the term "flammability limit" has been widely and loosely applied to diverse
situations of unsustainable combustion, many of which represent only limits of flame extinction.
Clearly, if flammability limit is indeed a useful fundamental concept, then a combustible
fuel/oxidizer system can have only a lean limit and a rich limit, which occur at two distinct
concentrations. As such, these two flammability limits should be unique physico-chemical
properties of a combustible system, h_dependentof such external influences as conductive and
convective heat loss, aerodynamicstraining,gravity-relatedphenomena,etc.

In view of the above considerations, the configuration based on which flammability limit
can be usefully defined is the state at which steady propagation of the one-dimensional, planar
premixed flame in the doubly-infinite domain fails to be possible. The two omnipresent, system-
independentprocesses which could cause extinction of such a flame areradiativeloss and the chain
branching and termination reactions in the chemical reaction mechanism. While radiative loss is
an obvious extinction mechanism, extinction due to chain reactions can be anticipated from the
following consideration. That is, as the flammabilitylimit is approached, the continuous reduction
of the flame temperature weakens the temperature-sensitive branching reaction relative to the
tem'finationreactionwhich is in general less temperaturesensitive. This causes a slowdown in the
overall reaction rate. Eventually the flame can be so weakened that it is extinguished by system
perturbationswhich are invariablypresent.

In this study the flammability limits of many mixtures were first experimentally
determinedby measuring the extinction limits of stretched,counterflow flames and extrapolating
the results to zerostretch. Extensive determinationswere conductedfor the lean_and rich limits for
mixtures of methane, ethane, ethylene, acetylene, and propane with air, and for the effects of
dilution, inert substitution, and chemical additives. In the theoretical investigation, the one-
dimensional planar flame propagation was first simulated with detailed chemistry and transport,
but without radiative heat loss. The sensitivity of the dominant chain termination reaction to the
dominant chain branching reaction was continuously monitored as the concentration of the
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deficient reactantwas reduced. Extinctionwas assumed to occurwhen the normalizedsensitivity
reachedunity. The predictedvalues agreedwell with the experimentaldata. Furthermore,a study
of the characteristicsof the chain mechanismsfor differentmixtures also explained some well-
known anomaliesconcerningflammabilitylimits.

In a follow-up investigation, radiative heat loss was included, and the characteristic
extinctionturningpointwas obtained. A particularlysignificantresultfrom this study was that, at
the state of the heat-loss induced turning point, the norm_ized sensitivity of the chain reactions
also assumed the unity value. This therefore provides a unified interpretation of the flammability
limits based on both the physical process of heat loss and the chemical process of chain
termination. That is, as the flammability limit is approached, the overall reaction is weakened due
to the increased importance of the chain termination reaction. The heat release rate is eventually
reducedto suchanextent thatradiativeheat loss becomesimportantand leads to flame extinction.

Flame StabilizationandBlowoff
Two contributions were made in this endeavor. First, we have provided a comprehensive

review on the fundamental physico-chemical mechanisms governing the structure and stabilization
of premixed and diffusion flames in subsonic and supersonic flows. Specific topics discussed
included the ignition of combustibles in homogeneous and diffusive media, the extinction of
premixed and diffusion flames through reactant leakage, heat loss, and aerodynamic stretching, the
stabilization and liftoff of burner-stabilized and rim-stabilized flames, and the various proposed
mechanisms for the stabilization and blowout of jet diffusion flames. The fundamental similarities
and differences between thevarious critical phenomenaare indicated,and potential research topics
suggested.

The second project basically started our research endeavor on the understanding of flame
stabilization and blowoff. To appreciate the approach we have undertaken, we first note that the
mechanism with which a Bunsen flame is stabilized at the burner rim is generally considered to be
well established. The concept is based on the existence of a dynamic balance between the local
flow velocity and flame velocity at a certain point on the flame surface, and the ability of the flame
to adjust its velocity, and thereby the location of stabilization, through heat loss to the rim.
Blowoff occurs when such a balance cannot be achieved everywhere over the flame surface. This
mechanism has served as the fundamentalconcept in flame stabilizationin other situations.

In the stabilization mechanism just described, heat loss to the burner rim is the only factor
that can modify the flame speed. However, recent studies on the general structure and response of
laminar flames have conclusively demonstrated that the burning intensity of the flame can also be
significantly modified by the extent of flow nonuniformity, flame wrinkling and unequal
molecular diffusivity of the system. The presence of these additional factors offers enhanced
flexibility for the flame to achieve stabilization, and significantly enriches the phenomena of flame
stabilization and blowoff.

Perhaps the most intriguing question to ask then is whether flame stabilization can be
achieved in the absence of heat loss, through the modification of the flame burning intensity by

,_ other factors. To explore this possibility, an inverted flame experiment was conducted. Here a
thin rod was placed coaxially in a uniform flow of combustible mixture. If the flow velocity was
not large, upon ignition an inverted (Bunsen) flame could be established downstream of the trailing
edge of the rod. With continuous increase in the flow velocity, the flame would recede from the
rod and would be eventually blown off. The extent of heat loss from the flame base to the
stabilizing rod was determined by measuring the temperature in the stabilizing region between the
flame base and the rod by using both thermocouplesand laser Raman spectroscopy.

The results showed that when the flame base was moderately away from the rod, the
amount of heat transfer to the rod was essentially negligible. This therefore demonstrated that



flame stabilization could be accomplished through flame stretch and nonequidiffusion effects, in
the absence of heat loss. A theory was subsequently formulated based on the dynamic balance
between the local flame and flow velocities. The results showed that such a balance could indeed
be accomplished.

Future Plans
During the course of this program, we have come to recognize the versatility of studying the
response of premixed flames in complex flow felds by treating the flame as a hydrodynamic
interface, whose local rates of propagation are affected by the local hydrodynamic states of flow
nonuniformity, flame curvature, and flame/flow unsteadiness. For the proposed program we shall
therefore focus our study on the dynamics of laminar premixed flames. The study will have the
following three major thrusts: (1) The response of a planar flame to aerodynamic straining will be
studi¢:l in the counterflow configuration. The issues to be addressed are the structure and
thickness of the flame when subjected to varying stretch, the effects of heat loss and
nonequidiffusion, and the mechanisms of extinction. (2) The behavior of wrinkled flames in
simple flow fields which are of relevance to the modeling of turbulent flames through the concept
of laminar flamelets. Specifically, we shall study the geometry and the tip opening phenomenon
of the Bunsen flame to identify the influence of flame curvature, and the response of the flamelets
in spatially-periodic flow fields. (3) Continuation of the present effort in flame stabilization in
order to obtain a unified description of the mechanisms of flame stabilization and blowoff.
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Molecular Beam Studies of Reaction Dynamics

Yuan T. Lee
Chemical Sciences Division

Lawrence Berkeley Laboratory
Berkeley, California94720

Sco_ of Project

The major thr_t of this researchproject is to elucidatedetaileddynamics of simple elementaryreactions
that are theoretically importantand to unravel the mechanism of complex chemical reactions or photochemical
processesthatplayimportantrolesintony macroscopicprocesses.Molecularbeamsof reactantsareusedtostudy
i_tdividualreactive encounters between molecules or to monitor photodissociation events in a collision-free
environment. Most of the informationis derived frommeasurementof the product fragmentenergy, angular, and
state distributions. Recent activities are centered on the mechanisms of elementarychemical reactions involving
oxygen atoms with unsaturatedhydrocarbons,the dynamics of endothermicsubstitutionreactions, the dependence
of the chemical reactivity of electronically excited atoms on the alignment of excited orbitals, the primary
photochemicalprocesses of polyatomicmolecules, intramolecularenergytransferof chemicallyactivated andlocally
excited molecules, the energetics of free radicalsthatare importantto combustionprocesses, the infrared-absorption
spectra of carbonium ions and hydratedhydroniumions, and bond-selective photodissoclation through electric
excitation.

CurrentResearchandRe_ent Results

A. Primary Dissociation Processes

I. lR spectroscopy of ionic comolexes of CH_.. Ionic complexes of CHs*havebeen investigated usinginfrared
spectroscopy based upon vibrationalpredissociation. We studied CHs.(H2)and CHs*(CH4)o(n= 1,2,3) in the
frequency region from 2650 - 4150 cm"1with 0.2 cm"1resolution. In the lR spectraof CHs.(H2), the vibrational
bands of the CHs*group have been observedfor the first time. They appearedas one broad feature which may
indicate the floppy natureof CHs*. Also, the H-H stretchingband of H2in CHs*(Hz)appearedas a rotationally
resolved featurewith line splitting and two anomalously intense peaks. Now we continue to study these features
using a higher resolution IR laser in orderto get infomuUionon the structureand intramoleculardynamics of CHs*
as well as CHf(H2). In the lR spectraof CHs°(CH4)o(n= 1,2,3), a trendin the frequency shifts and changes in
intensity of the C-H stretchingbands was foundas the size of complexes increases fromn = 1 to 3. Fromthe trend
we were able to get informationon the solvation structureand dynamicsof CHs*with CH4.

2. VI,rVPhotochemistryof Sn_ll MolCfule_. Using a new high power VUV excimer laser operatingat 157
nra, the photochemistryof CO2,SO2,Sill4, CH3Ci,CH3Brand CH2BrCIwas studied via the photofragmentation
translationalspectroscopy technique.

InCO2photolysisan interestingspin-forbiddenprocesswas observed,leadingto CO+ o(3p) products.The electronic
branchingratio O(3P)/O(tD) was foundto be 0.06. The vibrationalbranchingratiofor the CO(v) + O(_D)was found
to be [CO(v=0)]/[CO(v=l)] = 1.3. In the photolysis of SO2,a channelleading to S + O2products was observed, as
well as theexpected SO + O channel.The molecules CH_ (X= Br, Cl) were shown to eliminate H, X and HX upon
irradiationat 157nra.In addition, the molecule CH2BrCIwas found to eliminate molecular BrCI.

The photochemistryof Sill4 is interestingand relevant to the microelectronics industry (i.e. laser chemical vapor
depositionof silicon thin films), lt was previously thoughtthat Sill4 decomposesthroughH atomelimination to form
the Sill3radical.We have shown, however, thatmolecularH2elimination,formingtheSiHfA0 diradicalis a major
channel, thus altering our view of sUane photochemistry.
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3. PhotodissociationDynamics of ClOt. The photochemicaldecompositionof the symmetricchlorine dioxide
radical (CIOz) in the atmosphereis of potentialimportancein the balanceof global ozone. However, there has been
considerable uncertainty regarding the excited state dynamics of this molecule. Two chemically distinct
photodissociationpathways are thermodynamicallypossible upon electronic excitation at wavelengths shorter than
496nm:

OCIO --, CIO(_TI)+ O(3P) (1)

-_ CI(2P)+ 02(3_'I,'as) (2)

Althoughit hasgenerallybeen believed thatchannel(1) dominates,therehas beenconsiderablecontroversyregarding
the possible existence of channel (2) since it leads to catalyticdecompositionof ozone in the atmosphere. Although
a numberof groups have attemptedto determine CIatom quantumyields and identify the electronic state(s) of the
O2molecule, the results have been largely inconclusive. We have studied the dynamics of these processes using
photofragment translationalenergy spectroscopywith a tunableexcitation laser and have clearly observed both
fragmentpartnersfor both channels.

Although the CI+ 02 channel is relatively minor (<5%),we fred thatboth electronicstates of 02 areformed in the
dissociation process with comparable yields. The CI + 02 channel results from a concerted unimolecular
decomposition with a large fractionof the excess energychanneled into relative translationalmotion.

The CIO2(A2A2_--_BI)absorptionspectrumpossesses a well defined progressionprimarilyresultingfromexcitation
to the (vl,0,0),(vl,1,0),(vi,0,2), and (v1,1,2) levels of the excited electronic state. It is thus possible to preparethe
electronically excitedmolecule in variouswell defined vibrationallevels. We observea considerabledegree of state
specificity in the photodissociationdynamics. Excitationof the symmetricbending or symmetricstretching modes
of OCIO (A2A2)leads to CI + 02 with a quantumyield of severalpercent. However, excitation of an asymmetric
stretchingmode at nearly the same energy leads to <0.4% yield of CI + O,. Such mode specificity in branching
ratios for chemically distinct productsis extremelyunusual.

B. ReactionDynamics

1. Ozone Reactions with Br, CIAtoms. BrOand CIO radicalspecies play very importantroles in the catalytic
destructioncycles of ozone in stratosphere.To further understand the mechanismsof these two importantreactions,
we have carried out the crossed molecular beams studies on these two systems.

CI + O_--, CIO+ O_(AI-I° = -39.0 kcal/mole) has been studiedat four differentcollision energies from 6 kcai/mole
to 32 kcal/mole. The CI atomic beam is generatedby thermaldissociationof C12in a high temperaturegraphite
nozzle source. The CIOproductangu_ distributionand time-of-flight (TOF)distributionhave been measured at
each collision energy. In general, our results show thatthere is a large translationalenergy release in products and
productCIO is scatteredin a wide range of angles. With collision energy increased,CIO lab angulardistributions
peak more in the forwarddirectionwith respect to CI atom. In the center-of-mass(CM) frame, the translational
energy release is large andaccounts for40-60% of the totalavailableenergy. Furthermore,the translationalenergy
release is coupled with the center-of-massangle, the kinetic energy releaseat the smallCM angle is largerthan that
at the large CM angle. With the increaseof the collision energy, the fraction of the total energy channeled into
translationis increasedand the differencebetween the fast andslow kinetic energyreleases becomes largeras weil.
The center-of-massangular distributionis predominantlysidewayspeakedand moves to more forwarddirectionwith
the increaseof the collision energy. The reaction CI+ 03 is a direct reactionand the CI atom is likely to attack the
ozone molecule in the coplanar approach.The variedapproachesof the Ci atom towardthe ozone molecule would
lead to a wide range of scattering angles and also the differenttypes of kinetic energy releases.

The semi-empiricalcalculation by Murrellandco-workersuggested thatthe CIO productwould he mostly forward
scatteredwith respect to the CI atom when CI approaches the ozone molecule in a collinear pathway. The
translationalenergy release in the productswas predicted to be - 50% of the total available energy. Ourresults
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qualitatively agree those from the semi-empirical calculation, however, an ab initio calculation on CI + 03 system
is going to be very helpful.

Br + O, _ BrO + O, (AH° = -30.8 kcal/mole) has been inv_tigated at five different collision energies from 5
kcalhnole to 26 kcal/mole. BrO product angular distributionand TOF dis_bution have been measuredat each
collision energy. The results from Br + G_ reactionare very similar to those of CI + 03 reaction. There is again a
large translational energy release in products peaking away fromzero and that product BrO is scattered in a large
range of angles. With collision energy increased, BrO lab angulardistributionspeak more forward with respect to
Br atom. Preliminary analysis for this reaction at 18kcal/molecollision energy shows that thepre4uct kinetic energy
release is in the range of 35%-50% of the total available energyand it is also dependent on the CM scatteringangle.
The BrO center-of-mass anguleadis_bution peaks at 65* in the CM frame. It seems that both Br + O3reaction and
CI + O3reaction are involved with very similar mechanisms.

Ozone reactions with I atom and NO molecule (I + O__ I0L+ O_and NO + O_ _ NO_.+ O_) are also important in
atmospheric chemistry and will be carried o_.taccordingly.

2. D.+ Hr.-'* DH(v,J) + H Reactive Scattering. Over the past few years we have set up a new crossed
molecular beam machine to study rotationally state-resolved differential cross sections for the hydrogen exchange
reaction D + Hz -> DH(v,J) + H. A beam of D atoms is generated by laser photolysis of DI and crossed with a
pulsed molecular It: beam. DH reaction products are state-specificaily ionized a few centimeters downstream from
the crossing point using Doppler-free (2+1)R_eso nce-FnhancedMulti-Photon Ionization (REMPI), and imaged onto
a position-sensitive detector. By varying the time delay between the D-atom generation and the DH detection, we
can nmp out the angular distribution of a specific ro-vibrational DH product state.

In the past year we have observed the first state-resolved Dtt ° signal which depended on both the operation of the
DI and H_pulsed jets as well as the operation of both theDI photolysis laser and the DH d_tection laser, as rt.quired
for D + Hz reactive signal. A surprising observation in the experiments has been the oet.xtrrenceof abundant DH
formation believed to be result from collisions of D atoms produced in the DI photolys':svolume, with various metal
surfaces in the experiment, such as the differe||tiai wall between the DI chamber and the Hz chamber. Th_ source
of DH be.ckground w_s not observed in the earlier D + Hz experimentscarried out about five years ago in tl_s group
on one of the universal crossed molecular beam machines. Some progress has been made towards reducing this DH
background.

The conditions under which the D! and Hz pulsed molecular beams need to be operated have been tested in detail.
For the DI pulsed jet we have determined theoptimum pressure and timing conditions that ensure the generation of
an hatense D-atom beam with a narrow velocity ahd angular distribution. A range of different Hz source
configurations flare allowed us to deplete up to 70% of the D atom beam intensity.

The success of .mr new D + Hz experiment relies to a large extent on thedetection sensitivity for DH molecules that
can be achieved. Using Doppler-free (2+1) REMPI with a cotmterpropagating ultra-violet laser beam arrangement,
we have achieved a dete.ction sensitivity for molecular hydrogen better than 104molecules/cc/qnantum state. With
this detection sensitivity we anticipate differential cross section measurements with countrates of several ions per
las_,_'shot.

3. C! Atom Reaction with NO_ Molecule. The endothermic reaction CI + NOz --+ CIO + NO (AH°= 8.6
kcal/mole) is the reaction to connect NO, and CIO, groups in atmospheric chemistry. Because CINOz is a stable
molecule, a collision long-lived complex is expected to form in this reaction. By the unique feature of the crossed
molecular beam experiment, collision energies could be adjusted to probe the energy dependence of reaction
probability in this endothermic reaction. Threshold region could be well studied by lowing collision energy.

We have studied this reaction at three different collision energies from 2 kcal/mole above the threshold to 15
kcal/mole above the threshold. The.,CIOproductCM angulardistributionshave the forward-backward type _ynunetry
which clearly confirms that Ci + NOz reaction proceeds through a long-lived complex. With the increase of the
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collision energy, the forwardcomponentin the CM angulardistributionis also increasedwhich might demonstrate
the transitionfroma long-livedcomplex mechanism to adirectreactionwith the shorteningof thecomplex lifetime.

Future Plans

A. Primary Dissociation Processes

1. Prinmry Dissociation c_.'_ydrocarbonsby IR MultiphotonExcitation. With the proposed developmentof
a high power IR laser covering 2-51x,it w_ be possible to deposit a large amount of energy by multiphoton
excitation throughC-H or O-H stretchingvibration. Primarydissociation of larger hydrocarbonscontaining6-10
carbonatoms will be investigated. Of special interest will be the dissociation of various isomers.

2. Investigationof Energy Flow from High FrequencyModes to Low Frequency Modes in Unimolecular
Decomposition. The relative efficiencies of energy flow among high frequencymodes and low frequencymodes
can be examined if a molecule can be found which contains two weak chemical bonds of comparable bond
dissociation energies and one of the dissociating bonds is coupledstrongly to high frequency modes and the other
to low frequency modes. CH3CHsOH+ satisfies these conditions. This molecule has two dissociation channels
forming CH3CHOH++ H, and CHsOH++ CH3. These two channelsof either H atom or CH3radicalremoval from
the centralC atom arecompetitive and requireabout20 kcal/mol of energy. If O-H stretching vibration is excited
by a direct overtone excitation beyond the dissociation energy level, the branchingratio measured as a function of
excitation energy will reveal the natureof energy flow fromthe high frequencyO-H stretchingmode. If the energy
is indeed fwstdistributedamonghigh frequencymodes before flowing into low frequencymodes, one would expect
a C-H bond ruptureto dominate, contraryto the results expected from a statistical theory.

Comparisonof the results of this experimentwith those c,_another experiment in which CH3CHsOH+ is deposited
with the same amount of internalexcitation with differen_initial conditions will be very revealing. We intendto
pursue this by selecting the internalenergy of CH3CHsOH+ by using the ion-electroncoincidence technique.

3. II and H_ Elimin_ti0n from HydrocarbonFr_o Radieal_Excited by UV Photons. Understanding the
energetics and decomposition pathways of hydrocarbonfree radicals is crucial to describing combustionprocesses.
Despite their importance,the dissociation of these species has not been studied extensively using molecular beams.
Underthe collisionless conditionsof the molecularbeam elucidationof the pfimm7 processes thatare a resultof the
intrinsicdynamics of the dissociation is feasible. The developmentof molecular beam sources that can generate a
high numberdensity of these transientspecies shouldallow theirdetailedstudyusing the techniqueof photofragment
translationalspectroscopy. The loss H and Hs are the major dissociative pathways of simple hydrocarbonfree
radicals and, therefore, the recent modificationof one crossed laser-molecularbeam machine to allow detection of
the H and H2 photofmgments is an important improvement. The advent of H and Hs detection to our
photodissociation apparatusshould not only facii:mte the study of these radicals but also allow unambiguous
determinationof the productbranchingratios. Since H and Hs eliminationare the only energetically accessible
channels, reinvestigadon of methyl radical photodissociationat 193 mn is planned as the lh'st system. Propargyl
(C3HOradical is one of the simplest conjugated free radicalsand is postulatedto be importantin the formationof
aromaticcompounds, such as benzene, in flames. The photodissociationof propargylradicalis, therefore,important
in understandingthepropertiesof combustionintermediates. Ethyl radicaland vinyl radicalwill also be investigated
to determined their dissociative properties.

B. Reaction Dynamics

1. Reactio_ 3f CH_with Unsaturated Hydrocarbons. Radicaladdition to unsaturatedbonds is the primary
mechanism in n_ostchain polymerizationsand is also importantin the formation of soot in combustion processes.
The recent development of a novel molecule.r'beamsource, capableof generating an intense numberdensity of
methyl radicals, presents the possibility of studying the dyqamics of reactions involving CH3 and unsaturated
hydrocarbons. Although the H atom addition to ethylene is more rapidthan to acetylene the trendis reversed for
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CH3addition. This has been attributedto a largerpre-exponentialfactor for the CH3+ C2H2 reaction, offsetting the
increase in the activation energy. Ab initio calculationsagree qualitativelywith these findings and suggest a late
activationbarrierto both of these reactions. Clearly these importantreactions need to be examined under crossed
molecular beams conditions to experimentallydeterminethe thermodynamicsand activationbarriers.

2. Reactionof O(ID_withMethaneandEthane. The dissociationof 03 in the throatof a pulsemolecular beam
source using He as a carriedgas is an excellent way to producean intense pulsedO(_D) team. The reactions of
O(_D)with methaneandethanewill form highlyvibrationallyexcitedmethanolandethanolas reaction intermediates.
These intermediateswill dissociateby eliminatingOH,H, 1-12or H20. The highly vibrationallyexcited methanoland
ethanol are also reaction intermediatesof the reactionsof CH3and C2Hswith OH. Radical-radicalreactions are
extremely difficult to pursuein a crossed molecularbeamsexperiment. However, in these cases, the same reaction
intermediates can be preparedby the insertionof O(ZD)into C-H bond. When a high power lR laser becomes
available it is also possible to investigate the dissociation of methanoland ethanols by the IRMPDapproach.

3. HeterogeneousReaction of Atoms withSolid Surfaceand ChemisorbedMolecules. In the scatteringof H
atom with LiF, surprisingly,the formationof HF productswere observed. With our new beam surface apparatus,
we intendto carryour systematic investigationof reactionsof solids withgaseous atoms and radicals. Three types
of reactionswill be pursued: (1) Reactions of CI, O andH with graphite;(2) reactionsof chemisod_edC2H,t on Pt
with variousatoms; and (3) reactionand decompositionof CH_on a metaloxide surfacewith or without continuous
exposure to a streamof 02 for the understandingof catalytic oxidationof CH,.

4. Pulse Pyrolysis of OrganometallicTransitionMetals for Crossed MolecularBeam Studies of Transition
Metal Atoms. Because of extremelylow vaporlxessures, the productionof an atomicbeam of transitionmetal from
the vapor is extremely difficult. The laser ablation was often used for the production of cold transition metal
clusters. However, the intensity is ratherlimited for carryingout a crossed molecular beams experiment.

A possible alternativeway of producingan intensivetransitionmetalatombeamis by the pyrolysisof organometallic
compounds during the pulsed supersonic expansion. The heated tube for pulsed beam expansion has to be of
sufficient temperatureto induce complete dissociation,and even if some of the transitionmetalatoms are condensed
on the heaterinnersurfaceduring the expansion,it shouldre-evaporateduringthe off cycle. A pulsedbeam source
capable of operatingat 3000°C will be needed for this purpose.
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Time-resolved Fourier transform infrared emission experiments are used to
study photofragmentation processes, single collision reactions, energy transfer
events, and laser-initiated radical-radical reactions. The apparatus unites a
commercial FTIR spectrometer with a high repetition rate excimer laser. Fringes of
the He:Ne reference laser are used for the time synchronization of the FTIR as the
mirror sweeps. The zero crossings of these fringes are also used to trigger the
variable repetition rate laser with a chosen delay time. Following a short delay after
the laser pulse, the analog-to-digital converter samples the signal on the infrared
detector. Thus emissions from the excited fragments of the photolysis event are
recorded with the FTIR at specific time delays after the laser pulse. We also utilize
the capability to multiplex time delays after the laser pulse to obtain several
sequential time-resolved spectra at once.

A number of technical improvements to the apparatus have been developed
over the past year. The variation in the blackbody emission has always been a
problem, requiring the subtraction of two spectra (with and without the laser
excitation), which have customarily been taken at rather different times. Small
variations in the positions of detection elements Can lead to large errors during the
subtraction. A dual boxcar arrangement has been developed to acquire the
blackbody background level of emission before the laser pulse and to subtract this
level from the signal + blackbody emission after the laser pulse. This results in a
reliable, real time subtraction of the background blackbody flux. One of the largest
sources of noise in the experiment is the pulse to pulse fluctuations of the laser. In
addition, we have found that the laser amplitude varies in a systematic way
following the start of each mirror sweep, giving rise to a monotonic decrease in the
laser pulse energy over the course of the mirror sweep. A fast electronic subtraction
network has been designed and is being constructed in the shop to normalize the
output of the FTIR detector with a signal proportional to the total fluorescence
emission intensity. Finally, the phase correction around the zero path difference
center burst has also been a continuing source of problems in the time-resolved
software mode, because the software only permits data to be taken on the positive
side of the center burst. Installation of a small optical fiat to phase shift the trigger
initiated by the white light source (McWhirter and Sievers, Appl. Spectrosc. _ 1391
(1991)) allows the infrared interferogram to be taken on both sides of the center
burst, and thus our phase correction is now done accurately for every spectrum.
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The most recent studies have focused specifically on collision processes, such
as single collision energy transfer, reaction dynamics, and radical-radical reactions.
We employ the FTIR technique in the study of single collision energy transfer
processes using translationaUy fast H atoms, as well as radical-radical reactions, e.g.
CH3 + O, CF3 + H(D), and CI + C2H 5. The fast atoms permit unique high energy
regions of certain transition states of combustion species to be probed for the first
time. A few examples of the results of this work are given below.

Initially, we probed the vibrational and rotational exaltation and alignment
dynamics in a single collision experiment of 2.2 eV (in the center of mass) H atoms
colliding with H20. The fast H atoms are produced by photolysis of H2S and these
atoms collide with H20 in a jet. The water molecules are excited in many
vibrational modes by the 2.2 eV H atom, including the symmetric and
antisymmetric stretch and two quanta of the bend. In the antisymmetric stretch,
there is a dramatic propensity to produce primarily motion about the K inertial
axis, which is the axis perpendicular to the plane of the water molecule, c This Kc
motion strictly defines the collision geometry that leads to the antisymmetric stretch
excitation. From the observed direction of the rotational angular momentum, the
collision that produces the excitation must be constrained to occur approximately in
the plane of the water molecule. Two new theoretical studies have confirmed the
origin of the high degree of alignment in the ¢:ollisions of H + H.O. Theoretical
work by both George Schatz and David Clary, and their associate_, shows that the
planar transition state that leads to the reaction to form OH + H 2 plays an important
role in this dynamics.

Another transition state for H + H 20 may also exist; that is the pyramidal
[H30] species° The pyramidal state will lead to possible exchange reactions, which
can be probed by isotopic substitution, e.g. H + D.O _ D + HOD. The barrier to this
exchange is thought to be quite high; however, t_e energy of a 2.2 eV H atom is
sufficient to probe this surface. In a first series of experiments, we have observed the
result of collisions between H (2.2 eV) and D20 with the FTIR. A strong emission is
observed from the D 20 antisymmetric stretch, but in addition, a weak region of
emission is directly assignable to the OH stretch of HOD. Further theoretical work
was necessary in our group to assign the lines of the HOD species and to characterize
the spectrum. The assignment has been completed and new experiments are
underway to probe the rotational dynamics resulting from these two different
dynamical pathways in H + D20 collisions.

Experiments continue to be carried out on radical-radical reactions.
Previously we characterized the CO(v) product from the CH 3 + O reaction. In a
collaboration with Larry Harding, he has calculated ali the possible transition states
deriving from the CH 30 and CH2OH species. Thus far the calculations do not find
pathways that are favorable to produce CO(v), for example by elimination of H.
from CH.OH followed by decomposition of HOC. The pathways do exist, but t_ey4
are sufficiently high in energy that other pathways might typically be more favored.
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The group of Dave Gutman will attempt new studies on this reaction to probe the
quantum yields of various products, which will hopefully provide additional
insight into this reaction.

The reaction of CI + C2H5 has been studied with a complete analysis of the
HCI(v) product distribution as well as the rate coefficient. The excimer laser is used
to form an initial high density of CI atoms and a smaller density of ethyl radicals
simultaneously from a variety of precursors. We have studied the time evolution
of the HCI product from the addition-elimination process: CI + C2I-Is _ [C2H5C1]
C2H4 + HCI(v). By using two lasers and suitable time delays, we are able to
demonstrate that the vibrafionally excited HCI is formed by the interaction of CI
with ethyl radicals. Sequences of time-resolved FTIR emission spectra have been
acquired, and the risetime of the v=4 state was analyzed to obtain the reaction rate
constant for the radical-radical process. The estimated result is 3.0 ± 1.0 x 10"1°cm3
molecule d s"1,in good agreement with a previous determination of Kaiser, Rimai,
and WaUington (J. Phys. Chem. _ 4094 (1989)), but in strong contrast to the much
slower value of Dobis and Benson (J. Am. Chem. Soc. 112, 1023 (1990), 113, 6377
(1991)). The monotonically decreasing HCI vibrational distribution is characteristic
of an addition elimination reaction (v=1/2/3/4 =
0.3_-0.04 / 0.29-_. 03/ 0.22._.02 / 0.10-£-0.02).

Vibrational distributions and the branching ratios between HF and DF for the
radical-radical reaction between CF 3CH 2 + D are also in the process of being
analyzed. An approximately 3:1 ratio ot HF(v) to DF(v) product gives strong
indication of the addition-elimination mechanism in this case.

Another future set of studies involves the detailed spectra of the methyl
radical, which is being studied following photodissociation of acetone with 193 nm
light. The methyl radical shows a number of hot bands in emission, and the project
involves a characterization of these higher vibrational bands. We are interested in
assigning spectral features and dynamical populations of bands that contain one
quanta of the antisymmetric stretch together with one quantum of the out of plane
bending vibration. We have also observed a combination band which is in the right
frequency range to be due to _imultaneous excitation of the antisymmetric stretch
and the in plane bending vibration. There is little information of the in-plane
bending vibration, and work is continuing on this problem.
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SPECTROSCOPY AND REACTION DYNAMICS OF COLLISION COMPLEXES
CONTAINING HYDROXYL RADICALS

Marsha I. I._ster

Department of Chemistry
University of Pennsylvania

Philadelphia, PA 19104-6323

The DOE supported work in this laboratory has focused on the spectroscopic
characterization of the interaction potential between an argon atom and a hydroxyl radical in the
ground X 211and excited A 2_ + electronic states. The OH-Ar system has proven to be a test case

for examining the interaction potential in an open-sheU system since it is amenable to experimental
investigation and theoretically tractable from first principles.1 E_eranental identification of the
bound states supported by the Ar + OH (X 211)and Ar + OH (A 2_ +) potentials makes it feasible
to derive realistic potential energy surfaces for these systems. The experimentally derived
intermolecular potentials provide a rigorous test of ab initio theory and a basis for understanding
the dramatically different collision dynamics taking place on the ground and excited electronic state
surfaces.

Electronic Spectroscopy Probe of the OH (A 211+) + Ar Potential

Previously unobserved intermolecular levels supported by the OH A 2_ + + Ar potential
energy surface have been characterized by laser-induced fluorescence measurements in the OH A-X
0-0 spectral region. The intensities of electronic transitions to these levels are significantly weaker
than those of the transitions previously reported. Spectral hole-burning experiments have been
conducted to verify that these newly identified features are, in fact, due to excitation of OH-Ar
(X 21I)from its lowest intermolecular level. Among the newly identified features are transitions to
the lowest vibrational level Vs-0,v b-0, the excited intermolecular bending level with two quanta of
intermolecular stretch vs- 2,vb= 1, and intermolecular vibrational levels with two quanta of bending
excitation (vb-- 2).

A comparison of the observed intermolecular levels with the bound states computed for a
semi-empirical potential proposed by Bowman et at 2,3 indicated that the potential could be refined
to improve the agreement with experimental results. The potential parameters have been adjusted
to increase the potential anisotropy by -2% and the steepness of the radial potential in the O-H-Ar
well region by --3%. The bound states supported by the adjusted potential have been calculated
taking into account the electron spin angular momentum of the OH radical.4 The calculated
vibrational energies and rotor constants reproduce to within 1% the rovibrational structure observed
experimentally. Neither the semi-empirical potential nor our adjustments to that potential provide
a good representation of the intermolecular potential at energies close to the dissociation limit. A
theoretical simulation of the OH-Ar electronic excitation spectrum based on the adjusted
intermolecular potential yields an intensity pattern which is consistent with experimental results.

The variation of the adjusted potential with OH--At separation (R) at fixed angles (0) is
shown in Fig. 1. The adjusted potential exhibits a minimum at a linear O-H--Ar configuration
(0 - 0°) with an equilibrium bondlength of 2.8 ,_ and a well depth of 1061.6 cm "1.
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Rotational Pred/ssoc/at|on of OH-At (A 2_+)

Metastable levels of electronically excited OH-At (A 22 +) which/ie as much as 350 cm-I
above the first d/ssociation //mit have also been detected by laser-/nduced fluorescence
.measurements.5 A series of OH-Ar features have been ident/_ed stan/ng the OH A 22 + (v=0,

s theOHA 2_I+ (v= 1,j=05) the j=4•5 threshold. A s/m/lar at

have confirmed that these fluorescence excitation features are due to transitions orxgmatmg from

• +Arasymptote. Hol . . _ p tern of
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the lowest intermolecular level of OH-Ar (X 21I). These metastable levels contain /nternal

rotational excitation of OH and a total energy which exceeds the intermolecular b/nding energy..
The excess energy amounts to as much as 50% of the b/hd/rigenergy. Complexes prepared/n these
levels may predissociate by converting excess OH rotational excitation/hto relative translational
energy of the fragments.

Some of these OH-Ar features exhibit sharp rotational structure with l/newidths on the order

of 01cre "I tr.- , .

• , ue laser bandwidth, h/le other features are si 'l/nebroaden/ng/ndicates that/nter " w .
or faster. The vredi _;_,-.-_ ,., . inal rotational Drediss,v.:,.,--- . gn/f/cantly broadened. "lh..
aresubstantially ss""_",va uretunesof the meta,.:.t.,'_'_'___",vn Is occurringon a 50 s " ""_

shorter than the correspond/rigfeatures associatedwith OH A 2_ + (v= 1).Th_vSC--a_!

l/newidths do no"t t"""_u'c 'eve's c°rrelat/ng with OH AP2_z+m

appear to vary systematically with excess energy above the dissociation thresholds•
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The internal state distributions of the OH A 211+ photofragments produced upon rotational
predissociation of OH-Ar (A 211+) have been evaluated for many of the metastable levels. In these
experiments, a second tunable dye laser is introduced to stimulate downward transitions on
OH A 2II+ - X 21I transitions. When this laser is resonant with a transition originating from an
OH A 211+ rovibrational level populated in the predissociation process, the spontaneous
fluorescence emanating from the OH A 2I]+ photofragments is depleted. The resultant fluorescence
depletion spectrum yields the nascent rotational-vibrationaldistributionof the OH A 211+ fragments.
Initial results indicate a high degree of selectivity in the OH A 211+ product rotational distribution.

Rotational predissociation is induced by the anisotropy of the interaction potential which
couples states with different OH angular momenta. Therefore, experimental measurements of
rotational predissociation will enable characterization of the short-range anisotropy of the

OH A 2II+ + Ar potential. Towards this end, the energies and wavefunctions of the predissociative
levels derived from an ab initio potential I for OH A 2"11+ + Ar are bein_gcomputed variationally
for comparison with experimental results. A flux projection technique ° is used to identify the
predissociative states as weil as to determine their lifetimes.7 The predissociation dynamics of these
metastable levels will also yield new insight into rotationally inelastic collisions between Ar and
OH A 211+ (v=0, 1) at energies from 0 to 350 cm"1.

Future Plans

Future experiments will examine the intermolecular interactions of hydroxyl radicals on
reactive potential energy surfaces, specifically between hydroxyl radicals and molecular hydrogen.

The OH and H2.molecules will be aggregated in a binary complex that is stabilized in a shallow well
below the activation barrier to reaction. The OH-H2 complexes will be excited in the vicinity of the
OH A 211+ . X 21I transition to probe the intermolecular vibrational levels supported by the
OH A 211+ + H2 potential. The intermolecular stretching and bending levels will access a range
of distances and orientations, providing a global picture of the intermolecular potential energy
surface. Both laser-induced fluorescence and direct absorption methods will be utilized to locate
crossings in the intermolecular potential energy surfaces which are responsible for coUision-induced
quenching.
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Theoretical Studies of Molecular Interactions

William A. Lester, Jr.

Chemical Sciences Division, Lawrence Berkeley
Laboratory and Department of Chemistry

University of California, Berkeley, California 94720

Score of Protect

This research program is directed at extending fundamental
knowledge of atoms and molecules including their electronic structure,
mutual interaction, collision dynamics, and interaction with radiation.
The approach combines the use ab/n/t/x> methods--Hartree-Fock (HF)
multiconflguration HF, configuration interaction, and the recently
developed quantum Monte Carlo (QMC)--to describe electronic structure,
intermolecular interactions, and other properties, with various methods
of character/zing inelastic and reaction collision processes, and
photodissociation dynamics. Present activity is focused on the
development and application of the QMC method, surface catalyzed
reactions, and reorientation cross sections.

Recent Pro_ess

Correlated Sampling of MQnt_trlo Derivatives wi_ I_gLt_ffi:EL_

A correlated sampling method for determining the energy and other
property derivatives by finite difference has been implemented within
variational Monte Carlo. Determination of derivatives takes piace over a
fixed sample of electronic coordinates, so it is possible to distinguish
small energy or other property differences accurately. Using finite
differences avoids the evaluation of complicated derivative expressions
and can be applied directly to Green's function Monte Carlo methods
without the need for derivatives of the Green's function. The algorithm
can be used to evaluate derivatives with respect to any parameters in the
Hamiltonian or in the trial function, lt has been applied to H2 and Li2 for
their energy derivatives with respect to nuclear coordinates. Results are
in agreement with experimental data.

Random-Walk Avvroach to Mavvin_ Nodal Re_ion_ of N-Body Wave
func

Despite the widespread acceptance of the relevance of the nodes of
one-body electronic wave function (atomic and molecular orbitals) in
determining chemical properties, relatively little is known about the
corresponding nodes of many-body wave functions. As an alternative to
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mapping the nodal surfaces presents in the ground states of many-
electron systems, we have focused instead on the structural domains
implied by these surfaces. In the spirit of Monte Carlo techniques, the
nodal hypervolumes of a series of atomic N-body Hartree-Fock level
electronic wave functions have been mapped using a random-walk
simulation in 3N dimensional configuration space. The basic structural
elements of the domain of atomic or molecular wave functions are
identified as nodal regions (continuous volumes of the same Sign) and
permutational cells (identical building blocks). Our algorithm determines
both the relationships among nodal regions or cells (topology) as well as
the geometric properties within each structural domain. Our results
indicate that ground-state Hartree-Fock wave functions generally consist
of four equivalent nodal regions (two positive and two negative), each
constructed from one or more permutational cells. We have developed an
operational method to distinguish otherwise identical permutational
cells.

A Ouarttum-Mechani_al Model of Heterogeneous Catalysis

A quantum-mechanical model for heterogeneous catalytic reactions
has been developed based on the reaction Hamiltonian method developed
by the authors. L2 lt has been shown that the presence of the surface
leads to additional channels of reaction. These are found to dominated
the exponential smallness of the reaction probability of the direct
channel producing large reaction probabilities for surface-catalyzed
reactions. The dependence of catalytic reaction probability on reactant
dissociation energy and vibrational frequencies, and the leakage of the
electronic wave function out of the surface is described by the approach.

1V, Z, Kresin and W. A. Lester, Jr., Chem. Phys. 90, 335 (I 984).
2C. E. Dateo, V. Z. Kresin, M. Dupuis, and W. A. Lester, Jr., J. Chem. Phys. 88, 2639
(1987).

Future Planv

Ouantum Monte Carlo Study of the Energetics of CH-Containing Systems

Hydrocarbons provide a plethora of interesting chemical questions.
To make possible QMC studies of the most interesting issues, the subject
effort continues which draws on the broad range of recently developed
QMC methodologies. Systems being studies in the present effort are CH,
C2H, and C2H2, as well as C2. The primary effort uses the fixed-node
short-time approximation QMC approach with optimized trial functions.

Reorientation Cross Sections of Hc(_S) + H2(B _E,*)

Reorientation cross sections are being computed for the

He(_S) + H_(B _E,_) system using a potential energy surface and following
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a model previously introduced for rovibrational energy transfer. The
model consists of restricting the scattering solely to the excited state
potential energy surface and the t:se of the coupled-channel method.
This study has been undertaken to complement experiments of C, B.
Moore and collaborators.
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ABSTRACT

QuantumDynamicsof FastChemicalReactions
DE.FG02.87ERI3679

John C.Light
JamesFranckInstituteand
Departmentof Ch_

Universityof Chicago
Chicago IL 60637

The aimsof thisresearchareto explore,develop, and applytheoreticalmethodsfor
theevaluationof the dynamicsof gasphasecollisionprocesses,primarilychemical
reactions. Theprimarytheoretical tools developedfor this workhavebeen quantum
scatteringtheory,bothin timedependentand timeindependentforms. Over the past
severalyears,we have developedandappliedmethodsforthe directquantumevaluationof
thermalrateconstants,applyingthese to the evaluationof the hydrogenisotopic exchange
reactions,(1,2)applied wave packet propagation techniques to the dissociation of Rydberg

H3, incorporatedoptical potentials into the evaluation of thermalrate constants,(4)evaluated
the use of optical potentials for state-to-statereactionprobabilityevaluations,(5)and, most
recently,have developed quantumapproachesfor electronically non-adiabaticreactions
which may be applied to simplify calculationsof reactive, butelectronicallyadiabatic

systems.(6) Evaluationof the thermalramconstants and the dissociation of H_ were
reportedlast year, and have now been published. We thus focus on activities since that
time.

Althoughwe intendto continuetheevaluationof thermalrateconstants via the
thermalflux-fluxcorrelationmethod introducedby Miller,CDusinga representationin the
DiscreteVariableRepresentation(DVR)(S,9)andsequentialdiagonalization/truncationto
evaluate the eigenvaluesandeigenfunctionsof theHamiltonianin the transitionstate
region,(lo)we hopefirst to incorporatesubstantialimprovements. Inparticularsince the
other systems of interestsuchas the (OOH),(HOCO),(HCO)and even (HOH) systems
aresubstantiallyheavierand havemuch higherdensityof states than the H3isotopic
systems, substantialimprovementsarerequiredbefore such studiescan be carriedout
easily. We want, in addition, to havemethods of evaluationof state-to-staterateconstants
andcrosssections whichcanbe appliedto these more complexsystems.

The use of opticalpotentials(imaginaryabsorbingpotentials)in quantumscattering
calculationsforchemical reactionswas pioneeredby Neuhauser,Baerand co-workers.(1l)
Theiruse holds the potentialfor substantiallyreducingthe coordinaterangeoverwhich the
accuratesolutionsof the Schrodingerequationis required,particularlyfor methods such as
the flux-fluxcorrelationfunctionmethodwhich rely on a "partitioning"into reactiveand
non-reactivecomponents of a thermalwave packet. We tested this ideaon the collinear
H + H2reactionand foundthat with suitablechoice of rangeandopticalpotentialwe could,
in fact,reducethe computationrequiredinorder to achieve accuraterateconstants.(4) In
addition,theuseofopticalpotentialspermitsthe time integralsrequiredin the
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autocorrelationmethod fork(T) to be evaluatedto the propert -, oolimitwhichimproves
the robustnessof calculation. Innovationsrequiredforthe approachto be usefulrequire
the tailoringof theopticalpotentialto thetemperaturerangeof interestandthe additionof
the opticalpotentialto the sequential diagonalizationprocedureonly in the latter stages.

A seconduseof the optical potentialswas also investigatedfor state-to-statereactive
scattering. Theformalpropertiesof opticalpotentialsaresuchthata numberof rather
simple, butdifferent, lookingexpressions for the S-matrixareformallycorrect.(_ We
investigatedboth the accuracyandefficiencyof severalof these expressions,againusing
the collinearH . H2exchangereactionas the test case. We developeda newprocedurefor
fitting the S-mau'ixfrom the wavefunction(evaluatedin the interactionandnear asymptotic
region only usingthe optical potential) whichincludesestimates of possibleerrorsdueto
inadequaciesof theoptical potential. Inadditionthe problemof most treatments,thatat
each energymatrixelements of potentialbetweenthe initialstateand the internalI.,2basis
arerequired,is eliminated,althoughwith some small loss in accuracy. Althoughthese
developmentsareencouraging,an alternativemethod developed underan NSF grantto
look atresonances lifetimescan be adaptedtoreactivescat_ng andappearsfar
superior.C12)ThisFinite RegionWave Function(FRSW)method will not bedescribed
here, butit requiresonly the evaluation of the full real Green'sfunctio.,.,m a finite discrete
spectralrepresentation,andrequiresnoenergydependentintegralsfor the evaluationof the
K-matrixor S-matrix,just the summationover the spectralrepresentation. Thisapproach
is related to the Kohnvariationallog derivativemethodpresentedbyManolopoulosand
Wyatt(13)a few yearsago, butnot usedsince. We intendto incorporatethis methodin the
non-adiabaticreactivescatteringcalculationsto be discussednext.

A majorproblemin reactive scatteringon a single adiabaticelectronicenergy
surfaceis the fact thatthe differentcoordinatesystemsarerequiredto describe the nuclear
motionsof reactantsand productsefficiently. Neithercoordinatesystem may be optimal
forrepresentingthe stronginteractionregion. Resolutionsof thisproblemtodate require
the use of non-orthogonalcoordinatesystemsor energy dependentprojectionsonto
functionsin the appropriateasymptoticcoordinates. Oneprojectin ourrecentproposalwas
to finessethisproblembydefining separateorthogonalreactantandproductdiabatic
electronicpotentialenergysurfaces,with appropriatecouplingateach pointtoyield the
desiredgroundadiabaticelectronicpotentialsurface. Becauseof the orthogonalityof the
electronicsurfaces,different nuclearcoordinatesystems and bases may be used for each,
the Hamiltoniansforreactantsand productscan firstbe diagonalizedseparately,andfinally
thecoupling betweenelectronicsurfacescan beintroducedand thefull Hamiltonian
diagonalizedto yield thespectralrepresentationof the full Green'sfunction. Now the
surfaceprojectionsof the asymptoticreactantand productnuclear statescan be performed
separatelyandsimplyusing appropriatecoordinatesforeach. Using the FRSWmethod,
no energy dependentintegralsarerequiredinordertoevaluate the K-matrixor S-matrix,
only evaluation of the asymptotictranslationalfunctionson a surface.

This approachis being implemented,and results for the I-D Eckhartbarrierare
shown below.(6) In Figure! thetwo diabaticsurfaces,the interaction,and the desired
resultingadiabaticEckhartbarrierareshown. In Figure2 we comparethe resultsof the
two surfaces"non-adiabatic"approachwith the analyticresultsfor theone surfaceadiabatic
problem. Agreementis sufficientlygoodto warrantthe extension of the approachto
collinearand 3-dimensionalsystems, whichis in progress. Obviouslythe approachcan
also be usedfor systems in whichelectronicallynon-adiabatictransitionscan occur.
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Finally,we haveinvestigatedthecomparativeefficiencyofdme dependentwave
packetmethodsandtirnc independentL2 diagonalizationmethodsforstate-to-statereactive
scattering.Even thoughonetime dependentcalculationfor a given initial statenominally
givesa columnof the S-matrixat manyenergies,thepropagationtime and the time
involved in extractingthefinal stateinformation seemto be substantiallylarger than the
time requiredfor evaluationat manyenergiesbydiagonalizationof anL2 basisand then
extractingthe S-matrix using the Kohnvariationalapproachor, probablyeven better,by
theFRSW methocL(12)The conclusionsofthesestudiesarethatthegenerationofthefull
realdiscreteGreen'sfunctioninthenon-adiabaticapproach,togetherwiththeextractionof
theK-matrixviatheFRSW orKohn variationallogderivativemethodswillprovidean

approachwhichissubstantiallysuperiorm thoseincurrentuse(atleastthisisour
expectation).Utilizationoftheseandrelatedtechniquesshouldalsobepossibleforthe
evaluationofmicrocanonicalorthermalrateconstants,andshouldpermitthelargerand
heaviersystemsofsubstantialcombustioninteresttobestudied.
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Kinetics and Mechanisms of Reactions Involving Small Aromatic Reactive
Intermediates

M. C. Un
Departmentof Chemistry

Emory University
Atlanta,GA 30322

I. Program Scope

Small aromatic radicals such as C6H5, C6H5O and C6H4 are key prototype
species of their homologs. CsHs and its oxidationproduct,C6H50 are believedto be
important intermediates which play a pivotal role in hydrocarbon combustion,
particularlywith regardto soot formation.1

Despite their fundamental importance, experimental data on the reaction
mechanismsand reactivitiesof these speciesare very limited. For C6H5, mostkinetic
data except its reactions with NO and NO2, were obtained by relative rate
measurements.2"4 ForC6H50, we have earlier measured its fragmentationreaction
producingC5H5 + CO in shockwaves.5 For C6H4, the only rate constantmeasuredin
the gas phase is its recombinationrate at roomtemperatureby Porter and Steinfeld.6

We have proposedto investigatesystematicallythe kineticsand mechanismsof
this importantclass of moleculesusingtwo parallel laser diagnostictechniques--laser
resonance absorption (LRA) and resonance enhanced multiphotonionization mass
spectrometry (REMPI/MS). In the past two years, our study has been focusedon the
development of a new multipass adsorption technique7,8--the "cavity-ring-down"
technique for kineticapplications. The preliminary resultsof this study appear to be
quite good and the sensitivityof the technique is at least comparable to that of the
laser-inducedfluorescencemethod.9,10

II. Recent Progress

A. C6H5KineticMeasurementsby the LRA Method

(1) The "cavity-ring-down"method

For the kinetic study, two lasers were employed sequentially. The first (KrF)
laser operating at 248 nm was used for the production of the CsH5 radical. The
photolysis laser was introduced into the system through three quartz ports
perpendicularto the axis of the flow-tube reactor. The second tunable pulsed laser
was introducedintothe systemto probethe radical along the axisof the flow reactor,
whichwas vacuum-sealedwith a pair of custom-made,highlyreflectivemirrors.

Similar to O'Keefe's spectroscopicstudies,7,8 our kinetic measurementswere
carried out by determiningthe photon lifetimeof the probingpulse injected into the
cavity through one of the mirrors. The photon decay time measured with a
photomultiplierbehindthe second mirrorcan be describedby the equation,S

- d_/dt = • (occ]/nL+ 1/tco) (1)
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where cbis the numberof photonsinjectedintothe cavity,tco is the photondecay time
in the absence of absorbingspecies (whose presence shortensthe decay time), l is
the lengthof the absorbingmedium,L is the cavity lengthformedby the two mirrors, n
is the indexof refractionof the absorbingmedium,c is the velocityof lightand ¢xis the
absorptioncoefficient. Integrationof eq. (1) gives riseto

cb= cboexp (-t/tc) (2)

where 1/tc= ocVnL+ 1/tcoor 1/tc- 1/tco= (xci/nL (3)

In eq. (3), the absorptioncoefficienta, whichis the productof the extinctioncoefficient
(_) and the concentrationof the absorbingspeciesof interest, [A]t,,at t' afterthe firing
of the photodissociationlaser. The photolysislaser generates an initialconcentration
of the absorbing species, [A]o, which decays exponentially in the presence of an
excess amountof a molecularreactant. Thus, eq. (3) can be writtenas

1/tc- 1/tc° = (c_nL) Aoexp(-kI t')

or In (1/tc- 1/tco) = B- kl t' (4)

where B = In (cls[A]o/nL)and kI is the pseudo-first-orderdecay constant of the reactive
species (C6H5). The slopeof a plotof kI vs. molecularreagentconcentrationgivesthe
second order rate constant, kll. In Table I we summarize the second-order rate
constantsmeasuredat roomtemperaturefor severalselected C6H5 reactions.

Some of the reactions studied here have been investigatedrecentlyby Preidel
and Zellner11 at low temperatures using the conventional multipass absorption
technique and by Stein and coworkers3,4 using the relative rate method for
temperaturesabove 1000 K (see Table I).

(2) Temperature-dependencestudies

The effects of temperatureon five reactionshave been studiedat temperatures
between 297 and 520 K. These reactions includeNO, C2H2, i - C4Hlo, c -C5H10and
c -C6H12. The Arrheniusparameters for these reactions are summarizedin Table II.
The activation energies of the five reactions vary from -0.7 kcal/mole for the
associationof CsH5 with NO to 5.7 kcal/mole for the abstractionof the H atom from i-
C4H10. For the latter process,the resultof Trotman-Dickensonand coworkers2 agrees
reasonablywellwiththe presentresultgiven in Table II.

(B) Surface Photochemistry of CsH5NO and REMPI Characterization of
Desorbed Photofragments

In orderto characterizethe REMPI spectroscopyof the phenylradical,we have
investigated the productionof the radical from the photo-fragmentationof C6H5NO
adsorbed on z-cut single crystal quartz and singlecrystal sapphire (1120) surfaces.
The photo-fragmentationpatternsof CsH5NO on these two surfaces at 193 and 248
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nm are similar. The appearance sequence of fragment ions in the detector (mass
spectrometer)is approximately: NO+ < C4H2+< C6H4+ < C4H3+ < C6H5+ ---C6H6+ -.-
C6H5NO+. This suggeststhat there is a significantphoto-fragmentationof C6H5NO
andthat C6H4, whichis likelya precursorof C4H2, was producedinthe reaction.

Since NO was the first to arrive at the mass spectrometer, it can be cleanly
ionizedby by (1+1) REMPI via the A2 T.,+state withoutcomplication. Suchan analysis
carried out at 90 Izsec and 180 I_sec after photoinitiationgave rise to a rotational
temperatureof 550 K and 430 K, respectively. The final result from thisstudywill be
soonsubmittedfor reportand publication.

IU. Future Plans

Our major emphasis next year will be on kinetic measurements for phenyl
reactionswith prototypealkanes, alkenes, alkynesand smallaromatic moleculesover
a wide range of temperatureand pressureaccessiblewiththe present technique. The
measuredkineticdata willbe interpretedin terms of statisticaltheories.
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Table I. Rate Constants(in Unitsof cm3/s)for C6H5 Reactionswith Selected
Moleculesat RoomTemperature (297 K).

I

Reactant This Study Preidel and Zellnera Fahr and Steinb

HBr (4.1 + 1.5) x 10"11 -- ---

CH20 1.2 x 10"14 -- ---

02 2.78 x 10-15 _;10"17
C2H2 (1.34 + 0.52) x 10"15 < 8 x 10-16 (2.4 x 10"16)

C2H4 (8.95 + 4.13) x 10"16 < 8 x 10"17 (1.1 x 10"16)

C6H6 -- < 3 x 10-15 (2.9 x 10"18)
NO (3.5 + 0.5) x 10"11 1.1 X 10"11 __

NO2 -- 8.2 x 10"12 ---
i-C4Hlo (6.67 + 3.7) x 10"17

c-CsHlo (4.97 + 1.0) x 10"15

c-C6H12 (1.11 + 0.21) x 10-14

a. Preideland Zellner (ref. 11).
b. Fahr and Stein (ref.4); extrapolatedfromdata obtainedabove 1000 K.

Table II. ArrheniusParametersfor SelectedC6H5 ReactionsMeasured inthis
Study

III

Reactant 1011x A (cm3/s) Ea (kcal/mole)

NO 7.41 -0.70

C2H2 0.19 3.22

i-C4Hlo 5.88 5.66

c-CsHlo 2.75 4.07

c-C6H12 2.81 3.39
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Crossed-Beam Studies of the Dynamics of Radical Reactions

Kopin Liu
Chemistry Division

ArgonneNationalLaboratory

Scope

Theobjectiveofthisprogramistoch.aracte"rizc.thedetai.'le¢ldyn..an_.'.csofclcn_ntarye
radical reactionsand to provide a betterunaersumamgot rantcatreacuvtwm general. •,
radicalbeamis typicallygeneratedby a laserphotolysismethod. Aftercollidingwiththe
reactingmolecule in a crossed-beamapparatus,the reactionproductstatedistributionis
interrogatedby laserspectroscopictechniques.Severalradicalsof combustion
significance,such as O, CH, OH,CN andNCO havebeen successfully generatedand their
collisionalbehaviorat thestate-to-stateintegral.crosssectionlevel of detailh_ beenstudied
in thismanner. Duringthe pastyear,the detecuonsystemhas beenconveneo fromLIFto
REMPIschemes, andthe emphasis of this programshiftedto investigatetheproduct
angular distributions. Both inelasticandreactiveprocesseshave been studied.

Recent Results

(A) Collision-induced fine.structure transitions of O(3P2)--> O(3Pl,0)

(1) bvH2 and He. The title processeswere interrogatedby the (2+I)-REMPI
technique,-and-thetranslationalenergy dependencesof the state-resolvedintegralcross
sectionswerestudied. Excellentagreementswithrecenttheoreticalcalculationswere
found. The resultsalso provided strongsupportfor the validityof the f_-conserving
approximationat the state-to-stateintegralcrosssectionlevel of detailforthese systems.

(2) I?YAr. In this case the angulardistributionsof scatteredproductsO(3P1,0)were
investigatedby Doppler-shifttechnique. By exploitingthe polarizationof the probelaser,
the mj-dependentangular distributionswerededucedfrom the Dopplerprofiles. In the
languageof vectorcorrelation,sucha mj-resolveddifferentialcross sectioncorrespondsto

t o!

a three-vector,(k,k ,J), correlation study. Despite low resolution, the dataclearly
indicatedthatali three(j, Imjl)angulardistributionsexhibitoscillatorybehaviors;andthat
these distributionsarefairlysensitive to the potentialenergy curvesinvolved.
CollaborationswithL. Hardingand G. Schatzarein progresswiththehope toprovidea
conceptualunderstandingof these results.

(B) Product angular and translational distributions in radical reactions

The experimentswere conductedbymeasuringthe Dopplerprofiles of D-atomfroma
chemical reaction. The (1+I)-REMPIdetectionschemewas employedhere. A simplevuv
generationschemewas adapted,which yielded~ 30x higherconversionefficiencythanthe
usualpureKr-frquencytriplingcell.

(1) CN+D_-->D(_N+D( A.Hn= -21.63 kfki/mole ). The reactionthreshold was
foundto be ~ 2.5"kcal/mole,which is significantlylowerthan the valueof 4.1 kcal/mole
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deducedfromthe thermalrateconstantdata. Producttranslationalenergyandangular
distributionsforthisreactionwere obtainedatfourdifferentcollision energies,ranging
from 4 to 7.5 kcal/mole. It was foundthattheproductsweremainlybackward-scattere_
andDCN was highlyexcited internally,in accordwiththe expectationfor acollinear,direct
reaction with anearly barrier.However,thecollision energydependencesof product
angulardistributionsreveal more sideway-to-forwardcomponentsat higherenergies,
opposite to the conventionalanticipation.

(2)..(_,I.D)+ > OD+D ( AHn- -42 96 kcal/rnole) The reaction cross section._, ml,mm • •

was found to be ne_'ly independentof collision energy,rangingfrom0.75 to 6 kcal/mole,
and the Dopplerprofilesat fivecollision energieswereexamined. Again, the productOD
arehighlyexcited. But,the angulardistributionschangefrom nearly isotropicto forward-
backwardpeakingwithincreasingcollisionenergies. Thevariationof the shapeof angular
distributionswith collision energiesin thiscase is believed to providethe informationabout
how the totalangularmomentumof reaction disposes intothe productorbitaland rotational
angular momenta. To furtherinvestigatethis system,the reactionwith HD is planned.
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R. G. Macdonaldand K. Liu, J. Phys. Chem., 95, 9630-9633 (1991)

State-to.state collision dynamics of molecularfree radicals
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Transverse Flow Reactor Studies of the Dynamics of Radical Reactions

R.G. Macdonald

Chemistry Division
Argonne National Laboratory
Argonne IL 60439

Background

Radical-radical reactions are important in many areas of chemistry, especially in
combustion chemistry; however, little state-specific information of any description is
available for this class of chemical reactions. Our knowledge of the detailed molecular
motions of polyatomic systems (more than three atoms) leading to chemical change is not
very extensive. This is especially true for the interactions of two radical species. There
are many potential energy surfaces (PES) correlating to reactants and/or products. The
interplay between these multiple PESs may complicate the dynamics of these reactions.
Generally at least one PES has a deep potential minimum leading to a stable adduct;
however, there is often the opportunity for the formation of other product channels.
Ultimately, the interactions among these various PESs are reflected in the final product
state distributions among the various product channels, lt is to provide information on
this area of chemical dynamics, that a new apparatus has been constructed. The unique
feature of this apparatus is a transverse flow reactor in which an atom or radical of known
concentration will be produced in a continuous microwave discharge flow system. The
other radical will be produced by pulsed laser photolysis of an appropriate precursor
molecule. The time dependence of individual quantum states of products and/or reactants
will be followed by rapid infrared laser absorption spectrophotometry.(IRLAS).

As an initial test of this new apparatus the dynamics of the H + 02 _ OH + O
reaction will be studied. Although this reaction has been extensively studied, a complete
product state distribution by a single experimental technique has not been carded out. In
this initial experiment translationally hot H atoms will be created by photolysis of
HBr/HC1. and state specific detection of individual OH(v,J) states probed by IRLAS.
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1. A crossed-beam study of the state-resolved integral cross sections for the inelastic
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2. Inelastic scattering of NCO(X21"I) + He: Prototypical rotational state distributions for
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R. G. Macdonald and K. Liu, J. Phys. Chem. 95, 9630 ( 1991).

3. State-to-state collision dynamics of molecular free radicals.
R. G. Macdonald and K..Liu, SPIE Proc. (1992).
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4. The dynamical Renner-Teller effect II: Rotationally inelastic scattering of NCO(X2rl,
0010) + He.
R. G. Macdonald and K. Liu, J. Chem. Phys. 97,978 (1992).

5. The dynamical Renner-Teller effect HI: Rovibronic energy transfer pathways in the
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R. G. Macdonald and K. Liu, J. Chem. Phys. 98. 3716 (1993).
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FLASH PHOTOLYSIS-SHOCK TUBE STUDIES

Joe V. Michael

Gas Phase Chemical Dynamics Group
Chemistry Division

Argonne National Laboratory
Argonne, IL 60439

Even though t:ais project in the past has concentrated on the measurement of
thermal bimolecular reactions of atomic species with stable molecules by the flash or laser
photolysis-shock tube (FP- or LP-ST) method using atomic resonance absorption
spectrometry (ARAS) as the diagnostic technique, 1 during the past year we have
concentrated on studies of the thermal decompositions of selected chlorocarbon molecules.
These studies are necessary if the degradation of chlorine containing organic molecules by
incineration are to be understood at the molecular level. Clearly, destruction of these
molecules will not only involve absr:action reactions, when possible, but also thermal
decomposition followed by secondary reactions of the initially formed atoms and radicals.
Studies on the thermal decomposition of CH3CI are complete, and the curve-of-growth for
Cl-atom atomic resonance absorption has been determined. 2 The new thermal
decomposition studies are similar to those already reported for CH3C1.

In the first study, rate constants foi the reaction,

CC14+ Ar --- CC13+ C1+ Ar, (1)

have been measured in reflected shock waves over the temperature range, 1084-1733 K.
This study wa_ complicated by the subsequent decomposition of CCl3-radicals giving
additional Cl-atoms. At sufficiently long times at least two atoms are released for every
one molecule dissociated. Hence, rate constant determinations were made using initial
rates of formation. Three loading pressures were used in this study, and a slight pressure
dependence was noted. The second-order rate constant for the lowest loading pressure
(giving Ps = 235 Torr) is given by,

kl = 4.27 x 10-8 exp(-23528 K/T) cna3 molecule -1 s-l, (2)

over the temperature range. These data have been combined with laser schlieren density
gradient measurements at higher temperatures by Kiefer and Kumaran. The two sets of
results are in excellent agreement over the region of temperature overlap. Troe's theory of
unimolecular reaction rates has been used to explain the combined results. The theoretical
analysis suggests a value for AEdowr_of 1170 cm -1. This work has been published. 3

In the second study, rate constants for the reaction,

CF3C1 + Kr --- CF3 + C1+ Kr, (3)

have been measured in incident shock waves over the temperature range, 1521-2173 K.
Since secondary reactions of Cl-atoms are not possible with CF3CI, there are fewer
complications than with CH3CI, and therefore this study serves as a check of the earlier CI-



230

atom curve-of-growth determination. Experiments were carried out with three different
loading pressures, and a definite pressure dependence was observed suggesting that the
reaction was near the low pressure limit. The second-order rate constant is given by,

k3 = 3.26 x 10..8exp(-31782 K/T)cm 3 molecule -1 s-l, (4)

to within .+.10%at the two standard deviation level over the temperature range. The semi-
empirical version of Troe' s theory of unimolecular rates suggests a AEdown value of 638
cm-1.

In the third study, rate constants for the reaction,

COC12 + Kr--- COCI + CI + Kt, (5)

have been measured over the temperature range, 1401-1967 K, in incident shock waves.
Again, three loading pressures were used, and the reaction was shown to be near the low
pressure limit. In this case, the initially formed radical, COC1, decomposes rapidly giving
a second Cl-atom, and the temporal behavior of this subsequent process was so fast that it
could not be isolated. The second-order rate constant is given by,

k5 = 1.84 x 10-8exp(-29145 K/T) cm 3 molecule -1 s-1, (6)

to within _--0%at the two standard deviation level over the temperature range.

In the fourth study, rate constants for the reaction,

CH2C12 + Kr-- products (7)

are currently being investigated. The main products appear to be from molecular
elimination, giving CHCI + HC1, rather than the simple bond breaking process, CH2CI +
Cl. The first set of products account for about two-thirds of the reaction over the
temperature range of ~1500-2000 K.

Additional atom with molecule reaction studies (e. g. Cl + H2, hydrocarbons, etc.)
and, also thermal decomposition investigations (e. g. CHC13--- products), are in the
planning stage at the present time. The reactions that will be studied will either be of
theoretical interest to chemical kinetics or be of practical interest in hydrocarbon
combustion.

This work was supported by the U. S. Department of Energy, Office of Basic
Energy Sciences, Division of Chemical Sciences, under Contract No. W-3 l- 109-ENG-38.
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Chemical Kinetics and
Combustion Modeling

James A. Miller
CombustionResearchFacility
SandiaNational
Livermore,CA 94551-0969

The goal of this program is to gain qualitative insight into how pollutants are formed in
combustionsystemsandtodevelopquantitativemathematicalmodelstopredicttheir
formationrates. Theapproachis anintegratedone, combininglow-pressureflame
experiments,chemicalkineticsmodeling,theory,andkineticsexperimentsto gain ascleara
pictureas possibleof the processin question. Oureffortsarefocused on problems
involved withthe nitrogenchemistryof combustionsystems andon theformationof soot
andPAH in flames.

Recent Progress

Growthof higherhydrocarbonsin richacetyleneflamesandring formation(with CarlF.
MeliusandJoanneV. Volponi). Two factorshavehada majorinfluenceon the modeling
of richacetyleneflamesin the past few years. F'trst,the establishmentof the heatof
formationofC2H atAI-If-135kca!/moleresultsintheabstractionreactions,

OH+C2H2_c-_-C2H+H20

H+C2H2-'>¢.-')_C2H+H2,

being too endothermicto be dominant acetyleneremoval steps. Consequently,even in
sootingflames, acetyleneprincipally reacts with oxygen atoms. Secondly, the reactionof
acetylenewith oxygen atoms primarilyproducesHCCO+H,ratherthan 3CH2+C-Y) (the
branchingfractionis probablyabout0.7). Inrich flamesthedominantchain carrieris H
atom,and the reactionof H with HCCO producessingletmethylene,

I-I+HCCO"->__ICH2+CO.

Singletmethyleneplaysa majorrole ininitiatingthegrowthof ali the higherhydrocarbons.
Mostnotably, ICH 2 reacts very rapidlywith acetyleneto producepropargylradicals,

1CH2+C2H2_c-_-C3H3+H.

Progargylis resonantlystabilizedanddoes notreactveryrapidlywith stablemolecules. It
thus attainsfairly highconcentrationsin flames. We haveshown thatthe reactionof
propargylwith itself, probablyproducing_5 (phenyl)+H,is the most likelycyclization
stepin acetylene flames. Such acyclizationstepwas suggestedpreviouslybyKernand
co-workersin shock tube studiesof allene and 1,3butadienepyrolyses.

An extensiveset of BAC-MP4 electronicstructurecalculationsshowslow-lying reaction
paths to benzene(andphenyl+H) from two propargylradicalswhether theradicals are
broughttogetherhead-to-head,tail-to-taft,or head-to-tail.Comparisonof the BAC-MP4
predictionswith experimentson the pyrolysisof linear C6H6compounds is generallyquite
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good, as it is with C3I-I4and_ compounds,where similarre_gement mechanisms
arcoperative.

InourmostrecentworkwehavestudiedC2H2/O2/ArandH2/O2/Arflames,towhichwe
haveaddedalleneinanattempttoperturbtheseflames,whichwe havecharacterizedinthe
past,insuchawayastofocusattentiononthe(33hydrocarbonchemistry.Theagreement
ofthemodelpredictionswiththeexperimentsisquitegood.Mostnotablythemodel
correctlypredictsboththemagnitudeand theearlypeakof thebenzeneprof'dein the
C2H2/O2/Ar-C3H4flame. Nobenzeneisdetectedin thisflamewithouttheallene.

QuantifyingtheNon-RRKMeffectin theH+O'2_---_OH+Oreaction(withM. L.
KozsykowskiandB.C.Garrett):

In 19861 suggestedfrom studyingclassical trajectoriesthat this reactionexhibited
pronouncednon-RRKMbehavior.However, two factorscalled this conclusion into
question. The potentialenergysurfaceused in thecalculations(the Melius-Blintpotential)
has somepotentially seriousflaws,and the valueof the thermalrate coefficient athigh
temperatmewas uncertain. The lattermadejustificationof thevalidity of the predictionsby
comparisonwithexperimentdifficult. However,the situationhas now been remedied.
The VarandasDMBEIV potentialremovestheobviousflaws in the Melius-Blintpotential,
and experimentsat Stanford,Argonne, and Brookhavenhaveestablishedthe thermalrate
coefficient to high accuracyto temperaturesabove5000K. Quasi-classicaltrajectorieson
both potentialenergy surfaces arein excellent agreementwith experiment. Utilizing a
combinationof microcanonicalvariationaltransition-statetheoryand classical trajectories
we havequantified the non-RRKMeffect in two differentways. The effect on the thermal
rate coefficient is roughlya factorof two.

The reactions of NII with NO and 02 (with CarlF. Melius):

UtilizingBAC-MP4potentialenergy parametersand statisticalmethods we have calculated
the branchingfraction for the reactionof NII with NO and the thermalrate coefficient and
productdistributionfor the NH+02 reaction. The predictionsare in good agreementwith a
variety of experimentalresults. We discuss the sensitivityof the predictionsto potential-
energyparameters and to alternativemechanisms.

Future Directions

We shall continue to pursueresearchproblemsthat will allow us to gain moreinsight into
the formationand growth of aromaticcompounds in flamesof aliphatic fuels. Cm'rendy,
we arecompleting our workwith allene as a flame additive,after which we shall utilize 1,3
butadiene in the same way. In addition, we arecontinuing our work on nitrogen
chemistry. We have recendy initiated a projectwith Bob Perry(Technor)to investigate the
feasibility of using sodiumhydroxide as an additiveforN20 removal in stationarydiesels,
primarilyto be used in conjunction with RAPRENOx.
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Reaction Dynamics in Polyatomic Molecular Systems

William H. Miller

Department of Chemistry, University of California, and
Chemical Sciences Division, Lawrence Berkeley Laboratory

Berkeley, California 94720

Program Scope

The goal of this program is the development of theoretical methods and models for
describing the dynamics of chemical reactions, with specific interest for application to polyatomic
molecular systems of special interest and relevance. There is interest in developing the most
rigorous possible theoretical approaches and also in more approximate treatments that are more
readily applicable to complex systems.

Recent Progress

1. Tunneling in Classical Trajectory Simulations
There are many approximate and reasonably satisfactory ways to include tunneling effects n

which are most important when describing the motion of hydrogen atoms m in transition state-type
theories for reaction rate constants. More generally, though, one would like to be able to include
such effects directly within a classical trajectory simulation in order to be able to describe more
general dynamical phenomena than just transmission through a reaction barrier. There are well-
known "rigorous" semiclassical theories for doing this, but they are difficult to apply routinely
within a standard trajectory simulation.

Makri and Miller developed an approach several years ago that had many of the desirable
features one desires; it has the character of the "surface hopping" model that Tully and Preston
devised to treat electronically non-adiabatic transitions from one potential energy surface (i.e.,
electronic state) to another, except that it describes tunneling from one classically allowed region of
space to another (ali on the same potential energy surface).

Most recently Keshavamurthy and Miller have been able to eliminate the most undesirable
feature of the Makri et al. model, namely the necessity choosing an ad hoc tunneling direction.
This recent development utilizes the action variables assorted with the transition state region and
yields a prescription that specifies both when a tunneling transition should be considered and with
what probabili_ it should take piace, ali by a completely local prescription that is monitored along
each classical trajectory. Test applications of this model show that it is even more accurate that the
previous one, an unexpected bonus. Work is now in progress applying this approach to real
chemical systems.

2. Anharmonicity in Transition State Theory
Several years ago it was shown how ab initio quantum chemistry calculations of the cubic

and quartic anharmonicity about a transition state (i.e., saddle point on a potential energy surface)
could be incorporated very efficiently in a semiclassical version of transition state theory (based on
the "good" action variables associated with the transition state). Two recent developments have
taken p;ace that are based on this.

First, it has been shown how the random matrix/transition state model Ibr the probability
distribution of state-specific unimolecular decay rates can be expressed quantitatively in terms t)f
the anharmonic transmission probabilities. This has been used to describe the dependence of the
probability distributions on total angular momentum lhr the H2CO --->H2CO unimolecular
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reaction.

Second, it has been shown how the reaction rate can be expressed in a much more
convenient transition state-looking form, namely,

k(T)- kT Q_____
h Qf' (1)

where the "partition function of the activated complex", Q_, is given by

Q* = I_ dO 1 sech20 Q_(0), (2)

where

Q_t(O)= E e'l]Enr'" nF'l(O) '
nl,n2.. .nF_l=O (3.)

with

F F

Enl...nF-I(0)=Vo+E h(Ok(nk+l)+ E Xk,k'(nk+_')(nk'+_") (4)k- 1 k<k'= 1

and

(nF+_-2) -- i0//t. (5)

Here Eq. (4) looks like a standard energy-level formula for F-vibrational degrees of freedom
(rotation is omitted in this simplified presentation), except that the "quantum number"/'or the
reaction coordinate -- mode F, for which the frequency (of is imaginary w is replaced by the
tunneling action 0 as indicated by Eq. (5). Eqs. (1)- (5) provide a very general way to include
anharmonic effects uniformly in all the degrees of freedom of the transition state.

3. Rigorous Reaction Rate Theory
Seideman and Miller have shown that the cumulative reaction probability N(E) for a chemical

reaction (the Boltzman average of which gives the thermal rate construct exactly) can be expressed
as

N(E) = 4tr[Er.G(E)*OEpOG(E)] (6)

where 8r and ep are absorbing potentials in the reactant and product absorbing regions,
respectively, and the Green's function is

G(E) = (E-H+i8) l (7)

where

E = E r + Ep. (8)
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Applications of this approach to several reactions of interest one in progress, as well as further
theoretical developments that significantly improve the efficiency by which this expression can be
evaluated.

Future Plans
Current and future work on ali of the topics described above are mentioned in the

discussions there.
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Q-Branch Raman Scattering and Modern Kinetic Theory

Louis Monchick (P.I.)

TheJohnsHopkinsUniversity
The AppliedPhysicsLaboratory

MiltonS.EisenhowerResearchCenter
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Laurel,Maryland20723-6099

ABSTRACT

At the momentof writing, this programis just about to start. Consequently, I can only
report on the scope of the program and some related results that will be used to support the
program. The program is an extension of previous APL work whose general aim was to
calculate1.2 line shapes of nearly resonant isolated line transitions with solutions of a popular
quantum kineticequation - the Waldmann-Sniderequation3- using well known advanced solution
techniques developed for the classical Boltzmann equation. The advanced techniques explored
have been a BGK type approximation, which we_ have termed the Generalized Hess Method
(GHM), and conversion of the collision operator to a block diagonal matrixs of symmetric
collision kernels which then can be approximated by discrete ordinate methods. The latter
method, which we have termed the collision kernel method (CC), is capable of the highest
accuracyandhasbeenusedquitesuccessfullyforQ-branchramanscattering.I The GHM
method,notquiteasaccurate,isapplicableoverawiderrangeofpressuresandhasprovenquite
useful.2

Inthenew program,we proposeextendingthesetechniquestoprocessesinvolvingoff-
energy-shell-scatteringevents.Thisismotivatedby thefactthattheoriesbasedsolelyby on-
energy-sbeUscatteringdonotobeydetailedbalance6'_when appliedtoradiativetransitions.A
quantumkineticequationthatdoescanbederivedbyprojectionoperatortechniques6orfrom
theBBGKY hierarchy,s ThecollisionoperatorturnsouttobetheFanocollisionoperatorwhich
israthermoreawkwardtohandlethantheWaldmann-Snidercollisionoperatorbecauseitentails
a convolutionoverthefrequencyofthetransition.

The firsttaskofthenew projectistheformulationoftheGHM methodfortheFano

operatorandprogressofthisstagewillbereportedatthecomingmeeting.Formalresults
shouldbeavailableincorporatingtheFanocollisionoperator,finiteradiatorconcentrationsand
half-integralrotationalquantumnumbers.
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Photochemical Reaction Dynamics

C. Bradley Moore
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The purpose of the program is to develop a fundamental understanding
of unimolecular and bimolecular reaction dynamics with applications in
combustion and energy systems. Recently completed and on-going work is
abstracted below.

I. Structures in the Energy Dependence of the Rate Constant for Ketene
Isomerization
Edward R. LoveJoy and C. Bradley Moore

The isomerization of highly vibratlonally excited and rotationally cold
ketene has been investigated by monitoring the 12CO and 13CO dissociation
products following laser excitation of Jet-cooled 12CH213CO, 13CH212CO, and
12CD213CO. The rate constants for the reactions 12CH213CO _ 13CH212CO

and 12CD213CO ¢-_ 13CD212CO are reported as a function of energy with a
resolution of I cm" I. The rate constants exhibit pronounced peaks as a
function of energy near the reaction threshold, Fig. 1. This structure is
attributed to quasistable motion along the reaction coordinate in the vicinity of
the isomerization transition state.

II. Organometallic CO Substitution Kinetics in Liquid Xe by Fast Time-
Resolved IR Spectroscopy
Bruce H. WeiUer, Erie P. Wasserman, C. Bradley Moore and Robert G. Bergman

The reaction of Cp*Rh(CO)Xe(Cp*=CsMe5) with CO was studied using
time-resolved IR spectroscopy of liquid rare gas solutions. IR spectra for
Cp*Rh(CO)Xe were obtained using pulsed UV laser photolysis of Cp*Rh(CO)2 in
liquid Xe and a rapid-scan FTIR spectrometer with 0.09 s time resolution.
Assignment to the Xe complex was confirmed from the similarity of the spectra
and lifetime of the complex when a mixture of Xe in liquid Kr was used. The
reaction of Cp*Rh(CO)Xe with added CO is very fast and the rate constant was
measured by fast time-resolved IR spectroscopy to be (5.7 +_0.6) ×105 to (1.9 +
0.2) × 106 M-Is-I over the temperature range 202 to 242 K. The kinetics are
consistent with an associative substitution mechanism with activation

parameters for the bimolecular rate constant of log(A) --- 8.8 + 0.3 (AS_ = -20 +
1 cal/mol K) and Ea = 2.8 ± 0.3 kcal/mol (tffI_ ---2.4 ± 0.3 kcal/mol).
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Fig. 1. Isomerization (kl) and decomposition rate constants for 12CH213CO
(k2, solid line) and 13CH212CO (k3, dotted line) derived from PHOFEX

data of the 12CO and 13CO products based on mechanism. The points
are experimental values of kl and k3 from measurements of the
temporal evolution of the CO products. The error bars are 95%
confidence intervals for precision.
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HI. Transition States and Rate Constants for Unimolecular Reactions
William H. Green, Jr., C. Bradley Moore, and Willi,:,n F. Polik

This review concentrates on the interpretation of recent experiments
performed near reaction thresholds and on t.he potential surfaces and
dynamical models necessary for their interpretation. The first section
addresses reactions with barriers. First tunneling and the structure in k(E,J)
caused by the discrete nature of the level count W(E,J) are discussed. Then
the stepped structure revealed in the dissociation of ketene over a small barrier
to triplet methylene and carbon monoxide is described. The quantum statistics
of the dissociation rates for formaldehyde are described, along with their
quantitati,-e interpretation derived from the ab/nttW PES. The following section
on bond breaking without barriers concentrates on the dissociation of ketene to
singlet methylene and carbon monoxide and of NCNO to NC and NO. These
and other data provide stringent tests for PST, variational RRKM, and other
theoretical models. In the final section, some limitations of the energy
randomization hypothesis of statistical unimolecular reaction rate theories are
discussed.

IV. Work in Progress

Unimolecular reaction studies on triplet ketene are being initiated with
full rotational state resolution in the initial excitation. An IR optical parametric
oscillator is being set up to select a single excited rovibrational state which will
then be further excited to the reaction threshold by a UV laser pulse. The
carbon atom isotopic exchange rc action rate resonances will also need to be
studied with complete rotational resolution.

The B-state of hydrogen is being produced by tunable vacuum UV laser
excitation. Experiments are being set up using a monochromator to disperse
fluorescence and study collision-induced vibration-rotation energy transfers as
a function of initial quantum state. Future studies are planned using a second
vacuum UV laser to probe the velocity distribution of H-atom fragments from
collision-induced electronic curve crossing. William Lester's group is carrying
out ab/n/t/o theorettc_ work on these systems.

Energy transfer and chemical reaction rates are being studied for triplet
CH2 radicals. A diode laser infrared flash kinetic _pectr,_meter is being used to
study the reaction with 02 in order to identify product states and
intermediates. Reaction rates for radical-radical reactions are being measured.
Infrared and ultraviolet spectra of intermediates in organometallic
photochemistry in gas and liquid phase are being studied jointly with R. G.
Bergman. Emphasis is on CH activation chemistry. Studies of CH activation
systems in liquid Kr and Xe are proceeding weil.
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Theoretical Aspects of Gas-Phase Molecular Dynamics
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ProjectScope

Researchin this programis focused on the developmentand applicationof time-dependentquantum
mechanicalandsemiclassicalmethodsfortreatingindasticand reactivemolecularcollisions,andthe photochem-
istryand photophysicsof atomsand moleculesin laserfidds. Particularemphasisis placedon the development
and applicationof gridmethods basedon discretevariablerepresentations,on time-propagationmethods, and,
in systemswith morethat a few degreesof freedom,on the combineduse of quantalwavepacketsand classical
trajectories.

RecentProgress
The constructionof analyticdiscretevariablerepresentations(DVI_), usingprojectionoperatorsexpressed

in termsof appropriatebasissets andcorrespondingsetsof Gaussianquadraturepointsandweights,has allowed
us to investigatea ve.rietyof one- and multi-dimensionalquantal problemshavingeither time-dependent or
time-independentHamiltonians. An exampleof a time-independentapplicationis our recent study of the
vibrationallevelsof the dectronicaUyexcitedvan derWaals radicalcomplexAr-OH(A 21;+).In that work a
proposed potential energy'function of Bowmanet al.was used to predict new band systems. An exampleof a
time-dependent systemis the suppressionof ionizationof the hydrogen_tom 3dRydberg state in intense YAG
(1064 nra) and Ti:Sapphire(780 nra) laserfidds. This work, being carriedout in collaborationwith T. Uzer
(GeorgiaInst. of Tech.), willbe discussedin some detail in the followingparagraph.

Our full-dimensionalitystudiesof H(3d) in linearlypolarizedlaserfieldsaremadepossibleby anovel analytic
DVR basedon Sturmian functions (i.e.,exponentiallydamped generalizedLaguerrepolynomials). This DVR
permits the numerical (unequallyspaced)grid to extendto largevaluesof the radialcoordinatewithout requiring
aprohibitivenumber ofgrid points. The goalsofthe work areto test the methodologyandto identify the regimes
of laserfrequency,intensity, and pulsedurationwhich stabilizethe atomwith respectto ionization. Resultsto
datehave demonstratedthe stabilizationphenomenon in the generalrangeof laserfrequencyand peak electric
fieldstrength suggestedby the Shakesh_Ctcriterion,whichis basedon the relativesizesof the ponderomotive and
photon energies. Stabilizationisexpectedto occurwhen the ponderomotiveenergyexceedsthe photon energy.
Studiesinvolvingthe low-lying3d RydbergstateallowstandardIR lasersto operatein the _intensefield"regime
(5 to 133xl 012W/cre2), and only two photons are required for ionization. Ionization is alsoslowfor Rydberg
states,therebyallowingfora finite pulserise time without completelyionizingthe atomsbbeforethe stabilization
condition isachieved. Figure 1 showsthe probabilitydensityof the dectron in the initial 3d0state and at a time
during a YAG laser pulse at which stabilization has occurred. These calculationswere carried out on a
direct-product DVR grid basedon 64 Sturmianfunctions (extendingto 242 a.u.)and 22 Legendrepolynomials
(for m=0).

We havealsocombined the use of analyticDVRswith a representationof the time-propagationoperator
based on the recursiveLanczosmethod for eigenvalueproblems. We havedevelopedan estimator for the error
which allowsus to control the accuracyofthe wavepacketpropagation. This newapproach,which alsoemploys
a flrst-order Magnusapproximation for time-dependent Hamiltonians, has proved to be more stable, more
accurateand farmore efficient than our previousmethodology.

The greaterefficiencyof ourwavepacketcodehaspermitted us to undertakea study of the optimal control
of five-colormultiphoton infrareddissociationof HF. In collaborationwith H. Rabitz (Princeton Univ.) we
haveused optimal control theory to find the set of infraredlaser frequenciesand time centers of fiveidentically
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Fig. 1. Probability density of hydrogen atom wavepacket on DVR grid before and during a
1064 nra laserpulse with peak intensity of 1.33x1014 W/cm 2. The panel on the left shows
the initial 3d0 Rydberg state, while that on the right shows the transient state after 10 optical
cyclesofthe risinglaserpulse.The radialcoordinateisin atomicunitsoflength.The angu-
larcoordinateisx= cos0,where0 is theanglebetweenthepositionvectorof theelectron
andtheelectricfieldvectorofthe laser.

shaped (and partiallyoverlapping) Gaussian pulses of subpicosecondduration (FWHM = 0.85 ps) which
maximizesthe dissociationyieldof ground-state HF molecules. We havecarriedout these calculationsin their
full dimensionality(assumingthe linearpolarizationof ali lasersto be aligned)using accuratepotential energy
and dipole moment functions. The wavepacketwasrepresentedby a 165-point planewave DVR in the radial
coordinateand a 16-point DVR basedon Legendrepolynomialsin the angular coordinate. An eight-vector
Lanczostimepropagatorwith a first-orderMagnusapproximationwasusedwith a timestepof 0.33 fs. A smooth
opticalpotential wasemployedto absorbdissociatingwaves,and the simplexmethodwas usedfor determining
the optimal values of the pulse timings and carrierfrequencies. The optimal pulse sequence was found to
dissociate47% of the ground-state HF molecules.

We have analyzed the dynamics of the HF molecule in the optimal pulse to determine mechanistic
information. We find that, contraryto the suggestionof Chelkowskiet aL the optimal pulse is not _chirped"
to the red,i.e.,the carrierfrequenciesof the fivepulsesdo notdecreasefromearliestto lastestin the firingsequence
in order to maintain a Av=-Iresonanceas the population of the HF molecule is moved up the anharmonic
vibrational ladder. In fact, the HF moleculecannot climbthe vibrational laddersoldy with Av=l transitions

because_hedipolematrixdement, <v,j I_tIv+1,j+1>, vanishesat approximatelyv'=12,and isquite smallbetween
v=l 1 and v=13. In this range,however,the Av=2dipolematrixdement is quite large(seeFig. 2). Our results
indicate that Av> 0 transitionsare quite importantin the dissociationdynamics. The successof Chdkowski et
at with achirpedpulseappearsto dependcriticallyon theirunphysicalassumptionof aconstantdipolederivative
(i.e.,linear modelfor the dipole moment function).

Another area of active researchinvolvesthe useof adiabatic invariance in the semiclassicalpreparation of
initial states and analysisof final states in quasidassicaltrajectory calculationsof chemicalreactions involving
polyatomicreactantsand/or products. In collaborationwith J.J.Valentini (ColumbiaUniv.) weare studing the
hot-atom reactionH + CD4 -, HD + CD3 usingadiabaticinvarianceto preparesdectedvibrationalstatesofthe
CD4 reactant molecule. The purpose of this work is to explain the unusual positive correlationbetween
vibrationaland rotational energy in the productHD moleculeobservedin the Valentini group's experimental
studiesof the reaction.

Future applicationsof our DVR and wavepacketpropagationmethodswill focuson such processesas the
OH overtone-induceddissociationof H202 and on the dynamicsof reactionssuchasO + H2 -* OH + H. The
latter type of study will employ a combinedwavepacket/trajectoryapproach in hypersphericalcoordinatesin :
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which the overallrotations of the systemwillbe treatedclassically.New effortsin analyticDVR development
will includean attempt to representthe sphericalharmonicson a fixedgrid.
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Fig. 2. The square of the dipole matrix element as a function ofv and j. The left panel corresponds to Av=l
transitions, <v,jlglv+1,j+1> for various v and j. Note the node at v=12. The right panel corre_onds to Av-2
transitionsforwhichthesquareofthe dipolematrixelementislargein thevicinityofv=12.
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FAST BEAM STUDIES OF FREE RADICAL PHOTODISSOCIATION

Daniel M. Neumark

Department of Chemistry, University of California, Berkeley, CA 94720
and

Chemical Sciences Division, Lawrence Berkeley Laboratory, Berkeley, CA 94720

We have developed a novel technique for studying the photodissociation spectroscopy and
dynamics of free radicals. In our experiment, radicals are generated by laser photodetachment of a
fast (6-8 keV) mass-selected negative ion beam. The resulting radicals are photodissociated with a
second laser, and the photofragments are collected and detected with high efficiency using a
microchannel plate detector. The overall process is"

ABC" hvt ABC+e hv2 A+BC, AB+C

Two types of fragment detection schemes are used. To map out the photodissociation cross
section of the radical, the photodissociation laser hv 2 is scanned and the total photofragment yield
is measured as a function of v2. This is a spectroscopy experiment which tells us at which
frequencies the radical undergoes photodissociation. We also perform photodissociation dynamics
using a photofragment coincidence detection scheme based on the two-particle position and time
sensing detector developed by Los. t In these experiments, hv2 is fixed, and we determine the
photofragment masses, kinetic energy release, and scattering angle (relative to the laser
polarization) for each photodissociation event. From this we construct photofragment kinetic
energy and angular distributions for each product channel.

Thus far, photodissociation dynamics experiments using this detector have been carried out
for 02. N3, and CH2NO 2. In the 02 experiment, we excite the B3E(v =7)_---X3E(v ---4)
transition in the Schumann-Runge band. The 02 B state predissociates to form two O(3pj) atoms.
Our photofragment kinetic energy resolution is sufficiently high to resolve the different
combinations of fine structure (J) levels for the two O atoms, yielding a correlated fine structure
distribution from which we learn about the nature of the repulsive states responsible for the
predissociation of the B state.

In the N3 experiments, we excite the predissociating B2y.+state of N3 and measure the N +
N2 energy and angular distributions. We find that the v--Olevel of the B state undergoes
significant predissociation to both the spin-forbidden N(4S) + N2channel and the spin-allowed
N(2D) + N2 and N(2p) + N2 channels. However, the spin-forbidden channel is largely quenched
from predissociation of the v2=l bend-excited level of the B state. This mode-specific effect is
attributed to an increase in the rate of spin-allowed dissociation due to bend excitation in the B
state. We also find that the N2 product is highly rotationaUy excited, implying that bent geometries
play a significant role in the dissociation of Na.

The CH2NO 2 experiments were motivated by the extensive work by several investigators
on the analogous closed-shell molecule, nitromethane (CH3NO2). Photolysis of nitromethane near
193 nm primarily results in C-N bond fission to form CH3 + NO 2. In contrast, we find the
excitation of CH2NO 2 from 240-270 nm results in two channels: CH2NO + O (N-O bond fission)
and CH20 + NO (rearrangement/elimination). The C-N bond fission channel is not observed.
The kinetic energy distributions for the two observed channels are quite different; the bond fission
channel peaks near zero kinetic energy, while the NO elimination channel pe_s well away ft'ore

1 D.P. de BruijnandJ. Los, Rev.Sci. lnstrum.53, 1020(1982).
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zero, consistent with a sizeable barrier. The overall dynamics can be qualitatively explained, but a
more detailed understanding of the excited states of CH2NO2 would certainly be useful.
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Vacuum Ultraviolet Photoionization and Photodissociation of

Polyatomic Molecules and Radicals

C. Y. Ng

Ames Laboratory, USDOE and Department of Chemistry
Iowa State University, Ames, Iowa 50011

I. Photodissociation of Radicals

In the past decade, tremendous progress has been made in understanding the photodissociation
(PD) dynamics of triatomic molecules. However, the PD study of radicals, especially polyatomic
radicals, has remained essentially an unexplored research area. Detailed state-to-state PD cross sections
for radicals in the UV and VUV provide challenges not only for dynamical calculations, but also for ab
initio quantum chemical studies. We have developed a laser based pump-probe apparatus for the
measurement of absolute PD cross sections of radicals. The successful applications of this apparatus
for the measurement of absolute PD cross sections for CH3S and HS are summarized below.

(1) Our recent PD studies of CH3SSCH3and CH3SCH3suggest that the CH3S photofragment can
further dissociate by the absorption of a second 193 nm photon to produce S predominantly in the lD
state. In order to examine this suggestion, we have measured directly the nascent electronic state
distributions of S(3P2,_.o;tD2) atoms formed in the 193 nm PD of CHsSCH3 according to reactions (1)
and (2). In this experiment, the 2+1 resonance-enhanced multiphoton ionization (REMPI) schemes are
usedtodetectS(SP2A.o;_D2).

CHsSCHs + hv (193 nm) -_ CHs + SCHs (1)

SCHs + hv (193 nm) -_ S(sP2.l.o;lD) + CHs (2)

The S. signal resulting from the 2+1 REMPI is directly proportional to the number density of S. i.e.,
[SI. Since _t is known, the absolute cross sections for the formation of S(3p_.._.o;tD) from CHsS can be
determined by calibrating to the S. signals due to the formation of S(3P2.1.o;lD) from CS2.

CS2 + hv (193nm) _ CS(v) + S(3P2.l.o;lD2) (3)

The absolute cross section for process (3) is known. The branching ratio for S(3p)/s(_D) (=2.78) and
the fine-structure distribution of S(sP2._.o)resulting from the 193 nm PD of CS2have also been measured
previously by the VUV laser-induced fluorescence and TOF mass spectrometric methods.

Using the procedures outlined above and the rate equation model, we have obtained an estimate
of lxl0 "tScm2 for oY2.The branching ratio for S(sP)/S(_D)due to process (2) is found to be 0.15/0.85,
while the fine-structure distribution observed for S(3p2._.o)is determined to be 3p2: 3pr : 3Po = 0.59+0.02
: 0.32±0.02 : 0.09±0.04, which is close to the statistical distribution of 5/9 : 3/9 : 1/9.

In order to rationalize the experimental observations, we have also examined the ab initio multi-
configuration-self-consistence-field potential energy surfaces of CHsS along the CH3-S dissociation
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coordinate in C3,,symmetry. For the 193 nm PD of CH3S(Y(),the measured fine-structure distribution
for S(3P2.t.o) is in accord with the predissociation of CH3S(t_2A2)via the CH3S(132A_.)state.
Predissociation of CH3S(t_2A2)via the repulsive CH3S(E2E)surface is most likely responsible for the
efficient production of S(tD) in the 193 nm PD of CH3S(YO.For vibrationally excited CH3S(Y(),a viable
mechanism for the dominant production of S(tD) may involve direct dissociation via the CH3S(E2E)state
formed in the 193 nm photoexcitation.

(2) Based on the previous experiments and on energetic considerations, the scheme for the formation
of S(3P2.1.o; tD) from the 193 nm PD of H2S may involve processes (4)-(6).

H2S + lav (193 nm) -_ H + HS (4)

HS + hv (193 nra) -_ H + S(3p2.t.o;tD2) (5)

H2S + hv (193 nm) -_ H_.+ S(3p2.1.o;tD,.) (6)

By examining the PD power dependence of S., we have determined unambiguously the values
for _4, t_5,and t_6to be 6.5x10"ts, 1.1xl0 "tS,and 0.3x10 "tscm2. The branching ratio S(3p)/S(tD) =
0.87/0.13 observed for process (5) supports the direct PD mechanism for HS at 193 nm via the excited
repulsive HS(2_:',2A) potential energy surfaces. The firJe-structuredistribution S(3P2) ' S(3P0 ' S(3Po)
- 0.68 " 0.24 • 0.08 for process (5) is consistent with this conclusion.

II. Comparison of Experimental and Theoretical Ionization Energies and Electron Affinities

Because of the existence of many stable isomers for polyatomic radicals, results observed in

photoionization (Pl) and photodetachment experiments require theoretical interpretations. To
complement our experimental studies on organosulfur chemistry, we have begun to perform ab initio
calculations at the Gaussian-2 (G2) level of theory. Using the G2 theoretical procedure, we have
examined the molecular structures and total energies for CH2SH, CI-12S',CH3S', CH2SH, CH3SH, CH3.,
and CH3SH.. Combined with the results of previous G2 calculations, this calculation yields predictions
for the adiabatic ionization energies (IEs) of CH3(9.79 eV), CH2SH (7.41 eV), and CH3SH (9.55 eV),
which are in accord with the experimental IEs of 9.84 eV for CH3, 7.53_.003 eV for CH:SH, and
9.440 eV for CH3SH. The G2 values for the adiabatic electron affinities (EA) of CH2S, CH2SHto trans-
CH2SH'(C,; _A'), CH2SH to cis-CH2SH'(Cs; _A'), and CH3S are 0.38, 0.52,0.61, and 1.86 eV,
respectively. The EA(G2)'s of CH2S and CH3S also agree with the respective experimental values of
0.465+0.023, and 1.861+0.004 eV. We f'md that CH3SH is unstable with respect to the electron
detachment channel CH3SH + e.

The G2 theory is targeted to provide accurate absolute total energies; hence G2 calculations of
polyatomic species require the computing capacity of a supercomputer, which is still not easily
accessible to individual laboratories. Because of the significantly less demand in computational capacity
for density functional (DFr)calculations compared to G2 calculations, DF is an attractive theoretical
method, if it can provide reliable predictions for molecular energies, especially for larger neutral and
ionic molecular species. Using the DF method, we have obtained predictions of IEs and EAs for CH3S
and CH2SH. These calculations were carried out on a standard workstation. Table I compares the DF
predictions with the experimental and G2 results. As shown in the table, Eo(DF) values are significantly
higher than the corresponding G2 results. However, the relative AEo(DF) and AEo(G2) values, which
can be determined in PI and photodetachment threshold measurements are surprisingly close, with
absolute deviations [AE(G2) - AEo(DF)I < 0.212 eV (average absolute deviation = 0.106 eV).
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TableI. Energeticsof CH3S'(3A2).CI-_SI-I*(tA'),CH3S(:A'),CH_SH("A),CH3S(IAI)andCH2SH'(_A') at0 K."_

{AE(G2)-
Species Eo(DF) AEo(DF) AEo(DF) ] AEo(Expt)

(hartree) (eV) (eV) (eV)
i

CH3S+(C3v;3A2) -435.96000 9.153 0.086 9.225±0.014
[-437.17155] [9.239] 9.262±0.005

CH2SH.(C,;|A ') -436.01325 7.704 0.107 7.57

[-437.22405] [7.811] 7.66
7.81

CH2SH(C_;2A) -436.28967 0.182 0.212 0.16
[-437.49660] [0.394] 0.24

0.39

CH3S(Cs;2A') -436.29637 0.000 0.000 0.00
[-437.51108] [0.000] 0.000

trans-CH2SH(Cs;tA ") -436.30349 -0.194 0.048 ...

[-437.51645] [-0.146]

cis-CH2SH'(Cs;tA ") -436.30782 -0.312 0.085 ...
[-437.51941] [-0.227]

CH3S'(C3v;IA0 -436.36134 -1.768 0.097 - 1.861±0.004
[-437.57963] [-1.86s] -1.871±0.012

a) s.-w. Chiu,W.-K.Li, W.-B.Tzeng,andC. Y. Ng,J. Chem.Phys.9.!,6557 (1992);andreferencestherein.
b) E, representsthe electronicenergyplus thezero-pointvibrationalenergy. Air.,valuesare energiesrelativeto thatfor

CH3S(2A').Eo(G2)and AE,(G2)aregivenin squarebrackets.
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5023 (1991).
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Quantitative Imaging of Turbulent and Reacting Flows

Phillip H. Paul

Combustion Research Facility
Sandia National Laboratories

Livermore, CA 94551-0969

Program Scope

Quantitative digital imaging, using planar laser light scattering techniques is being developed
for the analysis of turbulent and reacting flows. Quantitative image data, implying both a
direct relation to flowfield variables as well as sufficient signal and spatial dynamic range,
can be readily processed to yield two-dimensional distributions of flowfield scalars and in
turn two-dimensional images of gradients and turbulence scales. Much of the development of
imaging techniques to date has concentrated on understanding the requisite molecular
spectroscopy and collision dynamics to be able to determine how flowfield variable
information is encoded into the measured signal. From this standpoint the image is seen as a
collection of single point measurements. Our present effort is aimed at realizing necessary
improvements in signal and spatial dynamic range, signal-to-noise ratio and spatial resolution
in the imaging system as well as developing excitation/detection strategies which provide for
a quantitative measure of particular flowfield scalars.

The standard camera used for the study is an intensified CCD array operated in a
conventional video format. The design of the system was based on detailed modeling of
signal and image transfer properties of fast UV imaging lenses, image intensifiers and CCD
detector arrays. While this system is suitable for direct scalar imaging, derived quantities (e.g.
temperature or velocity images) require an exceptionally wide dynamic range imaging
detector. To apply these diagnostics to reacting flows also requires a very fast shuttered
camera. We have developed and successfully tested a new type of gated low-light level
detector. This system relies on fast switching of a proximity focused image-diode which is
direct fiber-optic coupled to a cooled CCD array. Tests on this new detector show significant
improvements in detection limit, dynamic range and spatial resolution as compared to
microchannel plate intensified arrays.

For applications in reacting flows we have chosen planar laser-induced fluorescence (PLIF)
imaging as our primary diagnostic tool. PLIF is a species specific diagnostic which provides
relatively high signal levels and access to most radical species of interest. To be able to
develop experimental strategies which provide PLIF images of particular flowfield scalars
requires a consideration of collisional quenching effects. We have completed an effort to
model collisional quenching of OH A2Y.and NO Acyl. The purpose of this work is to provide
a physical framework to consolidate experimental quenching cross-section measurements and
then provide sets of correlations which can be used to design experiments or extrapolate to
typical flowfield conditions. The quenching model ;s based on the combination of classical
collision-complex formation and a curve-crossing or "harpoon' mechanism with the crossing
probability based on a Landua-Zener formalism. The model has been used successfully to
match NO quenching measurements made in our laboratory (see abstract by J. A. Gray et al.)
and has been successfully tested against literature values for OH quenching.

Recent Progress

We have completed a detailed study of the flow in the near-field of a non-reacting round jet.
This flow displays a very 2-D shear-layer like character which makes it of particular interest
as a basis for comparison to direct numerical simulation results. Here we have used PLIF
imaging of NO to obtain very high quality images of the conserved scalar fields. The use of
trace NO in nitrogen provides both superior signal levels and a unity Schmidt number



experiment. Image data sets have been recorded over the range of 800 < Res< 80,000 (a
Reynolds number based on the mixing layer thickness at mid image). Probability density
functions (PDFs) for mixed fluid as a function of position across the layer display a distinct
non-marching character for pre-transition values of Re8 , at higher values of Res the PDF
displays a marching component on the low speed side of the layer. Evidence for a marching
component on the high speed side of the layer is found for Res > 40,000. At the highest
Reynolds numbers, it is no longer possible to fully resolve the finest flowfield structure.
There is then an ambiguity in the meaning of the measured signal: for a resolution element
containing equal portions of jet and ambient fluid, the same signal will be recorded if the two
fluids are fully segregated or if they are fully mixed at a molecular scale. To investigate the
process of mixing at the finest scales in highly turbulent flows we have developed the "cold-
chemistry' approach. We take advantage of the low cross-section for quenching of NO by N2
and the high cross-section for quenching by 02, < 0.0074 and 25 _,2respectively. By using
PLIF of NO to image an NO seeded N2jet mixing into ambient air, the weighting imposed by
the quenching provides a signal which can be directly interpreted as that fraction of the
resolution element which contains pure unmixed fluid. Using this method we have confirmed
and quantified the behavior of the PDFs for the incompressible shear layer and have extended
the work to a study of the compressible layer. We find that the amount of mixed fluid is a
weak function of compressibility, for convective Mach numbers in the range 0.3 to 1.2, and
observe a scalar mixing PDF with a strong marching character.

The shear layer work was extended to a study of the near-field of a reacting He - air non-
premixed jet using simultaneous PLIF imaging of OH and trace acetone seeded into the jet
fluid. The experiment makes use of a single laser to pump an isolated transition in the OH A
oX system which coincides with the broad continuum characterizing the acetone _,_X
system. The resulting images are spectrally differentiated onto separate cameras using a
bandpass filter for the OH and a longpass filter for the acetone. The OH image marks the
reaction zone and the acetone provides a convenient flow tracer for the unmixed fuel,
thermally decomposing well prior to the reaction zone. Image data sets have been recorded
for both reacting and non-reacting conditions over the range 1000 < Red< 100,000 (a
Reynolds number based on nozzle diameter) and for a range of fuel dilutions with nitrogen or
helium. These data provide strong quantitative evidence that the effect of the heat release
associated with the reaction is to greatly stabilize or even larmnanze the local turbulence.
This laminarization suppresses both the largest and smallest scales of the turbulence. The heat
release reduces the density of the ambient fluid thus damping the instability (the central
mode) that drives the non-reacting shear layer. The flame appears to act as a boundary
condition for a mixing layer (likely associated with one of the outer modes) that is formed
between the high-speed jet fluid and the hot products produced in the flame zone. This
reaction zone is not subjected to large scale fluid motions and appears as a simple strained
laminar flame. The reaction zone is unbroken except at the highest Reynolds number where
evidence for local extinction is found. This suggests that the flame is positioned so as to
consume ali of the entrained oxidizer. The present results have important implications for the
far field structure of jet flames, that are in addition to the decrease in the Reynolds number
associated with increased temperature. The stabilization of the turbulence near the flame zone
may inhibit the large-scale motions that are responsible for entrainement in non-reacting jets.
The ability of the continuous flame zone to exclude oxygen from the jet core may
significantly alter the production or destruction of NOx transported in the jet fluid.

The image-diode intensified CCD array has been used to study the details of mixing at the
finest turbulence scales in the far field of a non-reacting round jet. Compared to our standard
system, this new camera yields a significant advantage in spatial resolution, an improvement
in the signal-to-noise ratio and signal dynamic range, and a reduction in the system fixed-
pattern noise. High quality images with a realized spatial resolution of better than 100
microns were obtained using PLIF imaging of trace NO in Ne. Scalar dissipation images
obtained by spatially differentiating these data reveal mixing zones that are composed of
numerous fine filaments. This structure is previously unreported and is strikingly different
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from that found in turbulent high Schmidt number flows (e.g. water). These experiments are
being rerun with a new design for the sheet forming optics which should improve the spatial
resolution by an additional factor of two while maintaining the image quality.
Future Work

We are developing a new camera to provide temporally resolved PLIF imaging. Tile camera
is based on very high-speed readout of a CCD array and is intensified with a HOT-MCP tube.
The system is designed to provide 3,500 frame-per-second imaging to memory with the
capacity to continuously record up to one seconds worth of image data. Initial testing will be
with a doubled diode-pumped slab-YAG laser (up to 10 kHz pulse rate) to perform planar
Mie scattering imaging. We are presently investigating alternative laser technologies (e.g.
larger diode-pumped YAG system or waveguide excimers) to be able to extend the system to
PLIF imaging.

We are testing a new excitation/detection scheme for PLIF imaging of the CH radical. In
hydrocarbon flames CH provides a unique means to study flame-front topology. Previous
methods have provided relatively poor signal levels forcing a sacrifice in spatial resolution
which has then limited the use of CH imaging to only slightly turbulent flows. Test of
excitation/detection strategies for PLIF imaging for formaldehyde are also in progress.
Imaging results of suitable quality have been obtained of the nascent formaldehyde produced
in a methanol flame. Formaldehyde also promises to be an excellent flow tracer and possibly
useful as a conserved scalar for reacting systems, surviving to higher temperatures than
acetone and providing a near unit Schmidt number. PLIF imaging of nascent NO in flames is
strongly compromised by a very high collisional quenching rate. As a remedy, we have
successfully amplified the laser used for NO measurements (an excimer pumped dye laser
doubled in BBO at near 225 nm) in an KrC1 excimer medium. The substantial increase
available pump energy should provide a significant improvement in NO imaging capability.
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Molecular Eigenstate Spectroscopy:

Application to the Intramolecular Dynamics of Some Polyatomic
, Molect_les in the 3000 to 7000 cm_ Region

D_vid S. Perry, PrincipalInvestigator
University of Akron, Akron OH 44325-3601

i. Introduction

Intramolecular vibrationalredistribution(IVR) appearsto be a universal propertyof

polyatomicmolecules in energy regions where the vibrational density of states is greater than
about 5 to 30 states per cm-t. Interestin lVR stems from its central importanceto the
spectroscopy, photochemistry,and reaction kinetics of these molecules.

A bright state, tO,,which in our case may be a C-H stretching vibration, carriesthe
oscillator strengthfrom the ground state. This bright state may mix with bath rotational-

" vibrational levels to form a clump of molecular eigenstates, each of which carries a portionof
the oscillator strengthfrom the ground state. In our work we explicitly resolve transitionsto

= each of these moleculareigenstates. Detailed informationabout the natureof 1VR is contained
in the frequencies and intensities of the observed discrete transitions.

The primarygoal of this researchis to probe the coupling mechanismsby which lVR
takes place. The most fundamentaldistinction to be made is between anharmoniccoupling
which is independentof molecular rotationand rotationally-mediatedcoupling. Of the
rotationally-mediatedmechanisms, Coriolis coupling is generally assumed to be stronger than
centrifugalcoupling. Coriolis interactions may be furtherclassified as x, y, or z according to
the axis about which the coupling rotationoccurs. Each of these mechanisms obeys different
symmetryrestrictions and therefore each leaves its characteristic signatureon fully resolved
molecularspectra.

We are also interestedin the rate at which lVR takes place. Our measurementsare

strictly in the frequencydomain but informationis obtained about the decay of the zero order
state, to,, which could be preparedin a hypothetical experimentas a coherent excitation of the
clump of moleculareigenstates. As the coherentsuperpositiondephases, the ,energy would
flow from the initi_ly preparedmode into nearbyovertones and combinationsof lower
frequencyvibrational modes. The decay of the initially prepared mode is related to a pure
seqllenceinfraredabsorptionspectrumby a Fourier transform.

II. Direct Infrared Absorption in a Free Jet

The sample gases were cooled to about 5 K in a pulsed slit-jet expansion. The high
• resolution absorptionspectrumof the jet was recorc_edby monitoring the transmitted intensity

of an F-centerlaser beam. Spectraof the asymmetricmethyl C-H stretchbands of 1-butyne!
and ethanol2 were recordedat about0.001 cm1 resolution. Both of these molecules exhibited
intermediatecase 1VR with each zero-orderline being fragmented into a clump of transition
to molecular eigenstates.

Even though the spectraexcited the same chromophorein each molecule, the spectra
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were startlingly differentfor the two molecules. For l-butyne, the measuresof 1VR (see
section V below) were independentof J and show only a slight dependenceon K,. Therefore
the coupling mechanismis dominantlyanharmonicwith some contributionfrom z-axis
Coriolis interactions. For ethanol, there is evidence for anharmoniccoupling at J=0, but the
numberof coupled levels increase rapidlywith both J and K, which indicates the presenceof
x/y and z-type Coriolis couplings respectively, lt can be seen then that in both molecules
morethan one coupling mechanism is presentalthough the relative strengths arequalitatively
different. In Section V below, we describe the methodology that we have developed for
estimating the relative strengthof each mechanismwhen multiple coupling mechanismsare
present.

The lifetimes for the decay of C-H stretchingvibrations in 1-butyneand ethanol have
been determined. The IVR lifetime in 1-butyneis 270 ps for both the methyl C-H and the
acetylenic C-H vibrations. When the methyl C-H of ethanol is excited, the lifetime is
shorterand decreases rapidly with K. (116, 58, and 32 ps for K,=0, 1, and 2). In these
cases, we see that the IVR rate depends not on the identityof the chromophorebut on the
identity of the molecule and that fast IVR is associated with a Coriolis coupling mechanism.

III. Infrared Double Resonance

An infrared double resonance(IRDR) technique capable of recordingmolecular
eigenstate spectraas a probeof 1VR in polyatomic molecules has been developed. The
IRDR technique has the following properties:

(i) Ali good quantumnumbers can be assigned through the use of two high resolution
laser beams. The assignmentambiguities which are unavoidablein single resonance
experiments are removed. In fact by the nature of the experiment, most featuresare fully
assigned at the momentthey are recordedwhich relieves the necessity of tedious assignments
by groundstate combinationdifferences and opens the door to the study of muchmore
complex spectra.

(ii) The equipmentcan be operated in a saturation mode (Fig. 1) in which the pump
and probe frequenciesare the same, or in two doubleresonance modes (Fig. 2).

(iii) Throughthe use of two photons, vibrationscan be accessed which are completely
darkto single resonancespectroscopy, e.g. , the v, +v6 band of propyne(Fig.2).

(iv) The molecules are cooled in a free jet.
(v) The resolution is in the range 5 to 25 MHz.
(vi) High signal-to-noise (600:1) has been obtained in the propyne2v_ region.

Ourresults3" on the v,, v, + v,, and 2v, bands of propynespan the range of energy where
lVR is turning on. The qualitative behavior, multiple perturbingstates and indications of z-
axis Coriolis interactions, is consistent for the three bands. The extent of mixing increases
monotonically with vibrationalenergy. The 2v_ spectrareveal explicitly a two-stage lVR
coupling mechanism, first anharmoniccoupling to a relatively sparse tier of darkstates which
are in turn coupled to a denser tier by a z-axis Coriolis effect.'

* A. Mcllroy, D. J. Nesbitt, E. R. Th. Kerstel, B. H. Pate, K. K. Lehmann,and G.
Scoles, unpublishedmanuscript.
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IV. Microwave-Infrared Double Resonance

Microwave-infrareddoubleresonancespectrahave been recordedfor a few rotational
• levels in the O-H stretch bandof ethanol.' The experimentwas done at the National

Institutefor Standardsand Technology in collaboratio_with Brooks Pate and JerryFraserand
was supportedby this grantonly throughthe stipend of the student, Greg Bethardy. This
double resonance techniqueused optothennaldetectionwith electrostaticfocusing. The O-H
IVR lifetime at 25 ps is extremelyrapid, even faster thanthe average59 ps for the methyl C-
H stretchin the same molecule.

V. Random Matrix Simulation of Molecular Eigenstate Spectra

As the density of states increaseswith energy or with molecularsize and flexibility, a
single bright state is fragmentedinto an increasingnumberof closely spacedeigenstates, lt
quickly becomes impossible to identify the zero-ordercharacterof each darkstatewhich is
perturbing the bright state, The difficultycomes, in part,from our inabilityto calculate the
energies of the zero-orderdarkstateswith sufficient precision, and, more fundamentally,
from the fact that the zero-order dark states are l_ly to be extensively ngxed among
themselves. We are compelled, therefore,to devisea statisticaltreatmentof the high
resolution spectra in orderto deal with our ignoranceof the vibrationalcharacterof each
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interactingbath state.
We have developed a methodology6,'based on a class of random matrixensembles

called the Gaussian-PoissonEnsembles. We assume that there is sufficient mixing among the
bath states to validate a statistical treatment. Our methodology is capable of simulating
infraredspectraexhibiting intermediatecase and also those in the sparse limit where only one
or two perturbinglevels are observed. By varying the parametersdefining the ensemble to
fit the observed spectra, we are able to extractuseful mechanistic informationfrom the
experimental data.

Since a statistical method cannotbe expected to reproducethe individual line positions
and intensities of an experimentalspectrum,certain statistical measuresof lVR are selected to
serve as the interface for the comparisonof experiment and theory. They are (i) the dilution
factor, (ii) the interaction width, and (iii) the density of coupled levels.

The first step in simulatinga spectrumis to select the model parameterswhich will
defme an ensemble of randommatrices. We have used the RMS anharmoniccoupling and
Coriolis couplings (each of x, y, and z types). Separateparametersare used for the bright-
bath interactionand for the bath-bath interaction. The second step is to select a matrix from
the ensemble by choosing individual matrix elements from the appropriatedistributions. This
matrix is diagonalized to create a synthetic _m. Many matrices(64 to 512) are selected
from the same ensemble and diagonalized to obtaina representative samplingof the
ensemble. Ensembleaverage values of the measuresof lVR, their distributions,and their
dependenceon the rotationalquantumnumbersare then compared to the experimental values.
The model parametersare then varied until the agreementwith experiment is satisfactory. In
this way, we were able to obtainRMS anharmonic,Coriolis z-type, and Coriolis x/y-type
matrix elements for the bright-bathcoupling in 1-butyneand in ethanol. By matching the
experimental density of states some informationis also available aboutthe Coriolis bath-bath
coupling matrix elements.

VI. Future Plans

The infrared double resonancetechnique will be applied to the 6000 cm-1 region of
propyne, methanol, and methyl amine. In propyne, advantage will be takenof accidental
resonancesto study vibrations such as vi +v3+2v9 which are not simple C-H stretches but
contain significantamplitudein other coordinates. Methanol and methylaminehave low-
barrier3-fold symmetric potentials for internal rotationwhich might enhancethe IVR rate
relative to 1-butynewhere the barrieris higher. These molecules will allow a direct
comparisonof C-H, O-H, and N-H stretches.

VIII. Papers Citing DOE Support
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REACTION AND DIFFUSION IN TURBULENT COMBUSTION

S.B. Pope
Mechanical and Aerospace Engineering

Ithaca, NY 14853

1. INTRODUCTION

The motivation for this project is the need to obtain a better quantitative understanding
of the technologically-important phenomenon of turbulent combustion. In nearly all appli-
cations in which fuel is burnedufor example, fossil-fuel power plants, furnaces, gas-turbines
and internal-combustion engineswthe combustion takes place in a turbulent flow. Designers
continually demand more quantitative information about this phenomenonMin the form of
turbulent combustion models--so that they can design equipment with increased efficiency
and decreased environmental impact.

For some time the PI has been developing a class of turbulent combustion models known
as PDF methods (see Pope 1985). These methods have the important virtue that both
convection and reaction can be treated without turbulence-modelling assumptions. However,

a mixing model is required to account for the effects of molecular diffusion. Currently, the
available mixing models are known to have some significant defects. The major motivation
of the project is to seek a better understanding of molecular diffusion in turbulent reactive
flows, and hence to develop a better mixing model.

The primary approach adopted is the use of Direct Numerical Simulations (DNS) to study
turbulent non-premixed combustion. In DNS, the fluid mechanical and thermochemical
conservation equations are solved by an accurate numerical method, without any averaging
or turbulence modelling. In principle, then, DNS could be used to study a turbulent diffusion
flame, for example. In practice, however, computational limitations severely restrict the flows
that can be simulated.

For non-reacting flows, DNS is restricted to simple geometries and moderate Reynolds
number. For reacting flows there are severe restrictions on the thermochemistry. Indeed,
DNS is a misnomer since simplifying assumptions are made about the chemical kinetics and
molecular transport processes. It is completely out of the question to account for the 50
species and 200 reactions that typically occur in a turbulent flame.

What then is the use of DNS for turbulent combustion? Our approach is to use DNS to
study very simple turbulent reactive flows, that contain qualitatively the same phenomena
as real flames. Based on the insights and information gained, statistical models will be
developed and tested. These models are then applicable to the turbulent flames of practical
importance.

2. DIRECT NUMERICAL SIMULATIONS

We consider the simplest possible thermochemistry that allows the study of finite-rate
kinetic effects in non-premixed combustion. Accordingly, the density is taken to be constant,
and the molecular diffusivities are taken to be equal and constant. The mixing is then com-
pletely characterized by the mixture fraction _. A one-step reversible reaction is considered,
with Y being the reaction progress variable.
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We have carefully developed a simple thermochemical model in terms of _ and Y which
is suitable for DNS, and yet retains as much of the essential ingredients as possible. At
equilibrium, Y adopts the value Ye(_¢). This function Ye is defined by the stoichiometric
mixture fraction _¢sand by the equilibrium constant K. It is normalized to have a maximum
value of unit;y.

Rather than the reaction progress variable, we consider its perturbation from equilibrium

y- - Y. (1)

Then, the reaction rate is of the form:

(2)

where f and g are normalized functions, and v¢ is the specified reaction time scale.
The parameters in the thermochemical model can be chosen to encompass a broad range

of conditions--slow or fast reactions, high or low activation energy, small or large equilibrium
broadening etc. An important parameter (which can be controlled) is the characteristic width
of the reaction zone in mixture fraction space, A_r.

In DNS, it is very important to understand the demands of numerical resolution, not
only to ensure accurate simulations, but also so that the broadest parameter range can
be investigated. The three most important non-dimensional parameters are the Reynolds
number R_, the Damkohler number Da, and _/A_r--the ratio of the r.m.s, to the reaction
zone thickness (in mixture fraction space).

Using numerical forcing, we study stationary homogeneous isotropic turbulence. The use
of forcing not only facilitates the analysis and interpretation of the results, but it also allows
higher Reynolds numbers to be obtained compared to the case of decaying turbulence. For
non-reacting flows, the resolution issues are well understood: on a (128) a grid R_ _ 90 can
be obtained.

In practice, the resolution requirements connected with the Damkohler number are simple
to satisfy. The requirement is that the time step At be small compared to the reaction time
scale rc. Other considerations already limit At to be small compared to the Kolmogorov
time scale %. Hence the fast-chemistry limit (7"c/v, < 1) can be approached without penalty.

The resolution requirement connected to the parameter _/A_Cr, on the other hand, is
extremely restrictive. Considerable time has been spent in understanding and quantifying
the requirement.

Some preliminary results are described in Section 4. But first, the theory with which
they can be compared is presented.

3. THEORY

The first question being studied is the stability of the combustion system. Consider
simulations with fixed values of R_ and _/A_, but different values of Da. For very large
Da, the composition is very close to equilibrium, and hence y is everywhere close to zero.
For zero Da, on the other hand, there is no combustion and y increases with time. There
is, therefore, a critical value of Da, above which stable combustion takes place and the
composition field is statstically stationary. Below this critical value extinction occurs.
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The evolution equation for y is

D...yy= FV2y_ 1xy,,(_ ) _ S(_,y), (3)Dt

where
x = 2rv . (4)

is the scalar dissipation. Note that Y" is negative, and so the term in 2: in Eq. (3) is positive.
In view of the statistical homogeneity of the fields, the mean of Eq. (3) is

,,
dt - -_(XY_ (_)) -(S(_,y)). (5)

For stable combustion d(y)/dt is zero, and hence the two terms on the right-hand side
balance.

4. RESULTS

A convenient way to explore stability in DNS, is to perform a long simulation in which,

starting from a large value, Da is slowly decreased (on a time scale that is greater than all
relevant physical and chemical time scales). Thus a quasi-stationary state exists until the
critical value of Da is reached. Figure 1 shows results from such a simulation, for Rh = 18,

_'/A_ = 1 and an initial Damkohler number of Da0 = 667. It may be seen from Fig. l(b)
that the volume average of y, [y], rises slowly as Da decreases (i.e. Da/Dao increases), until

log(Dao/Da) equals 3 (i.e. Da _ 0.67 ), but then there is a sudden rise which corresponds
to extinction.

Figure l(c) shows the volume average of the two terms on the fight of Eq. 15. (The

solidlineis[S], the dashed line is [-]xY"(¢)].) For large Damkohler numbers, the two
quantities are very close to each other, confirming the quasi-stationarity. But beyond the
critical Damkohler number they diverge---as extinction begins. This divergence is more

precisely quantified on Fig. l(d), which shows

es=_ [S]/ [_2xy_,(,)] _ l. (6)

Extinction occurs when es drops significantly below zero.

Many other statistics have been examined. For example Fig. l(a) shows the probability
of local extinction, defined as

PT -- Prob {y > 2ym_,l_s- A_, < _ < _s + A# }, (7)

where Ym_ is the value of y at which the reaction rate S(_, y) is maximum.
Predictions of the critical value of Da have been obtained from ftamelet theory (Peters

1984), from QEDR theory (Bilger 1988), and from the conditional moment closure (Bilger
1993), and a lower bound is obtained from Eq. (5).

5. FUTURE PLANS

DNS studies of stability are continuing, and the results are being related to the theoretical

predictions mentioned above. Several near-critical values of Da will be selected for more
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detailed study. For these cases the structure and the statistics of the composition fields will
be examined in detail.
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ANALYSIS OF FORWARD AND INVERSE PROBLEMS
IN CHEMICAL DYNAMICS AND SPECTROSCOPY

by

Herschel Rabitz
Department of Chemistry

Princeton University
Princeton, NJ 08544

PROGRAM SCOPE:

The overall scope of this research concerns the development and application of forward and
inverse analysis tools for problems in chemical dynamics and chemical kinetics. The chemical
dynamics work is specifically associated with relating features in potential surfaces and resultant
dynamical behavior. The analogous inverse research aims to provide stable algorithms for extracting
potential surfaces from laboratory data. In the case of chemical kinetics, the focus is on the
development of systematic means to reduce the complexity of chemical kinetic models. Recent progress
in these directions is summarized below.

RECENT PROGRESS:

A. Forward Analysis

This research is focused on identifying the key features in potential surfaces with regard to
their impact on cross sections and kinetic rate constants. Processes involving inelasticity,
electronic curve crossing, and chemical reactivity are being studied. In order to explore
rotationally inelastic dynamics, the prototypical He + H2 system has been treated. In this case, a
singular value decomposition of the sensitivity matrix, provided a quantitative assessment of the
amount and type of physical information available in the potential and corresponding laboratory
data. This same analysis is being extended to chemical reactivity for the H + H2 system. A fully
three-dimensional forward analysis of the F + H2 reactive system has also been undertaken. This
study revealed that subtle correlated features in both the entrance and exit channels of the
potential, as well as near the barrier, are of importance.

B. Inverse Analysis

The inverse analysis techniques being explored explicitly rely on the forward tools
discussed above. In particular, an algorithm is being pursued for the extraction of potential
surfaces from quality laboratory data, without the imposition of a priori potential forms. In order
to stabilize the algorithm, the criteria is introduced that the resultant potential be smooth to a
required order of differentiability. In addition, any further rigorous information, such as
asymptotic forms, can be similarly included. The analogous techniques of so-called Backus-
Gilbert-Snider have been successfully employed by other researchers for allied inversion problems
in the geophysical sciences, astrophysical sciences, and in the optical sciences. We are specifically
utilizing differential cross section data and spectral line data for purposes of inversion. Most
recently, the technique has been applied to electronic curve crossing, for extracting the coupling
term between the potential surfaces. Computations are under way to illustrate the method for
inelastic and reactive dynamics.



C. Chemical Kinetics ModelReduction

/ serious problem in executing combustion models is the complexity of the chemical
mechanisms involving many steps and species. Early approximations,such as the steady state
approach, and the introduction of sensitivity analysis, suggests that such models may be
significantly reduced in complexity and still yield viable results. This aspect of our research
concerns the development of systematic means to reduce the complexity of chemical kinetic
mechanisms. Thus far, the primary focus has been on the introduction of linear projective
transformations of the chemical species to yield models of reduced complexity. An explicit
algorithm has been set up to find the transformations to meet this goal. Such linear
transformations have a degree of utility, but the most significant progress will be made by the
introductionof nonlineartransformations.Researchto introducesuch nonlineartransformationsis
under way. In a parallel vein, we are also pursuing the use of multiple time scale analysis to
provide an algorithmformodel reductionbased on separ_ng the fast and slow kinetic processes.
This latter work also makes a firm connection with the earlier steady state approaches.
Application of these tools to combustionmodels is underway.

FUTURE PLANS

In the area of forward dynamical analysis, our research will increasingly focus on chemical
reactivity. In a similar vein, the inverse work will treatinelastic date while moving towards treating
chemical reactivity. Variousaspectsof this workarein collaborationwithNancy Brown. The workon
chemical kineticsmodel reductionwill continueto focus on theuse of nonlinearspecies transformations
formechanism simplification.Treatmentsbasedon identifyingthe naturalslow andfasttime scales will
also be pursued for reduction purposes. Finally, a collaborative studyhas been undertakenwith Jim
Muckerman,to designlaser pulses for the manipulationof moleculardynamics.
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High-Resolution Inverse Raman and Resonant-Wave.Mixing
Spectroscopy

Principal Investigator: LarryA. Rahn,CombustionResearchFacility, SandiaNational
Laboratories,Livermore,CA 94551-0969

Program Scope: These research activities consist of high-resolution inverse Raman
spectroscopy (IRS) and resonant wave-mixing spectroscopy to support the development of
nonlinear-optical techniques for temperatureand concentration measurementsin combustion
research. Objectivesof this workincludedevelopmentof spectralmodels of importantmolecular
species needed to performcoherent anti-StokesRamanspectroscopy(CARS) measurementsand
the investigation of new nonlinear-opticalprocessesas potential diagnostic techniques. Some of
the techniquesbeing investigatedinclude frequency-degenerateand nearly frequency-degenerate
resonantfour-wave-mixing(DFWMandNDFWM),and resonantmulti-wavemixing (RMWM).

Recent progress:

ThermalGratingContributionsto Resonant-Wave-MixingSpectra of Flame OH
Larry A. Rahn, Michael S. Brown,*JonW. Forsman,and Skip Williams+

Thermalgratingsignals arise in DFWM experimentswhen anoptical intensity gratingis
formedandthe resultingoptical excitationrelaxes to thermalenergy. These periodicvariationsin
gas temperature(the "thermalgrating")give rise,afteracousticrelaxation, to a density gratingand
an associatedindex grating. An optical signal that is coherentwith the DFWM signal is generated
when one of the pump beams scatters from the index grating. Because the thermal grating is
formed by quenching coUisions and relaxes by diffusion, it is enhanced athigher pressures. This
trend is opposite that for the usual DFWM signal. The thermal grating signal also has a lower
dependence on the wansition moment and exhibits a different lineshape than that for DWM.
These and other unique features of thermal grating signals must be properly accounted for in
quantitativespectralmodels for DFWM measurements.

Three techniques, DFWM, NDFWM, and two-color laser-induced-grating spectroscopy
(TCLIGS),are used to investigateand confrerethe importanceof the thermal gratingmechanism to
resonant-wave-mixingsignals in flames. The polarizationcharacteristicsof DFWM measurements
on OH A2y'-+--_ X2I'I transitions show disagreement with perturbation theory calculations for a
two-level system consistent with the formation of thermal gratings. NDFWM spectra show
narrow features at line center that fit theoretical lineshapes having significant contributions from
both thermal gratings and multi-level open-system effects. These experiments also allow us to
determine the relative strength and phase of the thermal grating signal. Finally, recent TCLIGS
experimentsusing a time-delayedgrating-probebeamindicatethe excitationof acousticoscillations
in the flame by the transient excitation of a thermal grating. The DFWM experiments and theory
are discussed in further detail below.

Polarization properties of Z(3) for DFWM: Larry A. Rahn and Michael S. Brown*
The DFWM experiments reported here used the output of a frequency-doubled pulse-

amplifiedcw dye laser operatingnear 615 nra. A geometry employing nearly counter-propagating
pumpbeams in a three-dimensionalphase-matchingarrangementwas used. The beamscrossed in
an interactionvolume 5 mm above a 60-mm diameterflat-flame burneroperated with gas flows of
4.8 I/mim of H2 and 3.0 I/mim of 02. At this location in the flame, the OH temperature and
concentration were -1450 K and-2 x 1015cre-3, respectively. For the measurements reported
here, the peak laser-beamintensities were held as low as possible to avoidsaturationeffects. In ali
cases the intensities were equal to or below - 70 kW/crez [-- 0.1 Isatfor Rl(9)] The DFWM
polarizationintensity ratio measurements were performedat line center by rotating thepolarizations
of the lasers using half-wave plates while the signal was analyzed with a fixed polarizer to reduce
scatteredfight. The signal was averaged for 1000 laser shots for each measurement and corrected
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for scatteredfight when necessary. DFWM polarizationintensityratio measurementsareplotted
(symbols)in Fig. 1versus the ground-statetotal angularmomentum,J, fora numberof transitions
involving AI = 0 and:1:1.We take the polarizationsubscriptsof _12 _4(3)to be thatof the signal,
(1), backwardpump, (2), forwardpump, (3), and probe beam, (4). i: _transitionsarisefrom the
RI, R21,QI, Q21, and PI branches. The plotted intensitiesare normalizedto the signal intensity
withall polarizationsparallel. Theoretical calculations,describedbelow, assumingaclosed, two.
level system areplotted as lines in Fig. I. Note that,in all cases, when the forwardpumpand
probebeamsareof the samepolarization,the normalizedsignalsignificantlyexceedsthe theory.

°"I" I $ x _x_x.,_II°'' o.0
r _F [ _ o YVXXe_ II

".........ilf .......oo ...... I , , .
0 2 4 (I II 10 0 2 4 8 II 10 0 2 4 8 8 10

Ground State Angular Momentum (Jg)

Fig. 1 The polarizationcharacteristicsof DFWM signals from OH in an H2-O2flame.
The plottedpoints areratios of the line-centerDFWM signal intensitynormalizedto the
intensity with ali polarizationsparallel. Thedataaregroupedby the net changein angular
momentum(J) involved in the one-photontransition. Note the differentverticalscalefor
the AI ffi0 transitions. The fines aretheoreticalratiusbasedon perturbationtheoryanda
two-level approximation.

Comparisons to theoretical depolarization ratios, such as those in Fig. 1, can provide
insight into the mechanisms contributing to the DFWM signal. In the collinear-beam
approximation, analytical lineshapesthat include Dopplereffects can be derived in termsof the
complexerrorfunctionfromthe perturbation-theoryanalysis. We use a very generalperturbation-
theory treatment of _(3) for resonant four-wave mixing in molecular gases developed for
.applicationto resonanceCARS measurements.l Recently,.detailedformulaeforresonance CARS
finestre.ngthshave been reported by Attal-Tr_touz,et al.z This treatment includes simplified
expressions for the polarizationdependenceand is easily appliedto DFWM. We assumehere that
only one groundstate,having total angularmomentumJ_ is coupled to one excited state, Jn, by a
one-photon transition of frequency c00. Accountingfo_"the two time orderingsof the counter-
propagatingpump-beaminteractionsandassumingthree-dimensionalphase matching,we find the
followingform for the DFWMsusceptibility:

= [c + +A,1234

wherethesubscriptsandsuperscriptsof thelineshapefunctions,G, refertothek-vectorandstate
in whichthetwo-photonpopulationgratingsareformed. TheAicgratingisformedby thetwo-
photoninteractionbetweentheforwardpumpandprobebeamswhilethe2kgratingisformedby
the backwardpumpinteractingwith theprobebeam. The argumentsof G refer to the laser
detuningfromresonance,(A = coo- o)1),thedephasingratefor theone-photontransition,(7_n),
andthepopulationrelaxationrates,(7g,%). It shouldbenotedthat,dueto leveldegeneracies,t-he
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populationsand the associated relaxationrates aretensorquantifies,including scalar,alignment,
and orientationalcomponents. The four-photonlinestrengtharises from the sequence of four
electric-dipoleinteractionswith themolecule. I_sdependenceonrotationalquantumnumbersand
thealignment,Oi, of the (linear)electricvectorpolarizationsis given by2

i1234(Jg,Jn) ffi _{Jg Jgk} 2 {(kX 1_[ Cos(03-O4+_2"*t)k 1 1Jn 0-11
(2)

)II k l 1 _[Cos(_3-_4+_2-_1)]}+('l)kC°s(_'*4"_2+_l-+,-2 1 1

Here,the quantifiesin curlybracketsand largeparenthesisare6j and3j symbols,respectively. We
findfromEq.(2) that

I1234(J,J + 1) ffi I1324(J+ 1, J), and I1234(J,J + 1) > I1324(J+ 1, J), (3)

and I1234(J,J) = I1324(J,J). (4)

We observe from Eq. 3 that the AJ_ 0. linestrengthfactors, I1234and I1324,for the two
pump beam time orders are not equivalent. As can be observed from Eq. 1, these two time
orderingscorrespondto Ak population gratingsin the ground(1234) and excited (1324) states.
ForAJ= 0. transitions,the linestrengthfactors areequal (F.q.4) after the equally-weighted sum
over k in Eq. 2. WhenygffiYnor G_: = G2k,the line strengthsin Eq. (1) can be factored,(I1234
+ I1324), and the lineshape exp_ssions in Eq. 1 can be combined into a form equivalentto that
reportedby Abrams and Lind._ In these cases, we find that, when the two pump beams are
orthogonallypolarized,the signalis predictedto be equal foreitherpolarizationof the probebeam,
(Zyyxx(3)= Zxvxy(3)). These tensor elements arealso equal when JgffiJnunless differenttensor
components (the summationindex, k, in Eq.2) of the populationre'laxat different rates. In the
backwardgeometry,when there is significantDopplerbroadening,we expect G_. _ G2ksince the
2k gratingwill wash out and the signal will be dominatedby G_xk.In the experimentdescribed
here,for example, the Dopplerwidth is abouttwice the one-photondephasingrate4 andGbk----20
G2k. If the two-level approximation is valid, however, we would expect tha| 3'_= Vnsince
populationleaving the excited level must return to the initial state, f'fllingin the-ground-state
grating. The theoreticalpr_:_dictionsshown in Fig. 1 have been calculated assumingthat Vg- Vn.
Deviations from these predictions provide clues to the natureof the failure of the twO-level
approximation.Note that the experimentalratiosin Fig. I deviatefrom thetheorysuch thatZyyxx
• Zxv,,, for ali transitions,including AI = 4-1,and AI = 0.

""'The perturbation-theoryresults imply that the observed inequality of the components
ZoVVXX(3)and Zxvxv(3) can then be traced to V__ Vn,different relaxation rates for the tensor

c "ihponents 6f p'd_'ulafiongratings, or to intensity-grating effects not described by the usualexpressionsfor Z(). For example, anopen-system effect that leaves a long-lived ground-state
gratingwill exhibit Zwxx(3)> Zxvxv(3)for AI = 1 and Zvvxx(3)< Zxvxv(3)for AI = - 1 transitions.
The observeddeviatio'fis,however',_re nearlythe same f6"rthese two"c:'ases.The case for AI = 0
transitionsis particularlyinteresting, since the theory requiresboth open-system .(7__ Tn)and
strongelasticorientationalrelaxationeffects to explain the observations. This possibilxtyhas been
investigatedusing NDFWM measurementsof populationlifetimes for differentlaserpolarizations
and foundto be small and limited to low-J transitionsin this flame. The only mechanism, then,
consistentwith the deviationsobservedin Fig. 1 is scatteringdueto an intensity-gratingeffect such
as a thermalgrating. A thermal grating would, in fact, contributeonly when the forward-pump
andprobepolarizationsareparallel,as is observed. The presenceof thermalgratings has also been
recentlyconfirmedbyNDFWM lineshapeanalysisandby two-colorlaser-induced-gratingspectra.

* MolecularPhysics Lab., PS 061, SRI International,333 Ravenswood Ave., Palo Alto, CA
94025.

+ ChemistryDepartment,StanfordUniversity,Stanford,CA 94305-5080
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Future Plans

The NDFWM lineshape experiments on OH will continue with emphasis on developing
quantitative models for thermal grating effects, multilevel population relaxation effects, and
orientational relaxation effects. This work will include measurements in the a variable-pressure
flame and a microwave-discharge OH source. Pressure and collision-partner studies in the flame
will help elucidate the nature of the population grating effects and will al!ow thedevelopment of a
complete model for the mechanisms, intensities, and line shapes for tJt, wM. _easurements will
be made on predissociative states of OH or 02 to confirm the polarization and linestrength
characteristics of systems in which only ground-state population gratings are formed. Also, cross-
population (one pump beam at a different resonance frequency) studies will be made in an attempt
to separate excited and ground-state lifetime measurements.

The diseo_,ery of thermal grating contributions to DFWM has motivated the investigation of
thermal gratings for diagnostic measurements. Thermal grating spectra are easily modeled since
they are just the square of the absorption spectrum, but offer the spatial resolution and background
rejection of coherent techniques. Scattering from acoustic waves excited by transient thermal
gratings may allow the measurement of ultrasound speed and therefore temperature. These
methods will be investigated in laboratory flames with the possible extension to the internally-
heated pressure vessel.

Recent inverse Raman (IRS) experiments have extended the H2-Ar lineshape and shift
studies to 1270 K and J-states beyond J = 1. This effort will continue in addition to measurements
on the H2-Ne system. Analysis of these results will provide insight into the fundamental H2
speed-dependent inhomogeneous lineshape. IRS studies of collisional broadening of the 02
Q branch will be initiated in a new internally-heated pressure vessel. We will also initiate a
program to measure pure-rotational S-branch broadening coefficients for H2 and 02. The
semiclassical line-broadening calculations in collaboration with J. P. Looney (NIST) will be
continued using his implementation of the theory of J. Bonamy and D. Robert.

L. A. Rahn: BES-Supported Research Publications 1991-93
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Reactions of Carbon Atoms in Pulsed Molecular Beams

Hanna Reisler
Department of Chemistry, University of Southern California

Los Angeles, CA 90089-0482

Program Scope

This research program consists of a broad scope of experiments designed to
unravel the chemistry of atomic carbon in its two spin states, 3p and lD, by using
well-controlled initial conditions and state-resolved detection of products.
Prerequisite to the proposed studies (and the reason why so little is known about
carbon atom reactions), is the development of clean sources of carbon atoms.
Therefore, in parallel with the studies of its chemistry and reaction dynamics, we
continuously explore new, state-specific and efficient ways of producing atomic
carbon. In our current program, C(3p) is produced via laser ablation of graphite,
and three areas of study are being pursued: (i) exothermic reactions with small
inorganic molecules (e.g., 02, N20, NO2) that can proceed via multiple pathways;
(ii) the influence of vibrational and translational energy on endothermic
reactions involving H-containing reactants that yield CH products (e.g., H20,
H2CO); (iii) reactions of C(3P) with free radicals (e.g., HCO, CH30). In addition,
we plan to develop a source of C(1D) atoms by exploiting the pyrolysis of
diazotetrazole and its salts in the ablation source. Another important goal
involves collaboration with theoreticians in order to obtain relevant potential
energy surfaces, rationalize the experimental results and predict the roles of
translational and vibrational energies.

Recent Progress

m C(3P) + N20 reaction: We have generated energy distributions in both the
CN and NO products using free ablation as the C(3p) source, i.e., at relative
collision energy 0.9 + 0.4 eV. We find that the CN vibrational distribution is
inverted, peaking at v=3 and extending to at least v=7. The NO(X21-I) vibrational

distribution is much colder than the CN(X2Z+) distribution, peaking at v=0. This
is not surprising, since NO is the 'old bond', which usually exhibits much less
vibrational excitation than the 'new bond', CN. Since some energy flow does
occur during the reaction, it suggests that although the reaction possesses 'direct'
character, it proceeds through an intermediate CNNO complex which dissociates
to products on a short time-scale with respect to energy redistribution in the
complex. The CN and NO v=0 rotational distributions are 'hot' and not Boltz-
mann-like suggesting that a bent CNNO intermediate is involved producing a
large exit-channel torque. The reaction was studied using free jets of carbon and
N20 beams, without control of the kinetic energy of the reactants. Also, because
of the undefined geometry in the interaction region, flux-to-density transforma-
tions were difficult to achieve, and accurate energy distributions were not ob-
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tained. Therefore, the experimental arrangement was upgraded as described
below. The upgrade is now complete, and at present the reaction is being studied
as a function of the translational energy of the carbon atoms.

Upgrading of pulsed-beam machine: The laser-ablation crossed-beam
machine built for the studies of carbon atom reactions is general and can be used
for state-to-state studies of reactions of other atoms produced by ablation. It
includes capabilities for controlling the translational energy of the reactants via
aerodynamic acceleration, and their vibrational energy via tunable IR laser
excitation. The original apparatus consisted of two differentially pumped
sections -- a reaction chamber and an ablation chamber containing the carbon
source. The octagonal stainless steel reaction chamber was designed for maxi-
mum experimental flexibility, allowing for multiple laser-detection geometries.
In the current configuration, the probe laser beam propagates in a direction
orthogonal to the photomultiplier tube axis and is oriented at 45° to the axes of
the atomic and molecular beams. Recently, the following modifications were
introduced to enable work with skimmed, seeded beams:

• A pulsed-nozzle with opening times < 40 Us was added to the carbon source
and side ablation was introduced, so that a skimmed seeded carbon beam,
whose translational energy is controlled by changing the carrier gas
combination, could be used.

• A third differentially pumped chamber was added (6" diffusion pumps) as a
source chamber for the molecular reactant beam in order to reduce the
pressure in the reaction chamber and minimize relaxation.

• Skimmers were added to both beams in order to define the interaction region
for flux-to-density transformation.

• The ablation laser was changed to a Nd:YAG laser with gaussian optics opera-
ting on the 4th harmonic (266 nm). This modification was crudal for the
elimination of higher Cn clusters which are more prevalent in s_eded beams.

B Detection of Atomic Carbon: C(3P) produced by the ablation was detected
directly via two-photon LIF to enable us to optimize its production. Atomic
carbon was excited in the 33P (---23p transition by two-photon LIF near 280 nm,
and vuv fluorescence was detected with a solar blind photomultiplier. The
distribution of the spin-multiplets was statistical and no C(1D) was detected
(Fig. 1). C2 and C3 were routinely detected by one-photon LIF. We found that the
concentrations of the Cn species depend crucially on the shape, focal point,
intensity and wavelength of the ablation laser beam, and with proper ablation
conditions atomic carbon can become the predominant species.

With the above improvements, good signals of products have been
detected with only small interference from higher clusters. An example is
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shown in Fig. 2, where the CN

2 photonLI]:_ciuifion_ forO_e signalobtainedintheC(3P)+ N20reactionusinga seededbeam of

33P"-'23P o.ansidon_ atonuccarbon carbon in He is shown. In the
, figure we show the (0,0) transition

of the CN(B+- X) system.
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Fig. 2: CN v=O UF signal from the C(3P) + N20 reaction
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Future Plans

We will continue to study the prototypical C(3P) + N20 system which can
proceed via several exothermic pathways. We will determine the effect of the
relative kinetic energy, observe as many primary product channels as possible,
identify correlations among products, and attempt to determine the geometry of
the CNNO intermediate and to induce spin-forbidden channels (e.g., by
clustering N20 with Xe).

We will study endothermic reactions of C(3P) with H-containing mole-
cules, emphasizing the influence of reactant vibrational and translational energy.
In contrast to reactions of C(3P) with oxidants, which are usually exothermic,

many of its reactions with hydrocarbons and other H-containing molecules are
endothermic. This is so because the CH product has a relatively weak bond (Do =
81 kcal mol-1). Thus, these reactions provide opportunities for studying the

importance of kinetic and vibrational energy in enhancing reactivity, and can
yield information on activation barriers. Transitions involving CH, OH and NH
stretches are often strong and localized, and their overtones can be efficiently
excited. Moreover, in abstraction reactions yielding CH, the excited bonds are
directly correlated with the reaction coordinate. The vibrational excitation will
be achieved using an rR OPO recently constructed in our lab. High overtone
excitation will be achieved using either intense tunable dye lasers or a narrow
bandwidth Ti:Sapphire laser that we plan to purchase this summer.

We have also begun preparations for the study of reactions of atomic
carbon with radicals, and are now constructing a pulsed pyrolysis source based on
the design of Prof. Peter Chem [Rev. Sci. Inst., 63, 4003 (1992)]. With this source
we will initially study the reaction of atomic carbon with HCO.

Publications in 1991-1993:

1. The reactions of C(!D) with H2 and HCI: Product state excitations, A-doublet
propensities and branching ratios, D.C. Scott, J. de Juan, D.C. Robie, D.M.
Schwarz-Lavi and H. Reisler, J. Phys. Chem., 96, 2509 (1992).

2. Identification of the 278.2 nm peak of the CCl A2A-X2FI system as the (0,0) P1
bandhead, D.C. Robie, J. de Juan and H. Reisler, J. Molec. Spectrosc., 150, 296
(1991).

3. A crossed beam study of the reaction C(3p)+N20: Energy partitioning between
the NO and CN products, S.A. Reid, F. Winterbottom, D.C. Scott, J. de Juan
and H. Reisler, Chem. Phys. Lett., 189, 430 (1992).
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Spectroscopic Probes of Vibrationaily Excited Molecules

at Chemically Significant Energies

Thomas R. Rizzo

Department of Chemistry.

University of Rochester
Rochester, NY 14627

This project involves the application of multiple-resonance spectroscopic techniques lhr investigating

energy transfer and dissociation the dynamics of highly vibrationally excited molecules. Two major goals
of this work are: 1) to provide information on potential energy surfaces of combustion related molecules at

chemically significant energies, and 2) to test theoretical modes of unimolecular dissociation rates critically
via quantum-state resolved measurements.

Recent pro2ress

Spectroscopy and Unlmolecular Dissociation Dynamics of HN 3

In the last year we have been applying infrared-optical double resonance to investigate the

unimolecular dissociation dynamics of hydrazoic acid (HN3). Our goal has been to probe the topology of
the potential surface and provide stringent test of ab initio calculations. Figure l shows a schematic of the

reaction coordinate for HNs dissociation.
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Figure 1. Schematic of Reaction Coordinate Ibr HN3 dissociation.
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dissociation via a spin forbidden channel to produce NII (3y) + N2' At sufficiently high energies there is

a competition between dissociation on the spin allowed singlet surface and spin forbidden triplet surface,

and this competition is sharply dependent upon the reactant energy. Moreover, the topology of the exit

channel on the singlet surface is not well characterized. There appears to be a barrier along the ct_rdinate

to produce NH(1A) + N2, however estimates of this barrier range from 450 to 1740 cm -1 .

Our infrared-optical double resonance studies of this molecule have been aimed at determining: l) the
precise threshold for producing NH(1A); 2) the height of the barrier on the singlet surface; 3) the

geometry of the molecule at the transition state; and 4) the nature of the coupling of the NH stretch
vibration to the other vibrational modes of the molecule. Ali of this information can be extracted from

infrared-optical double resonance photofragment excitation spectra of HN 3 and LIF spectra of the resulting
NH fragments. The first step in this process, which we have recently completed, involves assigning the

double resonance overtone spectra. The assigned spectra in Fig 2 demonstrate our ability to prepare HN3

molecules in selected rotational states of the the 6VNHlevel.

6VNHBand via0--- 1, _ 1 Double Resonance

Qp3(j, ) QR3(J')

(a) J'= 13 _ t_

-
m _ oR2(16)

8 j, "_= (b) = =o
)mU

@ ,.-

,.d oPs(16) ORs(16)

(c) J'= "_

__J

-(d) J'= 1 i42_0.00 143_.0.00 143310.00
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Wavenumber (crri I )
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Figure 2. Series of 6VNHvibrational overtone excitation spectra of HN3 recorded by infrared-optical
double resonance photofragment spectroscopy. An infrared pulse from an optical parametric oscillator

prepares HN3 molecules in v=l of the OH stretch with a well defined value of J' and K', and a high
energy pulse from a tunable dye laser is scanned across the 6*--1 vibrational overtone band. Detection of

the second photon is accomplished by monitoring the NH fragments via laser induced fluorescence. (a)

Transitions to states in 6VN)J with K=3 and J----9-14;(b) Comparison oi"transitions to states with K=2 and

K=3 in 6v,44. (Unprimed quantum numbers pertain to the molecule in VNH=6).
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must excite the reactant before dissociation occurs on the singlet surface. This procedure also provides

information on the HN3 rotational constants at the transition state. We will determine the barr/er on the
singlet surface by combining our knowledge of the reaction threshold with measured rotational state

distributions of the singlet NH products.

FuturePlans

In the coming year we plan to complete our work on HN3 and apply infrared-optical double
resonance spectroscopy to examine the dissociation dynamics of HONO. The HONO molecule can

exist in cis- and trans- forms and is a prototype system for isomerization reactions. We plan to use

infrared optical double resonance to probe the dynamics of unimolecular isomerization at the v= 1 and
v=2 levels of the OH stretch.

We are also currently developing the ability to monitor atomic dissociation fragments via LIF in

the VUV region of the spectrum. VUV light will be generated by frequency tripling in low pressure

xenon. Monitoring atomic dissociation fragments such as H atoms will both extend the generality of

our spectroscopic techniques and increase their sensitivity. We plan to use this increased sensitivity to

measure double resonance photofragment spectra of photogenerated free radicals.
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Applications of Laser-Induced Gratings
to Spectroscopy and Dynamics

Eric A. Rohlfing
CombustionResearchFacility
SandiaNationallaboratories

Livermore,CA 94551

Program Scope:
This program has traditionallyemphasized two principalareasof research. The

first is the spectroscopiccharacterizationof large-amplitudemotion on the ground-state
potential surface of small, transient molecules. The second is the reactivity of
carbonaceousclusters and its relevance to soot and fulierene formationin combustion.
Motivatedinitiallyby the desireto findimprovedmethodsof obtainingstimulatedemission
pumping (SEP) spectraof transients,most of ourrecent work has centeredon the use of
laser-induced gratings or resonant four-wave mixing in free-jet expansions. These
techniques show great promise for several chemical applications, including molecular
spectroscopyand photodissociationdynamics. In this abstractI describeour applications
of two-color laser-induced grating spectroscopy (LIGS) to obtain background-freeSEP
spectraof transientsand double-resonancespectraof nonfiuorescingspecies, and the use
of photofragmenttransientgratingsto probephotodissociationdynamics.

Recent Progress:
Two-color LIGS is a class of resonant four-wave mixing (RFWM)processes that,

because of the frequency and (possible) temporal separationof the two input fields, is
particularlyeasy to describevia inducedgratings. In our experiments,two laserbeamsat
C_larecrossedat a shallowangle in a free-jetexpansion;the interferencebetween these two
beams forms a spatially modulated intensity pattern. If 0_i is tuned to a molecular
transition,absorptioncreatesa spatialmodulation(grating)in thepopulationsin the ground
andexcited statesconnectedby thewansition. If the probe laserfrequency,032,is resonant
with a transitionfrom eitherof the levels involved in the gratingtransition,then the probe
beam "sees" a spatiallymodulatedabsorptionand diffractsoff the ground-or excited-state
population grating. When the probe laser diffracts off the excited-state grating via
downwardtransitions to higher ground-state rovibrationallevels, the two-color LIGS
spectrar_ayields the same spectral information as an SF_.Pspectrum detected by the
conveational methodof fluorescence depletion. We haverecently used this approachto
generatebackground-freeSEP spectraof jet-cooled SIC2. The zero-backgroundnatureof
LIGS-SEPprovides a tremendousadvantageover fluorescence depletion, in which small
depletionsfroma large(andfluctuating)fluorescencebackgroundmustbe detected.

One of the greatpromisesof four-wave mixing techniquesis thatsignal generation
depends on molecular absorption;thus these approachesshould be applicable to non-
fluorescingmolecules. We haverecentlyappliedtwo-color LIGS to obtainabsorption-like
spectra of jet-cooled NO2 both below and above its thresholdfor predissociation into
NO+O. In these experiments, the grating-forming beams are tuned through the
dissociationthresholdwhile the probelaserfrequencyis fixed to a specific rotationallineof
an isolated, cold vibronic band well below threshold. The probebeam diffracts off the
populationdepletiongratingthatoccurswhen cotexcites a transitionoutof the ground-state
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rotational level (K"=O, N") thatis selected by the probe laser. The resultingspectrum is a
true double resonance spectrum that maps the absorption spectrum out of the selected

rotational level. In Fig. I, we compare a two-color LIGS spectrum (N"=O) with an LIF
spectrum in the near-threshold region. As anticipated, the LIGS spectrum persists above
threshold where the quantum yield of fluorescence is negligible. Under the collision-free
conditions of a fully expanded ricejet, this type of LIGS spectrummaps the square of the
absorption spectrum. Thus, by fitting the lincshapes of isolated spectral lines above
threshold to the square of a Lorentzian, we obtain the predissociation lifetimes of NO2 in
the near-thresholdregion; two examples areshown in Fig. I.
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In a variation of two-colorLIGS,we haveused photofragmenttransientgratingsto
measure populations,velocities, and translationalanisotropiesof nascent, state-selected
photofragments.In these experimentsonjet-cooled NO2,we makeuse of thefact thatthe
spatial modulation in the electronically excited state is rapidly transformed via
predissociationinto spatialmodulations in the NO and O photofragments. We probe the
NO photofragment grating on the (0,0) band of the A2Z+-X2FI system at 226 nm.
Scanningthe probelasergives spectrathat reveal fi'agment-statepopulationsand scanning
the grating laser, with the probe laser monitoring a specific fragment state, produces
photofragmentexcitation (PHOFEX) spectra. Forphotolysis at 126cm-I above threshold,
the NO rotationaldistributionobtainedfrom theprobe spectrumis in excellent agreement
with thatdeterminedfrom an LIF specmun recordedsimultaneously. From the grating
PHOFEX spectrum we determine a revised value of the thresholdfor production of
NO(2FII/2,v"=0, J"=0.5, e)+O(3P2)from NO2 (N"=0) as 25 128.5:i:0.2cm"1.

In the photofragmenttransientgrating experiment, both the photolysis and the
probelaserfrequenciesarefixed, and the signal diffractedfrom the photofragmentgrating
is measuredas a function of the time delay betweenthe photolysis and probe pulses. The
photodissociation produces translationally excited photofragments whose angular
distributionrelative to the polarizationvectorof the photolysis laser,ep, is determinedby
the anisotropy parameter, 13.When 13=2and ep is perpendicularto the grating firinges the
fragmentstravel predominantlyin the directionperpendicularto thegrating fringes (z). In
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effect, thereare two counterpropagatingpopulationgratings:one travelingin thepositive z
directionandone travelingin thenegativez direction. Afteratime intervalthatcorresponds
approximatelyto travelinga quarterof a fringe spacing, the peaks of one gratingoverlap
with the nuUsof the other grating, and the net population grating vanishes. As time
increases, the two counterpropagatinggratings "rephase"and the net population grating
reappears. This phenomenon causes oscillations in the grating decays that carry
informationon the speedandangulardistributionsof the fragments.

In Fig. 2 we display the photofragmentgratingdecays for NO fragmentsin three
rotational statesproducedby photolysis at 126 cm"1above threshold. The left and right
panelsareresults forep perpendicularandparallelto thegratingfi'inges,respectively. The
signaloscillationsaxemostpronouncedfor the formersince 13is largeandpositive andthus
the fragmentsaremoving predominandyperpendicularto the fringes. Conversely,when
ep is parallel to the fringes the fragments move mostly along the fringes and few
oscillations are observed. The photofragmentgrating decay is related to the Fourier
tra_orm of the velocity distributionof the fragmentsperpendicularto thefringes.1 Using
this relationship we fit our data to a model that incorporates the standardvelocity
distributionfor photofragmentsalong a space-fixedaxis andincludesconvolutionswith the
grating andprobe laserpulse widths and the velocity distributionof the parentmolecule.
We determineboth fragmentspeedsand anisotropies;the speeds arein excenent agreement
with the knownvalues, even for fragmentswith as little as 7.3 cmd of translationalenergy
0"--7.5 in Fig. 2).
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FIG. 2. Photofragment U'snsient grating signals for NO(21"ll_, v"=0, e) in T'=2..5, 5.5, and 7.5 prodtwed ft'ore
the photolysis of jet-cooled NO2 at sn excess energy of 12.%9 cm"1. The left and right panels are results for

pohu/zatioa of the photolysis fuer (¢IP) perpendiculir md piridlel Io cb=grating fringes. The lines ue the
simultmmmus least-squsres fits of both data sets to • model for the time evolution of the photofragmem. Each
decay is normaliz_ ez one and the insets sre 10X magnif_.afiom that sre v=lically offset for clarity.
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The photofi'agment transientgrating approachis essentially a time-domain analog of
Doppler lineshape measurements made in the frequency domain. The crucial difference in
the applicability of these two techniques has to do with the range of product velocities that
can be measured using standard pulsed lasers (baadwidth-0.1 cm -l and pulsewidth~10
ns). With such lasers, Doppler spectroscopy can be applied only to fast-moving
fragments, typically light fragments produced by photolysis well above threshold.
Conversely, the photofragment transientgrating technique is ideally suited to slow-moving
fragments, such as heavy fragments or light fragments produced by near-threshold
photolysis.
References
I. T.S. Rose, W.L. Wilson, G. Wackerle and M.D. Fayer, J. Chem. Phys. 86, 5370
(1987).

Future Work:

We shall continue to develop and apply two-color LIGS as a spectroscopic tool for
nonfluorescing species, including large molecules that undergo rapid nonradiative decay.
The photofragment grating technique will be applied to other near-threshold
photodissc_ations. We shall continue to characterize large-amplitude vibrational motion in
SiC2 through further SEP studies, using LIGS or RFWM; SEP data will be analyzed with
a semirigid bender model to extract the large-amplitude potential function. The chemical
reactions of carbon and carbonaceous clusters will be pursued using the fast flow
reactor/TOF MS apparatus, with an emphasis on reactions of carbonaceous clusters with
hydrocarbons as prototypes for reactions that lead to fullerenes or soot in combustion.
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Electronic Structure, Molecular Bonding and Potential Energy Surfaces
Klaus Ruedenberg

Ames Laboratory USDOE, Iowa State University, Ames, Iowa 50011

Program Scope

By virtue of the universal validity of the generalized Bom-Oppenheimer separation,
potential energy surfaces (PES') represent the central conceptual as well as quantitative entities
of chemical physics and provide the unifying basis for the understanding of most physico-
chemical phenomena in many diverse fields. The research in this group deals with the
elucidation of general properties of PES' as well as with the quantitative determination of PES'
for concrete systems, in particular pertaining to reactions involving carbon, oxygen, nitrogen and
hydrogen molecules.

Recent Progress

We are in the process of determining the global characteristics as well as the critical
features of the PES' of the singlet and triplet valence states of ozone. The examination of the
I IA' and the 2tA ' states in the entire three-dimensional internal coordinate space has been
completed. The 1tA' state has three open minima and one ring minimum, the 2_A' state has only
three open minima. In both states, dissociation occurs by abstraction of one end atom at an
approximate constant open apex angle. Isomerization between the three open minima is a
possibility in the 2_A' state but not in the 1tA' state. The two states approach each other quite
closely along an extended two-dimensional surface in the three-dimensional coordinate space and,
in fact, intersect along a one-dimensional seam consisting of four loops connected by three nodes
as shown in Figure 1. The investigation of the other states is in progress.

In addition, a number of general problems have been addressed.

The aforementioned intersection poses a fundamental problem since the two states are
both closed-shell singlets of like symmetrj. Intersections between such states had not been
previously known. This is understandable because, typically, each of the two states is dominated
by one closed-shell determinant and the hamiltonian matrix element between two such
determinants, by virtue of being a simple exchange integral, cannot change sign. We established
that the present case is different in that the two diabatic states, from which the two adiabatic
states are formed, both contain two dominant determinants so that, altogether, four closed-shell
determinants of like symmetry are involved. The conclusion is that strong shifts in diabatic
correlations can cause conical intersection between closed-shell adiabatic singlets of like

symmetry.

In connection with this work a new, simple and effective method has been developed for
the resolution of adiabatic state_ _, V2 in terms of diabatic states _, _2:

i ct _t

T = orthogonal, Z. = configuration state wave functions.

If the dominant configurations are sach that
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Dominant Adiabatic States

Configurations Region I Region II

Xx .... Xa dominant in ¥1 dominant in ¥2

Za.l...Z,+b dominant in _ dominant in _1
a a.b°

then the transformation matrix T is determined by maximizing _ (C7)2_1 + _ (CT)_2, which
a=! 13_-a+l

leads to the eigenvalue problem of a matrix constructed from partial inner products of the
columns of C. Figure 2 exhibits the PES of the adiabatic 11A_ and 21AI states of O3 in C2v
symmetry and the corresponding diabatic states obtained by this method. It also applies to the
resolution of N adiabatic states in terms of diabatic states.

A novel method was developed for determining an intersection. It is bzsed on the
Herzberg-Longuet-Higgins-Berry phase change theorem and on the fact that, on any path in
coordinate space looping around an intersection, one encounters two places where (Htl - H2z)
changes sign and two places where H_2changes sign. Both induce a characteristic behavior
change in the coefficients of the configurations Xk which allows iteration towards the intersection
by successive interpolations.

Since only little quantitative information is available on conical intersections, we analyzed
the shapes of two POS of the same symmetry in the vicinity of their conical intersection on the
basis of general principles. Aside from minor distinctions, nine types of such intersections were
found to exist and their characteristically different energy contours in the two-dimensional
branching space were determined. Examples are shown in Figure 3.

As a tool for the global examination of POS', we have developed a new method for
following reaction paths, i.e. steepest descent lines (in mass weighted coordinates) on POS'. It
is a quadratic generalization of Euler's method, using analytic gradients with or without analytic
hessians, and compares favorably with existing methods. It has also proven superior to
conventional quasi-Newton methods for minima searching. It is illustrated in Figure 4.

Certain reaction paths follow "streambeds" on potential energy surfaces. Such streambeds
are characterized by gradient extremals, introduced by us several years ago. We have now
shown that gradient extremals are those curves on POS' which connect the points where steepest
descent lines have zero curvature, as shown in Figure 5_

The discussed elucidations complement the classification of bifurcating reaction paths on
potential energy surfaces which we derived in a previous analysis.

Planned Work

The determination of the valence state potential energy surfaces of ozone will be
continued. The stable structures, transition states, reaction paths, intersections etc. will be
identified. These features and the concomitant energy changes will be elucidated through an
analysis of the electronic structure. To this end, an analysis of molecular energies in terms of
interactions between atoms-in-molecular will be developed.
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Fig. 1. Intersection seam between Fig. 3. Possible POS contour maps
11A'and 21A' POS' of 0 3. near a conical intersection.
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The Attractive Quartet Potential Energy Surface for
the CH(a4E -) + CO Reaction : A Role for the a 4A"

State of the Ketenyl Radical in Combustion?

Henry F. Schaefer III
Center for Computational Quantum Chemistry

University of Georgia
Athens, Georgia 30602

Fenimom and Jones first suggested in 1963 that the reaction of oxygen atoms with

acetylene might form the ketenyl radical, HCCO, in addition to other products :

O (3p) + C2H2 > HCCO + H (la)

> CH2 + CO (lb)

There has been considerable controversy about whether channel (la) or (lb) is more

important; recent experimental work concludes that for the homogeneous thermal reaction,

channel (la) accounts for about 70% of this reaction. Since acetylene is formed as an

intermediate in most hydrocarbon combustion processes, and since the dominant loss of

C2H2 is by reaction with oxygen atoms, HCCO must be a common radical in hydrocarbon

flames. Although important, the ketenyl radical HCCO is difficult to detect and so has

received less attention than other combustion related radicals. HCCO was fin'stobserved in

the gas phase by mass spectrometry in 1972. Only recently has it been possible to identify

HCCO by microwave spectrometry and by infrared absorption. No electronic spectrum of

HCCO is known, although one of the most intriguing features of this molecule is the

possibility of a low-lying quartet state.

The metastable quartet state of methyne, CH(a 4E-), is a related combustion

intermediate that has been neglected because it is difficult to detect. CH(a 4_-) was

predicted in 1973 by Lie, Hinze and Liu to lie 0.62-43.76 eV above the ground CH(X 2II)

state. Electron photodetachment experiments by CH" by Kasdan, Herbst and Lineberger led

to the conclusion that the energy difference between these two states is 0.74 eV, agreeing

well with the theoretical result of Liu. CH(a 4E-) has also been identified by laser magnetic

resonance in the reaction of oxygen atoms with acetylene, and its concentration can be
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monitored by chemi-ionization. Some rate constants for chemical reactions of CH(a 457)

are now becoming available.

The kinetic behavior of CH(a 4I;') is different from that of the ground state,

CH(X 2H). Metastable CH(a 4I;') is quite unreactive toward most closed shell molecules.

One exception is reaction (2), which has a slow but measurable rate.

CH(a 4E-) + CO(X 1Z;+) > products (2)

Since there is no spin-allowed channel for this exoergic reaction, it was suggested by Bayes

this year that there might be an attractive quartet surface leading to a metastable quartet state

of HCCO. This could allow sufficient interaction time for an intersystem crossing to occur,
resulting in electronic deactivation of the CH(a 4I;') state. Our theoretical work was

initiated in order to explore the possibility of a quartet state of HCCO playing a significant
role in this chemistry.

Ab initio quantum mechanical techniques, including the self-consistent field (SCF),

single and double excitation configuration interaction (CISD), single and double excitation

coupled cluster (CCSD), and the single, double and perturbative triple excitation coupled

cluster [CCSD(T)] methods have been applied to study the HCCO(a 4A") energy

t'.ypersurface. Rate constant measurements suggest an attractive potential for the reaction of

CII(a 4X-) with CO, and a vanishingly small energy barrier is predicted here in the CH(a

4_;-), CO reaction channel. The 4A" state of HCCO is predicted to be bound by about 30

kcal/mole with respect to separated CH(a 4_-) + CO. We pre,pose that a spin-forbidden

electronic deactivation of CH(a 4_-) might occur through an int,.'rsystem crossing involving

the a 4A" state of HCCO. The energetics and '.he geometries cf the reactants and products

on both quartet and doublet energy surfaces are presented. The relationship between this

research and experimental combustion chemistry has been explored.

Future Plans

We appear to be approaching the completion of a lengthy study of the mechanisms

of the C2H5 + O2 reaction. Assuming good progress, C2H5 + 02 is expected to be the

subject of my presentation at the Split Rock Conference Center.
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Theoretical Studies of Chemical Reaction Dynamics

George C. Schatz

TheoreticalChemistry Group, ArgonneNationalLaboratory,Argonne IL 60439
Mailing Address: Departmentof Chemistry, NorthwesternUniversity, EvanstonIL 60208-3113

Program Scope: This collaborative programwith theTheoretical Chemistry Group at Argonne involves
theoretical studies of gas phase chemical reactionsandrelatedenergy transferand photodissociationprocesses.
Many of the reactionsstudied are of direct relevance to combustion;others areselected because they provide
importantexamples of special dynamicalprocesses, or areof relevance to experimentalmeasurements. Both
classical trajectory and quantumreactive scatteringmethods areused for these studies, and the types of
informationdeterminedrange from thermal rateconstantsto state to statedifferential cross sections.

Recent Progress:
1. CH + H and C + H2 Reaction Kinetics. We have used the methylene potential energy surface developed
by Hardingto calculate thermal rate constants for the reactions

CH +H --* C +H 2 (1)

C + H2 -'_ CH2 (2)

Reaction (1) is importantin soot production in the pyrolysis of hydrocarbons. Experimental studies of this
reaction are in conflict, with one measurement indicating no temperaturedependence above 1500K, and another
indicating substantial temperaturedependenceat lower temperaturesdown to 300K. Our results, which are
based on quasiclassical trajectory calculations, indicate no significant temperaturedependence over the entire
range 300-2000K, and the magnitudes of the rate constantsare in good agreement with two previous high-
temperature measurements.

Reaction (2) has been the subject of just one kinetics study, and our trajectory resultsare consistent with
this one study. However, the trajectory method is suspect in this particular application, because tunnelling and
zero point effects are importantas a resultof a shallow outerwell in the C-H2 potential that is traversedprior to
entry into the deep methylene weil. This outer well can trap trajectories long enough both to scramble energy
between vibrational and translational motions, and to enhance tunnelling through the small barrier that must be

surmountedto form methylene.

2. Reactiom of atomic radicals with hydrogen halides. We have continued to study several prototype

hydrogen atom transferreactions, including

CI' + HCI --_ CI'H + CI (3)

and

0 + HCl --) OH +Cl (4)

For both reactionswe are especially interestedin understandinghow quantummechanical resonance effects
influence the reactiondynamics, and in addition,we want to understand transitionstate photodetachmentspectra
thathave recently been measured by Neumarkand coworkers. Both of these reactionsare simple enough thatit
is possible to determineaccurate quantumcross sections, rate constants and other information,so in one study
thatwas completed this year, reaction(3) was used as a benchmarkfor testing the quasiclassical trajectory
method under conditions where there are importantresonanceeffects in differentialand integralcross sections.
In a second study, the potential surface for reaction(1) was calculatedusing several accurate ab initio methods.
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A global surface is still being developed, but based on transitionstateproperties, it appearsthat rate constants in
agreement with experimentwill resultfrom the best surfaces that we have generated.

3. Fine structure effects in chemical reactions. We have continuedto develop coupled channel scattering
methodswhich make it possible to solve the Schrodingerequationfor reactionsof open shell atoms with closed
shell diatomic molecules, including for the multiplepotential surfacesinvolved, and spin-orbit coupling. During
the last year we have demonstratedfull convergenceof the calculationsfor reaction(3) (where three potential
surfacesare involved), and we haveused the resultsof the calculationsto study the influence of spin-orbit
splitting on the overall reactionprobability. We find thatonly a very small splitting (less than 60 cm"1)is
needed to switch from dynamics which is statistical in the electronic state index, to one which is nearly adiabatic
in this index. This informationwill be used to develop an improvedunderstandingof how best to choose
electronic statistical factors in chemical reactions.

Future Plans

1. Transition State Photodetachment Spectrmcop/of O + HC! Reaction. We have recently perfected a L2
method for calculatingtransitionstate photodetachmentspectra for reactionswhich involve the transferof
hydrogen atoms between heavy partners. Applicationsto reaction(4) are currentlyunderway, and we plan to
analyze the resultsin collaborationwith Mike Davis throughthe calculation of tree structuresand smoothed
states. Comparisonswith the measuredresults from Neumarkare currentlyunderway.

2. Fine structure transitions in O + Ar collisions. We have developedcodes to simulate Liu's recent
experimental study of the differentialcross sections for fine structure transitionsin O + Ar collisions. Both
quantumand semiclassical methods are being implemented, and the calculations use high quality ab initio
surfacesthat have been calculatedby Harding. Of particularinterest will be the mechanistic link between
featuresof the potential curves (espcially the difference potentials) andstructure in the differential cross
sections. Preliw__mtryresults suggest very strong sensitivityof the differentialcross sections to the van der
Waals well regions of the interactionpotentials. This meansthatthe differential cross sections for t'me structure
changing collisions provide a valuable teel for characterizingpotentialcurves for the interactionof open shell
atoms with closed shell molecules.

3. Hydrogen Atom Transfer Reactions. Our single-surfacestudies of CI + HCIwill include the following
projects: (a) Comparison of reactiondynamics on LEPS and newly developedab initio potential surfaces; (b)
Calculationof fully converged coupled-channelscatteringinformationfor nonzero total angular momentum, and
the development of angular momentumdecoupling approximationsthatcan be used in place of the coupled-
channelcalculations, and (c) Tests of a new nearside-farsidedecompositionmethod that we have developed for
determiningthe origin of complex structures in reactivedifferential cross sections.
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NO CONCENTRATION IMAGING IN TURBULENT NONPREMIXED FLAMESt

R. W. Schefer

Combustion Research Facility
Sandia National Laboratories, Livermore, Ct', 94551

The importance of NO as a pollutant species is well known. An understanding of the formation
characteristics of NO in turbulent hydrocarbon flames is important to both the desired reduction of
pollutant emissions and the validation of proposed models for turbulent reacting flows. Of
particular interest is the relationship between NO formation and the local flame zone, in which the
fuel is oxidized and primary heat release occurs. Planar imaging of NO provides the multipoint
statistics needed to relate NO formation to the both the flame zone and the local turbulence
characteristics. Planar imaging of NO has been demonstrated in turbulent flames where NO was
seeded into the flow at high concentrations (2000 ppm) to determine the gas temperature
distribution. 1The NO concentrations in these experiments were significantly higher than those
expected in typical hydrocarbon-air flames, which require a much lower detectability limit for NO
measurements. An imaging technique based on laser-induced fluorescence with sufficient
sensitivity to study the NO formation mechanism in the stabilization region of turbulent lifted-jet
methane flames.

The ultraviolet laser light for the fluorescence excitation of the NO molecule was provided by a
Nd:YAG-pumped dye laser system. Here the frequency-doubled output of a Nd:YAG laser (6-ns
pulse, 500 mJ pulse) was used to pump a pulsed-dye laser with LDS 698 dye. The output of the
dye laser (678 rim) was subsequently frequency doubled and mixed with the dye beam in a BBO
crystal. With this configuration, about 1 mJ of laser energy was obtained at 226.2 nm, which was

used to pump the NO A2Z+ (v"---0)_ X2I'I (v'----0)electronic band. The beam was formed into a
0.2-mm thick sheet of light by a multipass cell consisting of two cylindrical reflectors coated for
high reflectivity (>99 %) at 226 nm. The fluorescence signal was collected with an f/0.8 lens
system and detected at 240 nm (25-nm bandwidth) using an intensified vidicon camera. The
increased sheet intensity provided by the multipass cell and efficient light collection allowed
detection of 0.2 ppm of NO, which was confirmed in single-shot experiments in a nonreacting
turbulent jet consisting of 5 ppm NO in air.

For the turbulent flame measurements, the burner consisted of a 5.4-mm diameter fuel jet located in
the center of a plate. Methane was injected through a central fuel tube into surrounding still air at a
velocity of 21 m/s, corresponding to a fuel-jet Reynolds number of 7,000. At this flow condition,
the visible flame was stabilized at an axial position approximately 25 mm downstream of the burner
face. The lower part of the flame was blue and was connected to an irregular yellow flame that
began at about 100 mm downstream.

Shown in Fig. 1 is a single-shot image of the NO concentration distribution in a lifted, turbulent
CI-I4-jetflame. The maximum NO level is 25 ppm and is located in the mixing region that forms
adjacent to the fuel jet on both sides of the centerline. Comparisons with previous CH-CI-14
imaging data in which CH was used as a marker for the flame zone2,3 show that the high NO
region closely coincides with the turbulent flame zone where fuel oxidation occurs. The flame is
lifted and NO is not observed below the liftoff height. The flame on the left side of the jet is lifted

t Work supported by the Department of Energy, Office of Basic Energy Sciences, Division
of Chemical Sciences.
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to an axial location of about 25 mm, while the flame on the right side is stabilized below the field
of view. Examination of other images shows that the location and height of the high NO region
varies from shot to shot, reflecting the time-varying characteristics of this flame. The previous CH
measurements, and more recent temperature imaging data show that no reaction occurs in the
central region of the jet and that the mixture is relatively cold at the axial distances ,'_hown.These
observations are reflected in the absence of any NO in this central region at upstream locations.
Farther downstream, the NO extends into the central region of the jet due to convective transport of
NO produced in the outer flame zone.

Chemical kinetic modeling calculations show that, depending on flame conditions, both the thermal
and so- called "prompt" NO formation pathways may be important. 4 What the relative contribution
of each pathway is to total NO preduetion in turbulent flames has not been established. Residence-
time estimates in the upstream flame stabilization region corresponding to the images of Fig. 1
indicate insufficient time is available for thermal NO formation to be significant, lt therefore
appears that the majority of NO in the present flame is formed via the "prompt" NO pathway, in
which the re,_tion CII + N2=HCN + N is of primary importance. Further evidence for this
conclusion is provided by Fig. 2 in which the time-averaged radial prof'de of NO (calculated from
300 images) is shown at an axial location of 30 mm downstream. Plotted for comparison are the
time-averaged CII, CH4 and temperature profiles obtained previously, lt can be seen that the
maximum temperature of 1300 K at this location is well below the temperature needed for
significant thermal NO and that a close correspondence exists between the peak NO and CH. The
latter observation is consistent with modeling calculations and further indicates that the majority of
the NO at the flame base is "prompt" NO.

Future work will combine the NO laser-induced fluorescence technique with Rayleigh scattering to
simultaneously measure the instantaneous planar distributions of NO and temperature in
nonpremixed turbulent methane flames. This measurement will allow the relationship between the
instantaneous temperature and NO fields to be determined. In addition, the NO imaging will be
combined with a previously developed CH imaging technique to better determine the role of the
CH radial in "prompt" NO formation. These results should lead to valuable insights into the NO
formation mechanism in turbulent hydrocarbon flames.
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Figure 1. Two-dimensional image shown as instantaneous contours of NO concentration in a
lifted, turbulent CI-I4-jet flame. The flow direction is from bottom to top of image.
Contour levels shown are 2 ppm (dotted line), 8 ppm (dashed line) and 16 ppm (solid
line). Fuel jet velocity =21 m/s.
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Figure 2. Radial profiles of the time-averaged NO, CH, OH concentrations and temperature in a
lifted, turbulent CHn-jet flame. Profiles are for an axial location of 30 nam downstream.
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This project involves the development, implementation, and application of
theoretical methods for the calculation and characterization of potential energy surfaces
involving molecular species that occur in hydrocarbon combustion. These potential energy
surfaces require an accurate and balanced treatment of reactants, intermediates, and
products. This difficult challenge is met with general multiconfiguration self-consistent-
field (MCSCF) and multireference single- and double-excitation configuration interaction
(MRSDCI) methods. In contrast to the more common single-reference electronic structure
methods, this approach is capable of describing accurately molecular systems that are
highly distorted away from their equilibrium geometries, including reactant, fragment, and
transition-state geometries, and of describing regions of the potential surface that are
associated with electronic wave functions of widely varying nature. The MCSCF reference
wave functions are designed to be sufficiently flexible to describe qualitatively the changes
in the electronic structure over the broad range of geometries of interest. The necessary
mixing of ionic, covalent, and Rydberg contributions, along with the appropriate treatment
of the different electron-spin components (e.g. closed shell, high-spin open-shell, low-spin
open shell, radical, diradical, etc.) of the wave functions, are treated correctly at this level.
Further treatment of electron correlation effects is included using large scale multireference
CI wave functions, particularly including the single and double excitations relative to the
MCSCF reference space. This leads to the most flexible and accurate large-scale MRSDCI
wave functions that have been used to date in global PES studies.

Electronic Structure Code Maintenance and Development: A major component
of this project is the development and maintenance of the COLUMBUS Program System.
The COLUMBUS Program System is maintained and developed collaboratively with
several researchers including Isaiah Shavitt and Russell M. Pitzer (Ohio State University),
and Hans Lischka (UniveIsity of Vienna, Austria). During the past year, the
COLUMBUS Program System of electronic structure codes has been maintained on the
various machines used by the Argonne Theoretical Chemistry Group, including the Sun
workstations, the Stardent Titans, the Alliant FX/2812, and the Cray Y-MP at SCRI at
Florida State University and the Cray-2 at NERSC at Livermore National Laboratory.
Additionally, the codes have been po_ed to the new Cray C90 at NERSC and to IBM
RS6000 workstations.

The parallel version of the CI diagonalization program has beep ported to several
. machines, including the Alliant FX/2812. This version is based on a partitioning of the

_:nniltonian matrix, trial vector, and matrix-vector product and uses a distributed-memory,
single program multiple data (SPMD) programming model based on the TCGMSG
lit)rarydeveloped by R. J. Harrison. Tlds approach leads to a portable implementation that
runs efficiently on both shared-memory and distributed-memory computers, including
heterogeneous networks of workstations. Within a single hamiltonian matrix-vector|a
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product, each CPU is responsible for only a subset of the possible combinations of
segment pairs. In the original implementation, each CPU processed the entire list of
coupling coefficients over the internal orbitals and the complete set of integrals each
iteration. In more recent versions, only the required coupling coefficients are now being
generated by each CPU as needed during the diagonalization procedure, eliminating the
associated I/O and increasing the efficiency significantly in highly-segmented cases. This
allows more flexibility in the choice of task size, and eliminates many of the load-balancing
problems that occurred in the initial version. The elimination of the shared integral files,
and the associated I/O bottleneck, for the three- and four-external integrals has also
progressed over the past year. In collaboration with Hans Lischka, the first step of this
process involves computing these molecular integral contributions in the atomic orbital
basis; the second step will involve the optional recomputation of these integrals upon
demand, similar to "direct-SCF" procedures, thereby eliminating the associated I/O
completely. This is the first successful attempt to parallelize a production-level MRSDCI
code, and this effort represents a major step forward toward using effectively the large-
scale parallel supercomputers that are becoming available to scientists (such as the Intel
Touchstone Delta).

A general multixcference configuration interaction energy gradient code, CIGRD,
has been developed. In addition to allowing frozen core orbitals, the program also includes
density matrix and Fock matrix resolution of invariant active orbital subspaces and Fock
matrix resolution of the virtual orbitals. Analytic energy gradients may also be computed
for multireference coupled-pair-functional energies. In addition to the computation of
analytic energy gradients, the new formalism lends itself to the computation of other
general energy response properties. These arc properties that may be written in the form
dEci
-_ where _ is a measure of a perturbation to the standard electronic hamiltonian operator.

dECi
These properties include the dipole moment of a molecule (e.g. IXx-_ where ex is the
strength of the x component of an external electric field e) and the dipole moment

derivatives (e.g. _ where R is some internal coordinate). Examples of both of these
properties have been demonstrated with the new method. Calculations of analytic energy
gradients for large-scale MRSDCI wave functions using program CIGRD demonstrate,
for the Fast time, that the effort required for the energy gradient is a small fraction of that
required for the energy, even for larger molecules with many degrees of freedom. This
property is due to a new formulation of the energy gradient, based on successive orbital
transformations, and to a strict adherence to the principle of eliminating any displacement
dependence from any of the intermediate quantities computed and/or stored during the
computational procedure. The method also exploits the natural advantage of variational
energies, such as MRSDCI and MR-ACPF, over nonvariational energy methods such as
perturbation theory or coupled-cluster expansions. Future effort will be directed at the
elimination of several practical limitations of the currentimplementation. These include the
extension to higher angular-momentum basis functions, the efficient treatment of
generally-contracted basis sets, and the efficient treatment of mcIecular point-group
symmetry.

Electronic Structure Method Development: A new method of MCSCF wave
function optimization has been developed and analyzed. This method, called
Trigonometric Interpolation, is based on a nonlinear transformation of the wave function
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variationcoordinatesalongwiththeconstructionofa globalinterpolatingfunction.This
interpolatingfunctionisconstructedforeachMCSCF iterationin sucha way thatit
reproducescertainknown behavioroftheexactenergyfunction,ltreproducesexactlythe
energy,gradient,and hessianattheexpansionpoint,ataninfinitenumber ofisolated
points,andatpointsonthesurfacesofaninfinitenumberofnestedmultidimensionalballs
withinthewave functionvariationalspace.The optimizationof thewave function
correctionparameterson thisinterpolatingfunctiond()esnot requireintegral
transformationsordensitymatrixconstructions,althoughone-indextransformationand
transitiondensitymatrixtechniquesmay be usedifdesired.The nonlinearcoordinate
transformations,alongwiththeneces:mryderivatives,am computedwithsimplematrix

operations,and requireonlyO(N_orb)effort.The new methoddiffersfrom previous
optimizationmethodsinseveralrespects.(I)Itreproducescertainbehavioroftheexact
energyfunctionthatisnotdisplayedbypreviousapproaches.(2)Theorbital-statecoupling
isincludedexplicitlyviathepartitionedorbitalhessianmatrix.(3)The minimizationofthe
approximateenergyfunctionissimplerthanwithprevioussimilarapproaches.(4)The
treatmentofredundantorbitalrotationsisstraightforward,sincetheexactandapproximate
energyfunctionsdisplaythesamequalitativebehaviorwithrespecttothesewavefunction
variations.(5)Finally,thenew methodmay bcimplementedasa simpleextensionto
essentiallyanyexistingsecond-orderMCSCF code,therequiredchangesbeinglocalized
withina rathersmallpartoftheoveralliterativeprocedure.Thisnew wave function
optimizationmethodisbeingincludedintotheproduction-levelMCSCF codeusedbythe
group,andeventuallyintotheCOLUMBUS ProgramSystem.

IntheimplementationofDirect-SCFproceduresonparallelcomputerswithmany
computationalnodes,itisobservedthatthetimerequiredfordiagonalizationoftheFock
matrixovertheatomicorbitalbasissetoftendominatestheoverallcomputational

procedure.Thisoccursdespitethefactthatthediagonalizationeffortscalesonlyas
4

O(N3orb)whereastheeffortfortheFockmatrixconstructionscalesformallyasO(Norb),a
much largerquantity.Therearetworeasonsforthisdisparity.First,forlargermolecular
systems,acombinationofnumericalthresholdsandefficientintegralapproximationsleads

to an actual total effort that scales as much less than O(N4orb). Empirically, this step scales

only as O(N2o_) to O(N3orb). Secondly, the matrix diagonalization step itself does not scale

well for small ratios of Norb to Ncpu. For Norb/Ncpu~ 10 or less, the speedup for matrix
diagonalization is only in the range of 10 to 20, regardless of the number of CPUs
available. In contrast, the Fock matrix construction scales remarkably weil, with spcedups
being close to optimal even for large Ncpu. These two features cause the diagonalization
step, which is usually inconsequential in sequential calculations, to overshadow the other
parts of the calculation in parallel calculations using the traditional SCF optimization
approach. A solution to this computational bottleneck has been found in a reformulation of
the SCF procedure. This alternative approach uses formal methodology usually associated
with MCSCF wave function optimization. Instead of treating the problem as a fixed-point
procedure for finding a self-consistent Fock operator, it is treated instead directly as a
minimization problem of the energy expectation value within the space of orbital variations.
This alternative procedure leads to the same wave function, but not with exactly the same
orbitals, as the traditional procedure, but it may be formulated such that it does not involve
a Fock matrix diagonalization step each iteration. If desired, the canonical orbitals
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associatedwiththetraditionalmethodmay beobtainedattheend oftheoptimization
procedurewith an additionalnoniterativestepinvolvinga singleFock matrix
diagonalization,buteventhisisoftenunnecessary,ltisexpectedthatthismethodwillbe
most usefulforlargemolecularsystemsconsistingof-103 atoms and -104 basis
functionsonparallelmachinesconsistingof~103CPUs.

Public Distribution of the COLUMBUS Program System: The COLUMBUS
Program System is now available using the anonymous ftp facility of internet from the
server rtp. tcg.an£ .gov. In addition to the source code, the complete online
documentation, installation scripts, example calculations, and numerous other utilities are
included in the distribution. The entire program system can be downloaded in compressed
tar format, or individual files may be obtained from within the directory structure. There
arc currently over 50 sites registered to receive COLUMBUS email announcements.
Statistics from the tip server show that almost 4000 individual COLUMBUS files have
been accessed in the past year, of which about 150 have been copies of the entire program
system. Initial response from the users of the COLUMBUS Program System has been
bothpositiveandconstructive.
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"An Ab Initio Theoretical Study of the CH2+H _ CH3 _ CH+H2 Reactions", M.
Aoyagi, R. Shcpard, A. F. Wagner, International Journal of Supercomputing
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Proceedings of the Argonne Integral Evaluation Workshop, Int. J. Quantum Chem. 40,
(1991) edited by J. Almltf, R. Shepard, and R. J. Harrison.

"The COLUMBUS StandardIntegralFileStructure:A ProposedInterchangeFormat",R.
Shepard,Int.J.Quantum Chem.40,865-887(1991).

"A GeneralMRCI GradientProgram",R.Shepard,H. Lischka,P.G. Szalay,T.Kovar,
andM. Ernzerhof,J.Chem.Phys.96,2085-2098(1992).

"A Proposal for Generic BLAS, LINPACK, and LAPACK: A Step Towards Portability",
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"On the Global Convergence of MCSCF Wave Function Optimization: The Method of
Trigonometric Interpolation", R. Shepard, Theoretica Chimica Acta 84, 55-83
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Chimica Acta (in press).
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Computational and Experimental Study of Laminar Flames

M. D. Smooke and M. B. Long
Department of Mechanical Engineering
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New Haven, CT

(203) 432-4344

1. Project Overview

Our research has centered on an investigation of the effects of complex chemistry and
detailed transport on the structure and extinction of hydrocarbon flames in counterflow,
cylindrical and coflowing axisymmetric configurations. We have pursued both computa-
tional and experimental aspects of the research in parallel. The computational work has
focused on the application of accurate and efficient numerical methods for the solution of

the one and two-dimensional nonlinear boundary value problems describing the various
reacting systems. Detailed experimental measurements were performed on axisymmet-
ric coflow flames using two-dimensional imaging techniques. In particular, spontaneous
Raman scattering and laser induced fluorescence were used to measure the temperature,
major and minor species profiles.

2. Recent Progress

Our computational research has focused on both one and two-dimensional systems.
In one dimension we have developed models for counterflow premixed flames in a cold-
reactant/hot product configuration and for cylindrical premixed flames in which a fuel-air

mixture is injected radially inward into an open tube. Since both systems admit similarity
solutions of the two-dimensional conservation equations, the governing equations in each
case can be reduced to a system of one-dimensional two-point boundary value problems. In
two dimensions we have concentrated our efforts on the modeling of axisymmetric laminar

diffusion flames in which a fuel jet discharges into a coflowing air stream. The fully elliptic
form of the conservation equations were solved in cylindrical coordinates. Spontaneous
Raman spectroscopy and laser induced fluorescence have been used to measure major and
minor species in a methane-air diffusion flame that was designed to match the conditions

of the computed flame. The emphasis of the experimental work was on providing the
best quantitative information possible on the flow configurations studied. The information
obtained in these experiments will help improve the accuracy of measurements in turbulent

flames and it will provide better data on the relative applicability of different scattering
mechanisms.

3. Future Plans

During the next three years we hope to expand our research in three main areas. First,
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we intend to develop a flamelet model for turbulent nonpremixed combustion based upon
three different flamelet libraries-the nonpremixed counterflow system, the nonpremixed

cylindrical system and the axisymmetric nonpremixed coflow system. Second, we plan on
continuing our studies of methane-air coflow flames. In particular, we want to continue our
measurements of minor species in the flame and the comparison of these measurements with
the computational results. Finally, the model will be modified to include NO_ chemistry
and we will investigate (both computationally and experimentally) the reduction of NO_
by modifications to the inlet velocity field.
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TURBULENT COMBUSTION

L. Talbot and R. K. Cbeng
Lawrence Berkeley Laboratory
Berkeley, CA 94720

Scope

Turbulent combustion is the dominant _s in heat and power generating systems. Its most
significant aspect is to enhance the burning rate and volumetric power density. Turbulent mixing,
however, also influences the chemical rates and has a direct effect on the formation of pollutants,
flame ignition and extinction. Therefore, research and development of modern combustion systems
for power generation, waste incineration and material synthesis must rely on a fundamental
understanding of the physical effect of turbulence on combustion to develop theoretical models that
can be used as design tools.

The overall objective of our program is to investigate, primarily experimentally, the interaction and
coupling between turbulence and combustion. These processes are complex and are characterized
by scalar and velocity fluctuations with time and length scales spanning several orders of
magnitude. They are also influenced by the so-called "field" effects associated with the
characteristics of the flow and burner geometries. Our approach is to gain a fundamental
understanding by investigating idealized laboratory flames. Laboratory flames are amenable to
detailed interrogation by laser diagnostics and their flow geometries arechosen to simplify
numerical modeling and simulations and to facilitate comparison between experiments and theory.

Ourcurrent goal is to obtain a physical understanding of the effects of combustion heat release on
turbulence characteristics, and to quantify the relationship between turbulence intensity and the
burning rate. The experiments are concentrated on flames with moderate turbulence intensity
where chemical reaction rates are not significantly affected by turbulence mixing. The turbulent

burning rate can be determined from the flame front topology ( i.e. the flamelet geometry ) which
can be compared to the turbulence characteristics. The fiamelet geometry and turbulence statistics
are analyzed to elucidate the flame propagation processes and to validate numerical turbulent
combustion models.

Recognizing that both the fiowfield and local turbulence affect turbulent flame characteristics, our
experimentalprogram has emphasizedinvestigating flame propagation under a varietyof flow
geometries. Typical turbulence intensities studies in these flame configurations are from 5 to 10%.
The turbulence Reynolds number, Re1,is in the range of about 100. These turbulent flames are
characterized as wrinkled laminar fiamelets because the chemical time scales are small compared
to those of turbulence.

Several well-established laser diagnostic techniques with high spatial and temporalresolutions are
used to measure statistical moments and correlations of velocity and scalars (i.e. gas density,
reaction progress variable). These techniques include laser Doppler anemometry (LDA) for
simultaneous measurement of two velocity components and Rayleigh scattering from a focused
laser beam for density measurements. Another scalar diagnostics include laser-induced Mie
scattering from silicone-oil aerosol (MSOD) for measuring the reaction progress variable and
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flame crossing frequencies. Mle scattering Is also used for laser sheet imaging of the flame
geometry by high-speed tomography.

Recent Progress

We have focused our experimental efforts on using a weak-swirl burnerto investigate lxemixed
turbulent flame propagation. This novel weak-swirl burnerwas discovered in 1991 and has shown
to provide a flame that is a close approximation to the I-D planar flames described in the model of
Bray-Moss and Libby. The flames are not in contact with any physical surfaces or objects and can
be considered as adiabatic. Another attributeis that the flame zone gives free access to laser
diagnostics for detailed measurements. The experimental conditions have been extended to cover a
wide range to infer the dependency of the flame speed, St with turbulence kinetic en_gy, q'. The
results show S t correlates linearly with q' and compare well with those obtained previously using
the stagnation plate stabilized flames. Because the weak-swirl burner has the potential of

stabilizing highly turbulent flames, it is an ideal configuration for investigating turbulent flame
and flame quenching.

In addition to its scientific significance, the weak swirl burner is a prime candidate for technology
transfer. The burner _es under a much broader range of mixture conditions than any of our

laboratoD, burners. In particular, it supports stable combustion in very fuel lean conditions. This
feature can be exploited in designing a low NOx emission furnace. The development of reliable
lean-bum systemsto replace current models will contribute to the improvementof regionaland
indoor air quality. Our laboratory burner has about the same power rating as residential air and
water heaters. Therefore application of the weak swift burner to these furnaces seems appt'opriate.
Several approaches to implement this new technique can be sought. One is to retrofit existing
furnaces with the swift burner. Another is to design new furnaces to take full advantage of the
unique flame shape produced by this burner. In either case, the operating principle is understood.
Sealing the design to different power ratings would be relatively straight forward using the flame
speed data we have obtained for a wide range of turbulence conditions. A patent is being sought
for the weak-swirl bm'n_andpotential licenseesandco-devel_ are being pursued through the
Technology Transfer Office at LBL.

Ourtheoredcal studyofixemlxedturbulent flames involves the developmem of deterministic
models of turbulent combustion employing Chcdn's vortex dynamics method. The vortex
dynamics model is capable of predicting these changes and other flame phenomena, in particular,
the flamelet geometry. In simulating the flamelets, one needs to follow the evolution of the
flamelets whose speed depends on the local curvature The algorithms approximate the equations of
motion of propagating fronts with curvature-dependent speed, which are called PSC schemes, for
Propagation of Surfaces under Curvature. These algorithms are coupled to a vortex dynamics
approach to describe both the turbulence in the oncoming stream and turbulence production by the
flame itself, and a volume production model to represent combustion heat release. Various
statistical data including conditioned and unconditioned mean and RMS values of the two velocity
components and the Reynolds stress can be deduced form the numerical results and compared with
experimental data.

We have developed a two dimensional premixed turbulent flame model which focusesonthe
muctureofv-shapedfree-burninganchoredflames,includingtheeffectsofadvection,volume

expansion,flamegeneratedvorticity,andcurvatureeffectson thelaminarflameletpropagation
speed.Exceptfortherestrictiontotwo-dimensionality,thismodelisafairlycompletenumerical
_ntaflon ofourpreviousexperimentalwork,undertheassumptionsinherentinthewrinkled

laminarflameletmodel,wheretheflamecanbetreatedasavanishinglythininterfaceseparating
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reactantsandproducts. The calculationis a timedependentone;an initial flame configurationis
assumed, andthecalculationproceedsin time stepsuntila statisticallystationarylimitis achieved.

Theresultsobtainedbeara strikingresemblanceto the tomographicdatawe haveobtained
previouslyon turbulentv-flame structure.The numericalresultsforeach time-stephavebeen
transferredto a video disk andcan be viewed at varioussl3eedsto inferthedevelopmentof the
flame wrinklesand theirdynamicinteractionwith the turbulentflow in the reactantsaheadand in
theImxlnctsbehind. One of the numericalpredictionsis thattheincluded angleof thev-flame is
determinedmoreby volumetricexpansionthan by enhancementof theburningvelocity dueto
turbulence. This is a featurewe observed in ourexperiments. Ournumericalresults also show
thatvordcity Im3ductionby baroclinicltyatthe flame frontaltersthemean angle of the flame. The
thicknessof the flame brushdue to oscillationsproducedby the incoming turbulenceappearsto be
consistentwith whatwe observeexperimentally.Inaddition,thenumericalresultscan be analyzed
to obtaindetailed velocity statisticsfor directcomparisonwith ourLDA data. These quantities
include thevorticity, integralscale andReynoldsstressesin theburntgas. We haveexperimental
dataon the integralscale andReynoldsstresses,with which our numericalresults can be
compared.

Future Plan

Oer next goal is to investigateflameswith high turbulenceintensityto provide a closer simulation
of the combustionprocesses in practicalsystems. The effectof turbulenceon chemical _on
ratescan be significantandmaylead to the reductionof burningrateandintermittentflame
quenchingand re-ignition. This studyrequiresin situmeasurementof the local burningrateof the
flamelets. The steepscalargradientsacrossthe flameletscoupledwith rapidflameletmotion
makesthetask quitechallengingeven with theapplicationof advancedlaserdiagnostics. Our
currentstudyof flameswith moderateturbulenceformsthe necessaryscientific and theoretical
backgroundfor this work.

Turbulentflame propagationandflamequenchingin veryfuel lean conditionswill be investigated
using theswirlburn_. The flameletgeometryunderstableand nearquenchingconditionswill be
interrogatedby planarlaser imagingtechniques, anda seriesof experimentswill be conductedto
determinetheburningrate,the flamelet geometryandpmcess_ leading to flame extinction. The
use of LaserInducedFluorescence(LIF)techniqueis expectedto makea significantcontribution
to this work. In addition,developmentof a laminarversion forcombustionchemistryresearchis
alsoplanned. Also underconsiderationis thedevelopmentof a high speedburnerwithhigher
turbuler_ceapproachingconditions typicalof practicalsystems.

The development of deterministicvortexdynamicmodelsof premixed turbulentflames will focus
on peedictingthe flame phenomenaobservedby theexperiments.We plan to apply ourmodel to
problemsof v-flamesstabilizedby large diameterrods. The maingoal is to investigatingthe
relative effectsof shear turbulencegeneratedby therod andisotropicturbulencein the free-stream
to flamelet structures.Otherflame configurationthatwe can model includestagnationflow
turbulentflames stabilizedby a plate or by two o_ streams. Both configurations areaxi-
symmetricand consideredto be mostsuitableforinvestigatingf_ndamentalprocessesof
turbulence-flameinteractions.
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Prom-am Scone

The purposeof thi.'sprogramis the development of techniques for the measurementof
ultrafastevents tmportantm gas-phasecombustionchemLstry.Specifically,goals of thisprogram
include the .developmentof f_. damentalconcepts andspectroscopictechniquesthat will augment
the informauon currentlyavatlablewith ultrafastlaser techniques. Of equal importance is the
developmentof tct .hnqlogyfor ultrafastspectroscopy..Forexample, methods for the production
aria measurementot ultra.snortpulses at wavelengths tmportantfor these studies is an important
goal. Because the specific vibrationalmotion excited in a molecule depends sensitively on the
intensity, I(t),and the phase, _(t), of the ultras.hortpulse used to excite the motion, it is critical to
measure both of these quanttties for an indivxduaipulse. Unfortunately,this has remainedan
unsolvedproblemfor manyyears. Fortunately,thisyear, we presenta techniquethatachieves this
goaL

Recent Prom-esa

We havedevelopeda simple,intuitive,seN-contained,andgeneraltechniquefor measuring
theintensityandphaseof a single arbitraryfemtosecoud pulse. We use a novel arrangementand
reduce the mathematicsof theproblemto a two-dimensionalphase-retrievalproblem--a well-
known,solved problemfromimagescience.

Ourtechnique,Frequency-ResolvedOpticalGating(FROG),t requiressplittingthepulse
[with fieldE(t)]intotwo variablydelayedreplicas,whichthencross in any instantaneously
respondingnoniinear-opticalmedium. A single-shotoptical-gatearrangementis ideal (See Fig. 1),
yieldinga signal-pulseelectric field,E,is(t,_):

E,is(t.x) _ E(t)IE(t-x)l2 (1)

The signal-pulsespectrumis then measuredvs. the delay, _, betweenthe two inputpulses.
The measuredsignal trace,IFROO,is thus a functionof x and frequency,m:

IFROG(O),I;) _ Esis(t, X) exp(-i ag ) dt (2)

The FROGtracecan be consideredas a spectrogram,anextremelyintuitive mathematical
method for displaying a p_lse (with essentiallyno ambiguity),showing the specu'umof a _mporal
slice of the pulsevs. time." lt is a mathematicallyrigorousformof the musical score,and ts
frequentlyused in acousticsproblems. Thus,the easily measuredFROG traceis a similarly
intuitivemethodfordisplayinganultrashortlaserpulse(SeeFig,2).

The full pulse field is essentiallyuniquelydeterminedby theFROG trace,even for
athologicalpulse shapes aral/orphases. To see this, first note thatE(t) results easily fromE,is(t,
), the Fouriertransformof _is(t, I:)with respect to x. Thus,we must find Esis(t,fl), which is

given by:
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J.._ )._ Esig(t, _) exp(-i tot-i_%) dt d_ (3)
ll_oo(C0,z) oc

Thisisatwo-dimensionfllphase-retrievalproblem,known3toyieldessentiallyunique
results.Inaddition,algorithms"havebeendevelopedtofindthesesolutions.We have

implen_ntedaniterativeFourier-transformalgorithmanalogoustoalgorithmsusedinimage
science.-

An am[_lified,Rhodamine6(3,colliding-pulse-mode-lockeddyelaser,produced~ 100-fsec
pulses.Spaualf'dt_mg,beamsplit_ng,andattenuatingyieldedtwopulsesof6 gIeach.A
cylindricallensfocusedthetwobeams,whichcrossedata20"angle,yieldinga_lay rangeof1.2
psec.The electronicKerreffectina 3-mm-thickBK-7 windowprovidedsignallightwith~ I04
efficiency.The signalbeamwasattenuatedandfocuseAintoanm_a.ging_meter. A CCD
cameracollectedthedispersed.light,providingintensityvs.coandzm a singleshot.

Figure2 showstheex_runentalFROG tracefora slightlypositivelychirpedpulse.The
slightlyupward-slopedtra_visuallyindicatesthechirp.More quantitatively,useofthealgorithm
onthe125x 125arrayofdatapointsyieldsapulseabout1I0fsecinlengthwithaninverteA
parabolicphaseevolution(se_Fig.3),indicativeofapositivelinearchirp.Noisewasusedasthe
initialguessforthisiteration,andconvergenceoccun_ in50iterations.A checkoftheseresults
isprovidedbya com_n ofthee_ntally measuredandthenumca'icallyderivedthird-
order intensity autocorrelations for this pulse, which was found to be excellent.

Future Plans

A number ofimprovements to this method may be made in orderto increase its generality.
For example, the phase-retrieval algorithm we use occasionally does not converge. We have
considered a number of methods for improving its reliability, and we plan to implement them.
Fortunately, the current algorithm that we use is quite simple, so many new features may be added
without impairing its speed.

We also believe that we may be able to measure two different pulses on a single shot. This
problem is analogous to "blind deconvolution," in which two 21) functions can be determined if
only their convolution is known. Such a development would be useful because measuring a pulse
intensity and phase both before and after propagating through a medium would yield the
medium's absorption specmun and refractive-index variation vs. wavelength-on a single shot!
We are also investigating a number of other applications of this new-found ability to measure the
intensity and phase of a pulse.

Another effort that we arc pursuing is an efficient method to produce the second harmonic
of an ultrashort pulse. The second harmonic is important because ultraviolet light is critical for
gas-phase chemistry studies. Currently, a trade-off exists between efficiency and maintaining a
short pulse. We have developed a method, which we plan to demonstrate, that, in principle,
maintains the ultrashort pulse length of the input pulse and also yields significantly improved
efficiency over current methods, lt involves only prisms, which are Iossless and easy to work
with. lt also achieves simultaneous pulse compression.

I. DJ. Kane and 11.Trebino, "Using Phase Retrieval to Measure the Intensity and Phase of
Ultrashort Pulses: Frequency-Resolved Optical Gating," J. Opt. Soc. Am. A, in press
(1992).

2. RA. Altes,"Detection,Estimation,andClassificationwithSpectrograms,"J.Acoust.Soc.
Am.,vol.67,pp.1232-1246,(1980).

3. R.BarakatandG.Newsam,"NecessaryConditionsforaUniqueSolutiontoTwo-
DimensionalPhaseRecovery,"J.Math.Phys.,vol.25,pp.3190-3193(1984).

4. J.ILFienup,"PhaseRetrievalAlgorithms:A Comparison,"Appl.Opt.,vol.21,pp.2758-
2769(1982).

5. J.R.Fienup,"ReconstructionofaComplex-ValuedObjectfromtheModulusofitsFourier
TransformUsinga SupportConstraint,"J.Opt.Soc.Am. A,vol.4,pp.118-123(1987).
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VARIATIONAL TRANSITION STATE THEORY

Principal investigator and mailing address

Donald G. Truhlar

Department of Chemistry
University of Minnesota
Minneapolis, MN 55455

Program scope

This research program involves the development of variational transition state
theory (VI'ST) and semiclassical tunneling methods for the calculation of gas-phase
reaction rates and selected applications. The applications are selected for their
fundamental interest and/or their relevance to combustion.

Recent progress

We have made progress in methodology, in the development of two general
computer programs, and in applications.

Methodological progress includes (i) a study of the effect of the definition of the
reaction coordinate on computed rates, (ii) optimization of methods for calculating
reaction paths, (iii) development and implementation of projection operator techniques
for enforcing internal-coordinate constraints in variational transition state theory
calculations, (iv) development and implementation of a practical, efficient method for
including one-dimensional hindered-internal-rotation anharmonicity ali along a
polyatomic reaction path, (v) testing and implementation of second-order perturbation
theory for mode-mode coupling anharmonic effects along a reaction path, (vi)
development and implementation of the centrifugal-dominant small-curvature
semiclassical adiabatic ground-state (CD-SCSAG) method for small-c,,u-vattu-etunneling
calculations on polyatomics, (vii) full implementation of the large-ctuwature ground-state,
version 3 tunneling method for polyatomics, including tunneling into quasiadiabatic
vibrational excited states, (viii) development and implementation of two versions of the
semiclassical optimized multidimensional tunneling (OMT) approximation, (ix)
development and implementation of the neglect-of-diatomic-differential-ovedap with
specific reaction parameters (NDDO-SRP) method for using semiempidcal molecular
orbital theory as an implicit interpolating function for electronic structure information in
reaction-path calculations, and (x) development, testing, and implementation of several
levels of interpolated variational transition state for interfacing electronic structure
calculations with variational transition state theory and small-curvature tunneling
calculations.

We have made two computer programs that incorporate most of these methods
available to the rest of the community. These programs are called POLYRATEand
MORATE.The former is for calculations based on a global potential energy function or a
series of electronic calculations at points along a reaction path. The latter is for direct
dynamics calculations in which the potential energy function is defined implicitly by
semiempirical molecular theory and the intermediate-neglect-of-differential-overlap or
neglect-of-diatomic-differential-overlap level.
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Recent applications of these methods include (i) a series of studies on gas-phase
SN2 reactions, including C1- + CH3C1, CI-(H20) + CH3CI, C1-(H20)2 + CH3CI, and CI-
+ CH3Br, employing several different global analytic potential energy functions,
including one developed esl-ecially for these studies, and also employing the NDDO-SRP
method, (ii) VTST/CD-SCSAG calculations at the NDDO level on the sigmatropic
rearrangement of cis-l,3-pentadiene and kinetic isotope effects thereon, (iii) IVTST/CD-
SCSAG calculations on OH + CI-I4and kinetic isotope effects in this system using large-
basis-set ab initio calculations at the level of M¢ller-Plesset second-order perturbation
theory, scaling ali correlation energy, (iv) application of VTST with an NDDO-SRP
potential, hindered-internal-rotation anharmonicity, and the OMT approximation to the
reactions CF3 + CI-14and CF3 + CD4.

Future plans

We have begun to develop another method of interfacing electronic structure.
calculations with dynamics. This new method will be complementary to the NDDO-SRP
and IVTST approaches. It is called variational transition state theory with interpolated
corrections (VTST-IC). In this method, rather than interpolating the reaction path
functions globally by analytic functions (IVTST approach) or implicitly by semiempirical
molecular orbital theory (NDDO-SRP approach), they are interpolated by a combination
of NDDO-SRP for the basic shape of the reaction path function and analytic functions for
the correction, where the correction is the amount required to bring the NDDO-SRP
calculation into agreement with high-level ab initio calculations at selected points along
the reaction path. This new method has already been added to POLYRATE,and it will be
added to MORATE in the near future. Since the analytic functions are used for small
corrections rather than for the whole reaction-path property, the sensitivity to the choice
of functional form is exacted to be greatly diminished. We expect that each of the three
methods of interpolation, NDDO-SRP, IVTST, and VTST-IC, will be useful under
different circumstances.

We will apply the VTST-IC method to reactions of OH radicals with various
substrates.

We will also make additional applications of the recently developed methods to a
variety of combustion reactions, organic reactions, and reactions of clusters.

We will continue to improve and extend the methods when required for higher
accuracy and/or applications to new systems or new kinds of systems and also to make
the interface with electronic structure theory more powerft,!.
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KINETIC DATA BASE FOR COMBUSTION MODELING

Wing Tsang and John T. Herron
Chemical Kineticsand Thermodynamics Division
NationalInstitute of Standards and Technology

Gaithersburg,Maryland20899

Program Scope

The aim of this work is to develop a set of evaluated rate constants for use in
the simulationof hydrocarboncombustion. The approach has been to begin with the
small moleculesand then introducelarger specieswith the various structural
elements that can be found in ali hydrocarbonfuels and decompositionproducts.
Currently,the data base containsmostof the speciespresent in combustionsystems
with up to four carbon atoms. Thus, practicallyali the structuralgrouping found in
aliphaticcompoundshave now been captured. The directionof future work is the
additionof aromaticcompoundsto the data base.

Recent Progress

The focus of recentwork continues to be on the reactions of unsaturated
compounds. In the followingwe discuss a number of the technical issuesthat have
arisen during the past year. Two of these, radical attackon unsaturatedcompounds
and the unimolecularisomerizationof large radicalsare the natural consequencesof
going to more complexmolecules. The final subject,the treatmentof chemical
activationprocessesrepresentsan upgradingof our capabilityfor the treatmentof
more complexsystems. Unfortunately,there are very few experimentaldata bearing
on ali these questions. Our approach is to examinethe limiteddata and then
generalizeresultsso as to use them as a basisfor making recommendations, lt is
hoped that some of these can be verifiedin futureexperimentalwork.

a. RadicalAttackon UnsaturatedCompounds: The small radicals that are the
active agents in combustion reactions attack unsaturated compounds via abstraction
of hydrogen or addition. During the past year the addition of the reactions of allene
and propyne to the data base has led to further consideration of the treatment of
such systems.

We had shown previously that existing kinetic data on the abstraction of
resonance stabilized hydrogens are very similar to those for abstraction of secondary
hydrogens1. On that basis we assume that rate constants for hydrogen abstraction
from allene are similar to those for a methyl substituted vinylic system. Since the
propargyl resonance energy is very similar to that for allyl, our recommendation is for
the abstraction of a propargyl hydrogen to be equal to that for an allylic hydrogen.

A more uncertain problem is the position of addition, lt is generally assumed
that at room temperature, terminal addition is favored. For the olefins there is good
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evidence for this in the case of hydrogen and methyl. The effectis attributed to the
stabilityof the radicals that are formed (anti-Markovnikof0. We have found that this is L,
actually quantitative,for methyland hydrogenaddition'=. That is, the differencesin
rate constantsfor addition correspondverycloselyto those derived from the
differencesin bond energies. This also means that non-terminaladditionwillbecome
increasinglyimportantas the temperatureis increased. For propyne, terminal
additionis also preferreds,although the ratiofor terminal to non-terminalin the case
of hydrogenatoms is a factor of 4 smallerthan that for propene, lt is temptingto
interpretthis in terms of a more stableprimaryvinyl radical. In the case of allene,
terminal hydrogen additionis again favored4. However,in this case it is non-terminal
additionthat leads to the much more stable radical (as a resultof resonanceeffects).
Thus the simple model that was successfulearliermust be used with some caution.

Of particularimportanceis the predictionof the site of OH additionon allene
and propyne. Unlike the case for OH additionto olefins,where the reversibilityof the
processmakes it unimportantat high temperature,for these cases there is the
possibilityof isomerizationprocessesleading to distinctproducts. These include

OH+H=C=C=CH= -* H=C--C(OH)-CH=* -_ CH3COCH=*

OH+HC-C.CH s -_ HC=C(OH)-CHs* -_ CHsCOCH=*

OH+H=C=C=CH= *_ (OH)H=C-C=CH=

OH+HC-C.CH s -_ (OH)HCfC-CH s _ HCOCH-CHs -_ O=C=CHCH3+H

Most interestingly,OH additionto the terminal positionin allene would have
led to a radicalwhich should readilydecompose as the temperatureis increasedwith
the turnoverin the same regionas that for the olefins. Failureto observethiswould
suggestthat the attack on allene must be on the central carbon atom. This is in
accordwith the observations the F and Bratom attackon allene is also at this site.

In the courseof examiningdata on OH additionto unsaturatedcompounds,
we were surprisedat the lack of direct experimentaldetermination;the monograph of
Atkinson6containingonly one reference,the report by Cvetanovicat the 12th
PhotochemistrySymposiumwhere itwas concluded that at room temperature65% of
the additionwas at the terminalposition. Thus, non-terminaladditionmust be quite
important. We have also determinedthe relativestabilityof the hydroxy-alkylradicals
that are formed as a resultof OH additionto propeneassumingthat C-H bonds
strengthsare unchanged by beta OH substitution. The order of radicalstabilityis in
fact the reverseof that for the alkyl radicals. In otherwords, if the stabilityof the
newlyformed radical is a proper criteriathen additionof OH should be at the non-
terminalsite at room temperature.

b. Lar.qeAliphaticRadicals: Many fuels are made up of large organic
molecules,and large organic radicalsare formed during the decompositionprocess.
Radicaladdition and combinationgenerate even larger species. The treatmentof
such specieshas become an importantproblem. Unlessthey are thermallystable it
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would be unrealisticto have these speciesbuild up in a simulation. This problem
does not appear with smallersystemssincethe decompositionpathway is usuallythe
reverseof formationand can be taken care of by a simplenote in the commentaries.
In the presentcase the radicalsnot only can decomposebut also isomerize. This
leadsto a very complicatedsituationand we had decided to use the traditional
approach in treatingsuch situations. Thisassumes that isomerizationby hydrogen
atom migrationinvolvingtransferfrom the 1->n positionswhere n>4 are so fast that
the radicalsare equilibratedpriorto subsequentreactions.

From a recent examinationof the limitedliteratureTM we concludedthat at
temperaturesabove 1000 K rate constantsfor 1-4 hydrogentransferare not as fast
as that for beta C-C bond cleavage,and the equilibriumhypothesiscannot possibly
hold. For 1-5 and 1-6 hydrogentransfer, temperaturesin excessof 1800 K are
needed before the processeshavecomparable rate constants. In the present
treatmentequilibriumdistributionsarisingfrom 1-5 or 1-6 hydrogentransfer are
assumed and the contributionsfrom 1-4 hydrogenisomerizationare scaled to the
contributionfrom beta bond cleavage. By thismeans we avoidmaking detailed
RRKM calculations. Finally,for each radicalwe recommendrate constantsfor
decompositionalong the variousreactionpathways.

c. Treatmentof ChemicalActivationProcesses: At any givenpressure,
chemicalactivationprocessesbecome more importantas the temperature is raised
sincethe thermal energy contentof the moleculeis increased and their RRKM
lifetimesshortened. In the case of resonancestabilizedradicalsthe effectsare of
particularimportance sincetheir greaterthermalstabilityand lessenedreactivity
means that at high temperaturesthey willhave much longer lifetimesand greater
chance of reactionwith other radicals.

Calculationof these effectson the assumptionof strongcollisionsare
straightforward9. We have now begun to treat weak collisioneffectson the basis of a
step ladder model of the transitionprobabilities. The earlier reporting format has
been retained. That is tables of k(dec)/(k(dec)+k(stab)), where (dec) and (stab)
refersto the decompositionand stabilizationchannels, as a function of temperature
and pressureand collisionefficienciesas a function of step-sizedown are presented.
Thisthen permitsthe interpolationfor k(dec)/(k(dec)+k(stab)) at any temperatureand
pressuregivena selected step-sizedown. However,the collisionefficiencyis now
determined from the solutionof the steady state masterequation. We have found
that at any giventemperaturea singlevalue for the collisionalefficiencyas applied to
the strongcollisionequationcan in fact reproduce the pressuredependence as
derived from more detailedcalculations.

d. Data compilation: We continue to compile ali published data on
combustionrelatedreactionsand the evaluationsof the presentwork as part of the
NIST Chemical KineticsDatabaseTM, for use on personalcomputers. The PC data
base includesdata on over6600 reactionpairs,and new d[ta are being added
continuously.
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Plans

The directionof futurework is to add to the data base a number of aromatic
compounds. In the comingyear we will add to the data base kineticdata dealing with
phenyland toluene. Thiswill involvethe reactionsof these two specieswith ali the
compoundsthat are already in the data base.
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Program Scope:
Combustionis driven by energy-releasing chemical reactions. Free radicals that

participatein chain reactions carrythe combustion process from reactantsto products.
Research in chemical kinetics enables us to understandthe microscopic mechanisms
involved in individual chemical reactions as well as to determinethe rates at which they
proceed. Both types of information are requiredfor an understandingof how flames
burn,why engines knock, how to minimize theproductionof pollutants,andmanyother
important questions in combustion. In this program we emphasize accurate
measurementsover wide temperaturerangesof theratesat which ubiquitousfree radicals
react with stable molecules. We investigate a variety of OH, CN, and CII + stable
molecule reactions important to fuel conversion, emphasizing application of the
extraordinarilyprecise technique of laser photolysis / continuous-wave laser-induced
fluorescence (LP/cwLIF). This precision enables kinetic measurements to serve as
mechanistic probes;we consider merely supplying rate coefficients to be too modest a
goal. Since considerableeffort is requiredto study each individual reaction, prudent
selection is critical. Two factorsencourageselection of a specific reaction:(1) the rates
andmechanismsof the subjectreactionarcrequiredinputto a combustionmodel; and (2)
the reaction is a chemical prototype which, upon characterization, will provide
fundamentalinsight into chemical reactivity, facilitate estimation of kinetic pmameters
for similar reactions, and constrain and test the computational limits of reacuon-rate
theory. Most studiesperformedin thisprojectsatisfyboth conditions.

Recent Progress:
Reactionsof OH andCII radicalswith fuel and oxidantmolecules constitutecritical

steps in combustionprocesses. Duringthe past year, we investigated the kinetics of the
reactionsof (1) OH with CH4 and CD4, (2) OH with (H3C)2CHOH,and (3) CH withH2
and D2. Pulsed-laserphotolysis of the radicalprecursorinitiateschemical reactionwithin
a heated cell; cw, laser-induced fluorescence detection quantifies the evolution of the
reactionin time.

The reaction between the hydroxyl radical and methane has been studied many
times previously. Recently,Vaghjianiand RavishankaraI measuredratecoefficients (kl)
for OH + CH4 _ H20 . CH3 from 223 < T < 420 K thatarc -25% slower than previous
recommendations. Also, Melissas andTruhlar2utilized interpolatedcanonical variational
transition-state theory to compute ratecoefficients, kl, over the temperature range 223-
2400 K. We undertookthe OH + CH4 studyto test the lower kl values and extend the
temperaturerange of measurement. The OH + CT)4_ HOD + CD3 study provides an
experimentalbenchmarkagainst which Truhlarand coworkersmay compare futurecal-
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culations on isotopic variants. Ourresults, which are in excellent agreement with those
of Vaghjianiand Ravishankara,aredisplayedin Figs. 1 and2.

We completedour studyof the reactionOH + (H3C_CHOH --+productsduringthe
past year. The ratecoefficient for H-atomabstractionby OHis best fit by the expression
k(T) = 1.04 x 10"17T1.86exp(736/T) cre3 molecule-1 r 1. Chain-catalyticdehydrationof
2-propanol by OH is an important component of the reaction mechanism. We
characterizedthe dissociation kinetics of the H2CCH(OH)CH3intermediate by fitting
biexponential[OH] decays to a reaction model. From these results and previously estab-
fished kinetic and thermodynamicdata,we estimate BDE(I-I-CH2CH(OI-I)CH3)--"(102A
+ 1.6) kcal mol"1. Measurements above T = 600 K demonstratea role for two minor
reactionchannels.

We performed dme-resolved RRKM/Master Equation calculations to model our
experimentaldataon thereaction

CII +H2 _:_CH3"t:_CH2+H.
8M
CH3

We had measured previously the pressuredependenceof the reaction at 295 K and the
temperaturedependence of the reaction at P = 8.2 and 750 torrof helium. Only two
quantities arevaried in global fitting of the data,yieldingAEdown= 80 cm-I and AEpmd,
the energygap between the CII + H2 and CH2+ H channels,= 3.3 kcal tool-1. As shown
in Fig. 3, these fixed transition-state calculations agree well with the experimental
measurements,butfuturevariationalcalculationsmay be expectedto be better.

Many importantcombustion intermediates do not fluoresce, and therefore their
kinetics cannot be studied by our well-developed laser photolysis/laser-induced
fluorescence technique. Infrared technologies, which permit detection of specific
vibrationalmodes in molecules, have greatpromise for these systems. Duringthe past
year, we built a laser photolysis / ew, infrared-laser, long-path absorption kinetics
experiment. Initial studies involved detection of HCI formed by the reactionsof Cl-atom
with hydrocarbonsand chlommethanes. A representative (single-pass) trace is displayed
in Fig. 4. Table 1 lists room-temperaturerate coefficients measured in this work for
severalreactantmolecules.

Future Directions:
Futureworkon this projectshouldinclude (1) completionof OH + alkene and OH

+ alcohol kinetic studies; (2) extension of CH-radicalkinetic studies to higher temper-
aturesand additional reactants, e.g., 02, N2, CO, NO, and CH4;and (3) optimizationof
the sensitivity of the LP/cwIRLPA experiment and its application to the kinetics of
polyatomic species.

1G. L. Vaghjiani and A. R. Ravishankara,Nature350, 406 (199I).
2 V. S. Melissas and D. G. Truhlar,J. Chem.Phys., in press (1993).
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DOE/BES-sponsoredpublicationsdl_"inethepast two years:
1. A. M¢Ilroyand F. P. Tully, "KineticStudyof OH ReactionswithPerfleoropmpene
andPerfluorobenzene,"J. Phys.Chem.,97, 610 (1993).
2. J. R. Dunlop andF. P. Tully, "CatalyticDehydrationof Alcohols by OH.2-Propanol:
An IntermediateCase,"J. Phys. Chem., in press (1993).
3. A. McIL-oyand F. P. Tully, "CII+ H2 ReactionKinetics:Temperatureand Pressure
DependenceandRRKM-Master-EquationCalculation,"J.Chem. Phys., in press (1993).
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Table 1: C!-ar_o_mhydros:enabstractionrateconstants at 'I"=295K, P=10.0 torr.
this worka literatureb

RH k (cm3molecule-1s"l) k (cm3molecule:"l s"l)
xlO13 xlO13 I

m, i i iiii i i

methane 0.999 (:L-O.OI4) 0.99

ethane 602 (+15) 569

propane 1380 (:!:80) 1490

butane 2030 (:1:80) 1800, 1970, 2230

isobutane 1400 (:!:30) 1370, 1410, 1510

methylchloride 3.87 (:L-0.07) 4.75

mcthylenechloridc 3.56 (:L-0.08) 3.06, 3.8, 5.5
cldomform 15.9 (:L-0.2) 60

lm

aVslues in parenthesesaretwo standarddeviations of the parameters.
bwe tabulatetherecommendedliteraturevalue whereone exists, otherwise all available

dataarcListed.
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SINGLE-COLLISION STUDIES OF
ENERGY TRANSFER AND CHEMICAL REACTION

James J. Valentini
Department of Chemistry

Columbia University
New York, NY 10027

PROGRAM SCOPE

Our research focus is state-to-state dynamics of reaction and energy
transfer in collisions of free radicals such as H, OH, and CH3 with H2, alkanes,
alcohols, and other hydrogen-containing molecules. The motivation for the
work is the desire to provide a detailed understanding of the chemical
dynamics of prototype reactions that are important in the production and
utilization of energy sources, most importantly in combustion. The work is
primarily experimental, but with an important and growing
theoretical/computational component. The focus of this research program is
now on reactions in which at least one of the reactants and one of the
products is polyatomic. Our objective is to determine how the high
dimensionality of the reactants and products differentiates such reactions
from atom + diatom reactions of the same kinematics and energetics.

The experiments use ttighly time-resolved laser spectroscopic methods to
prepare reactant states and analyze the states of the products on a single-
collision time scale. The primary spectroscopic tool for product state analysis
is coherent anti-Stokes Raman scattering (CARS) spectroscopy. CARS is used
because of its generality and because the extraction of quantum state
populations from CARS spectra is straightforward. The combination of the
generality and easy analysis of CARS makes possible absolute cross section
measurements (both state-to-state and total), a particularly valuable capability
for characterizing reactive and inelastic collisions. Reactant free radicals are
produced by laser photolysis of appropriate precursors. For reactant
vibrational excitation stimulated Raman techniques are being developed and
implemented.
The theoretical component of our research has two important facets. First, we
are developing global potential energy surfaces for those reactions involving
polyatomic reactants and products that we are studying experimentally, for

example the 12-dimensional potential energy hypersurface for H + CH4 --_ H2
+ CH3. Using these potential energy hypersurfaces we carry out quasiclassical
trajectory calculations of the state-to-state dynamics of the reactions. The
theoretical calculations provide the detailed analysis and interpretation of the
experimental results needed to extract the full value of the laboratory
measurements. Much of our current theoretical work is being done in
collaboration with Jim Muckerman at Brookhaven.
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RECENT pROGRESS
In 1992 we published the complete results from our extensive

experimental study of the dynamics of the H + RH --_ H2 + R (RH = CH4,
C2H6, and C3H8) abstraction reactions. We reported absolute partial and total
cross sections for the H2 product as a function of rotational and vibrational
state. The H2(v',j') product state distributions show an anomalous positive
correlation of rotational and vibrational energy. We believe that this
beha_ ior (llnprecedented for a "simple" bimolecular reaction) is an important
and characteristic signature of the high dimensionality of the reaction
coordinate in these polyatomic reactions, but we do not yet understand the
physical source or significance of these observations. Trying to understand
this unusual behavior has been the motivation for the experiments and
calculations we have undertaken in the last few months.

On the computational side we have extended our quasiclassical trajectory

studies to many-atom systems. Of immediate interest to us is the H + CH4
H2 + CH3 reaction, for which we have already completed the experimental

studies, and the H + CHCI3 --> H2 + CC13 reaction for which experiments are
now under way. We have constructed a global 12-dimensional potential
energy hypersurface for the H + CH4 reaction. This surface is based on limited
ab initio calculation_ of the system energy as a function of ali 12 coordinates
along the minimur_a energy path, provided to us by Steve Walch of NASA
Ames. We have built a truly global surface by combining these ab initio
calculations with semi-empirical data. For our trajectory calculations we
have adapted an adiabatic switching approach to correctly conserve the
vibrational energy in each of the normal modes of the polyatomic reactant.
Many production runs of the trajectory calculations have already been
completed. Some of these calculations show the same positive correlation of
H2 product rotational and vibrational energies that we observe
experimentally, and we are now trying to establish the physical basis of this
effect by detailed analysis of the trajectories.

Experimentally we have extended our investigation of the dynamics of the

H 4. polyatom _ H2 + polyatomic radical reactions through a study of the

H2(v',j') distributions from the H + CHCI3--_ H2 + CC13 reaction. We view
this reaction as a "reduced dimensionality" analogue of the H + CH4 reaction.
In the H + CH4 reaction the reaction coordinate is very complicated. The
motion of ali five H atoms are il_volved in the reaction coordinate, because
the geometry of the CH3 radical (planar) differs from that of the CH3 in
methane (pyramidal) and ali five of these atoms are moving on the same
time scale. The reaction coordinate for the H + CHCI3 reaction should be
much simpler. On the time scale of the abstraction reaction the motions of
the heavy CI atoms are frozen, and the geometry of the CC13 radical product is
the same as the geometry of the CCI3 part of CHCI3. This reaction should look
more like an atom + diatom reaction than the methane reaction. In fact, our

initial res_flts for H + CHC13 seem to indicate this, as the H2 product state
distribution is more like that from H + HC1 than that from H + CH4.



It seems clear to us that we need more than just the H2(v',j') distributions
for the H + polyatom reactions in order to fully characterize the dynamics in
these high dimensionality systems. What we need is information about the
internal state distribution of the polyatomic product. We can get this
information in two way_. For simple polyatomic radical products like CH3 we
can measure the CARS spectra and directly extract the rotational and
vibrational distributions. For larger polyatomic radical products the Raman
spectra are too complicated to allow this. However, we can determine the
average internal energy of the polyatomic radical product that accompanies
each H2(v',j') state by Doppler resolving the H2(v',j') CARS signal. The
spectral resolution required to resolve the polyatomic CARS spectra and to
make the Doppler profile measurements requires a near-transform-limited -
bandwidth pulsed dye laser for the CARS Stokes beam. This year we
completed design and construction of such a dye laser, based on a short-cavity
dye oscillator and a narrow-band tunable amplifier. The linewidth of this dye
laser is no more than a factor of two greater than the transform limit, and the
pulse-to-pulse amplitude and frequency stability are very good. Pulse
energies up to several tens of mJ have been obtained.

FUTURE PLANS

We will continue our trajectory studies of the H + CI-I4 reaction dynamics.
This will include investigation of the dynamics of reactions of vibrationally
excited CH4, in anticipation of planned experiments with vibrationally excited
reactant. We are developing the capability to produce video portrayals of the
trajectories. The trajectory calculations w_J1 be extended to the H + CHCI3
reaction for which we now have experimental results. We will develop a
semi-empirical potential energy hypersurface for this system by making
reasonable adjustments to our H + CH4 surface to accommodate the different
energetics of this reaction. This H + CHC13 surface will not be as accurate as
the ab initio based one we have developed for H + CH4, but it should be
adequate for our purposes.

We plan to investigate the dynamics of the H + CHCI3 and H + CH4
reactions with vibrationally excited reactants, using stimulated Raman
excitation to prepare selected excited states of the CHCI3 and CH4. For the H +
CHC13 reaction we will also investigate the HC1 + CHC12 reaction channel.
We will begin using our new transform-limited bandwidth pulsed dye laser
for rotationally resolved CARS spectra of the CH3 and CC13 products of the H
+ CH4 and H + CHC13 reactions, and will carry out Doppler resolved CARS
spectra of the H2 product of such reactions.

RESEARCH PUBLICATIONS 1991-1993
1. G.J. Germann, Y-D. Huh, and J.J. Valentini, "Observation of

Anomalous Energy Partitioning to the HD Product of the H + CD4 -->
HD + CD3 Reaction," Chem. Phys. Lett. _ 353 (1991).
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Theoretical Studies of the Dynamics of Chemical Reactions

Albert F. Wagner

Theoretical Chemistry Group, Chemistry Division
Argonne National Laboratory, Argonne, IL 60439

Reactions involving the formyl radical. The reaction

M
H+CO _ HCO* _ HCO (1)

is of long-standing interest as a prototype of a simple addition reaction. In studies on the ground
state potential energy surface in collaboration with J. Bowman Ct5.of Emory), a nearly complete
s.u_'veyof the 27 lowest isolated resonances for total angular momentum J = 1 has been completed
using the LBH potential energy surface calculated in our group several years ago. These 27
resonances are composed on 9 families of three resonances that emerge out of the 9 lowest
resonances for J=0. Like the case for J=0, the J=l resonances have been characterized by the
stabilization calculations and time-independent scattering calculations described in previous years.
Results indicate that HCO resonances have a largely a symmetric top pattern with modest, but
measurable, distortions in the pattern occurring for resonances with large amount of HCO bend.
Ali the resonances were found to have lifetimes lower than, but within a factor of two of, the
lifetimes for the corresponding J=0 resonances. For each family of three resonances, there is a
pair of very closely separated resonances that can be assigned by K---2:1,where K is the projection
of J on the symmetric top axis. Despite their similar widths and locations, the product distributions
of these pairs of resonances are found to be clearly distinct.

The time-independent log-derivative scattering method has been used to calculate the above results
on serial machines. A parallel algorithm for this method is being developed that distributes the
computational work for the scattering wavefunction propagation with respect to both the scattering
coordinate grid and the energy grid. The code minimizes intra-processor communications and
external I/O communications and emphasizes vector operations in the calculation of the potential
matrix. Future scattering calculations on Reaction (1) will be extended to higher values of J and to
higher energies using this parallel code on both modestly and massively parallel computers.

Recombination reactions to form partially halogenated methane. The first step in the
pyrolysis of partially halogenated methane is C-Y bond cleavage:

CX3Y --_ CX3+Y (2)

where Y is a halogen. Such reactions are under experimental study by Michael in our group.
When viewed in reverse, a critical factor in the recombination is the X3C-Y interaction potential.
Studies of H3C-H be Wardlaw ct al. have shown that a fully dimensional flexible transition state
theory model of the rate constant for CX3+Y can be replaced by an approximate model that
assumes CX3 is a disk, uses the calculated X3C-Y interaction potential, and interpolates the
unconserved frequencies along the reaction path. This model can be made less approximate by
treating CX3 as a three-pointed star and calculating three X3C-Y interaction potentials: one for
approach perpendicular to the CX3 plane and two for approaches within the CX3 plane along or
between the C-X axes. Such calculations are being done by Harding in our group for X and Y =
H(or D), F, and C1. Preliminary kinetics results with the disk model show large variations in the
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high pressure recombination rate constants depending on the identity of Y. The theory for the three
pointed star model is lacing developed in collaboration with Wardlaw (Queens University).

Thermal dissociation of HCN and HCCH. A standard derivation of the bond energy from
themeasuredthermaldissociationrateconstantof HCN:

M
HCN _ H+CN (3)

ismorethan5 kcal/molelowerthantheknown thermodynamicvalue.Lastyear,incollaboration
withKiefer(UniversityofIllinoisatChicago),we showedthatthisdifferencecouldbcaccounted
forifthebendingdegreeoffreedomistreatedasa hinderedrotorusingmomentsofinertiaand
hinderedrotorbarrierheightsthatadiabaticallyvariedwiththevibrationalstatesoftheH-CN and
C-N stretches.Ourtreatmentexplicitlyinvolvedcalculatingallthebendingvibrationallevelsofthe
twodimensionalhinderedrotorforeverycombinationofthepairofstretchingquantumnumbers.
Theselevelswerethenusedtocomputethedensityofstatesrequiredinthelowpressurelimitof
the dissociation rate constant.

The thermaldissociationofHCCH:

M
HCCH _ H+CCH (4)

displaysthesamekindofdifferencesinbondenergiesderivedfromkineticsorfromothermore
directapproaches.Herealsothehinderedrotorbarrierisapproximately40 kcal/molebutthe
hinderedrotationisquitecomplicated,involvingthechasingofthetwohydrogcnsaftereachother
throughthevinylidenestructure.Furthermore,calculationsby Schaeferctal.haveshown the
vinylidenecandisplaylarge(120°)rockinganglevariationswithnosubstantialvariationinenergy,
makingthehinderedrotorpotentialhavea profilemorelikea mesa thana hill.Ina simplificd
gcornctry,thehinderedrotationscanbeviewasthreedimensionalintwosphericalanglesandonc
dihedralangle.Ratherthansolveforallthelevelsofathreedimensionalrotorforallcombinations
of the remainingthreestretchquantum numbers,we have reformulatedthisproblem
semiclassicallytoderiveadirectexpressionforthedensityofstatesthatinvolvesthederivativeofa
phasespacevolumeintegralon a totalenergyshell.The calculationsofSchaeferctalon the
inylidenestructure,thecalculationsofHardinginourgroupon theapproachofH toCCH, and
theexperimentalfrequenciesofHCCH andCCH arebeingincorporatedintoanapproximat,_fitof
thepotentialenergysurfaceinthereduceddimensionsoftheanglesgoverningtheh;.ndcrcd
rotation.Withthisfittedpotentialandwithapurelyharmonicrepresentationofthepotential,the
densityofstateswillbecalculatedsemiclassically."lhcratiooftheharmonictohindercdrotor
resultswillindicateifthederivedbondstrengthfromthekineticsexpcrirncntusingtheharmonic
modelisinerror.The samesemiclassicalprocedureisalsolacingappliedtoHCN tovcrifythc
accuracyofthesemiclassicalapproximation.

InelasticcollisionsofNCO withHe. As measuredby Liu and Macdonaldinourgroup,thc
inelasticprocess

NCO(2H,N,Fi,_.)+He_NCO(2H,N',Fi',_.')+He (5)

hasdramaticallydifferentrotationalstatedistributions(N---_N')dependingon theconservation
(Fi=Fi')orchange(Fi_Fi')ofthespin-orbitstateinthecollision.NCO isa Hund'scasea
moleculeanditisknown thatspin-orbitchangingcollisionscanonlycomc aboutthroughthc
differencepotentialenergysurfaceformedbysubtractingtheA'andA" surfacesthatarcsampled
bythecollision.InthecaseofNCO, thisdifferencesurfaceshouldbcofmuch smallcrrangethan
thatfortheaveragesurfaceformedby averagingtheA' and A" surfaces.A simplifying



hypothesis to describe the overall rotational scattering would be that the average surface controls
the overall rotational distribution while the difference surface controls the branching of the
distribution into different spin-orbit manifolds. The first part of this model was tested by: (1)
constructing a simple parameterized average surface from the known surface for He+CO2, (2)
calculating the rotationally inelastic cross section within the Infinite OrderSudden approximation to
closed shell quantum dynamics on the average surface, and (3) comparing the results to the
experimental rotational distribution (with the distributions from different spin orbit manifolds
combined). Excellent agreement between theory and experiment at five different collision energies
was obtained with modest modifications in the initial He+CO2 surface. The most important
modification was to off set the center of mass of the molecule from the cenmr of symmetry by the
experimental amount found in NCO.

TheoreticalStudies of the Reactivityand Spectroscopy of H+COwHCO. I.
Stabilizatonand ScatteringStudiesof Resonances for J=O on the LBH Ab Initio
Surface
S-W. Cho, A. F. Wagner, B. Gazdy, and J. M. Bowman, J. Chem. Phys. 96, 2799 (1992).

Isolated Resonance Decompositon of a Multi.Channle S Matrix: a Test from the
Scattering of H+CO _ HC 0
S-W. Cho, A. F. Wagner, B. Gazdy, and J. M. Bowman, J. Chem. Phys. 96, 2812 (1992).

Isotope Effects in Addition Reactons of Importance in Combustion: Theoretical
Studies of the Reactions CII + H2w CH3* _ CH2+H
A.F. Wagner and L.B. Harding, ACS Symposium Series 502, 48 (1992).

The Importance of Hindered Rotations and Other Anharmonic Effects in the
Thermal Dissociaton of Small Unsaturated Molecules: Application to HCN
A. F. Wagner, J. H. Kiefer, and S. S. Kumaran, Syrup. (Int.) on Comb. 24, 613 (1992).

Theoretical Studies of He(2S) + CH(X21"[) L Ab Initio Potential Energy Surfaces
A. F. Wagner, T. H. Dunning, Jr., and R. A. Kok, J. Chem. Phys. (accepted)

Theoretical Studies of He(2S) + CH(X21"D II. Fully Ab lnitio Cross Sections for
the Inelastic Scattering and Comparison with Experiment
M. A. Alexander, W. R. Kearney, and A. F. Wagner, J. Chem. Phys. (accepted)
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INFRARED SPECTROSCOPY OF ORGANIC FREE RADICALS
RELATED TO COMBUSTION PROCESSES

James C. Weisshaar

Department of Chemistry
University of Wisconsin-Madison
Madison, Wisconsin 53706-1396

Internet: WEISSHAAR@CHEM.WISC.EDU

Program Definition
The primary long-termgoalof thiswork is to developnewtechniques

for measuringvibrationalspectraof polyatomicneutralfree radicals. We
will explore a variation of resonant two-photon ionization (R2PI) in which
tunable _IR excites the radical vibrationally and _uv selectively ionizes
only the vibrationally excited molecules. Development of the lR + UV
R2PI experiment is underway. In the meantime, we have used optical
R2PI and pulsed field ionization (PF1) detection to obtain new vibrational
spectra of species such as the benzyl and phenylsilane cations. In benzyl,
we have learned a great deal about the vibronic coupling mechanism in the
mixed 12A2-22B2 system near 450 nm by projecting the mixed states onto
the manifold of cation vibrational states. In phenylsilane+, we find that the
sixfold barrier to internal rotation of the silyl group is small (V6 = + 19
cm'l). We are beginning to understand the mechanisms of coupling of
torsional states with vibration, overall rotation, and other electronic states.
In addition, we are developing a new model of internal rotation in aromatic
compounds based on Prof. Frank Weinhold's natural resonance theory.

Recent Progress
1. Benzyl Radical

We createa skimmedbeam of internally coldneutralbenzylradicalsby
193 nm ph?tolysis of toluene several mm downstream in a pulsed nozzle
expansion, t Internally cold benzyl radical is probed by two-color, resonant
two-photon ionization (R2PI) through vibronically mixed 12A2-22B2excited
states near 450 nra.2,3'4 We obtain R2PI spectra of three isotopomers,
benzyl+-h7, benzyl+-(xd2, and benzyl +-d7. By tuning _01to a particular
resonance, scanning _02,and detecting electrons produced by delayed,
pulsed field ionization (PFI), 5 we obtain vibrational spectra of the
corresponding cations primarily in the range 0-650 cm"t. We assign the
low frequency bands by comparison with harmonic, normal mode
frequencies from ab initio calculations of the XtA1 state of benzyl + .

The origin bands provide the following adiabatic ionization potentials:
58465 + 5 cm"1= 7.2487 + 0.0006 eV for benzyl-hT; 58410 ± 5 cm"l
for benzyl-otd2; and 58382 + 5 cm"l for benzyl-d 7. The bcnzyl-h 7 value
refines our previous measurement6 of 58456 + 14 cm"l from extrapolation
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of cationyield curves to zero field as well as the earliervalue7 of 58100 4-
160 cre". The accurateIP is importantin thermochemicalcycles.

In benzyl+, we observeseveral low-frequencyvibrationalstatesfor
each isotopomer. TableI collects the measuredfrequencies for ali three
isotopomersin the range0-650 cmq andcompares experiment with ab
initio calculationsof harmonicfrequencies. The vibronic mixing in the
intermediatestatess,9 allows us to observe benzyl+ vibrationalstates of
both al andbl symmetry(C2vpoint group) in the PFI spectrum. The
frequenciesof the out-of-planemodesof benzyl+, which we obtain
indirectlyfrom combinationbands andfrom ab iniriocalculations,provide
a quantitative measureof the bond orderbetween the exocyclic CH 2 group
and the benzene ring. The cation clearly has substantiallygreater double-
bond character than the neutral.

In addition, the intensities of the cation bands providea measureof the
vibrationalcharacterof the excited states of neutralbenzyl, complementing
recentdispersed fluorescencemeasurements.3a Ournew dataindicate that
previousmodelss,9 of the vibronically mixed 12A2-22B 2 system have
included unimportantmodesand neglectedimportant ones. In particular,
certain low frequencycombination states of overall ai or bl symmetry
inducevibronic mixing efficiently.

Table I. Experimentaland CalculatedVibrationalLevels of X1A1State of
Benzyl Cation.a

benzyl+-h 7 benzyl+-otd2 benzyl+-d 7

Levelb symm expt calc expt calc expt calc

;'36'+"V17 bl 487 480 456 452 423 418

;,36-1-I,,35 ai -- 552 -- 540 488 494

u13 al 526 537 504 524 500 511

_'28 bl 598 613 596 612 575 588

a Calculatedharmonic frequenciesusing Gaussian-90, MP2/6-31G*.
b Approximatemode descriptions (op = out-of-plane, ip = in-plane): u36
= ring and CH2 op wag; I'35= op CH ring wag; 1'28= ip ring deform;
;'17= op ring + CH2 torsion; J'13= ip CCC bend.
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2. Phenylsilane
Resonanttwo-photon ionization(R2PI)and pulsed field ionization(PFI)

were used to measureSI-Sn and cation-Sl spectraof phenylsilanecooled in
a pulsed nozzle expansionfl2 We obtain the adiabaticionization potentials

IP_henylsilane) = 73680 + 5 cmq, IP(phenylsilane .Ar) = 73517 + 5cre" and IP(phenylsilane "Arz)- 73359 ± 5 cmq. We also resolve and
assign many low lying torsion-vibration levels of the $1 (XIA1) state of
phenylsilane and of the XZB1state of phenylsilane+. In both states, the
pure torsional transitions are well fit by a simple sixfold hinderedrotor
Hamiltonian. The results for the rotorinertial constant B and internal

rotation potential barrierV6 are: in $1, B = 2.7 ± 0.2 cmq and V6 - -44
± 4 cmq; in the cation, B = 2.7 ± 0.2 cm" and V6 = + 19 ± 3 cm"1.
The sign of V6 and the conformation of minimum energy are inferredfrom
spectralintensities of bands terminating at the 3a1" and 3a2" torsional
levels. 1°,11In $1 the staggered conformation is most stable, while in the
cation groundstate the eclipsed conformationis most stable.

In phenylsilane+ we findexperimentalevidence of couplingbetween
torsionand vibration.12 For small Vt, the term PaPa in the rigid-frame
model Hamiltonianstrongly mixes the 6a1' and 6a2' torsionalstates, which
mediates furthertorsion-vibrationalcoupling. In addition, the cation X2BI

vibrationalstructureis badly ,_fturbed, apparentlyby strongvibronic
couplingwith the low-lying A A2 state. Accordingly, our ab initio
calculations finda substantialin-plane distortion of the equilibrium
geometry of the X2B1state, while the A2A2 state is planar andsymmetric.

For ali sixfold potentials whose absolutephase is knownexperimentally,
the most stable conformer is staggered in the neutralstates (So and $1
p-fluorotoluene, $1 toluene, $1 p-fluorotoluene)1°andeclivsed in the
cationic states (ground state toluene+ 11andphenylsilane4:t2). We find
that ab initio calculationscorrectlypredictthe lowest energy conformerfor
So states and for cation ground states. In addition, we adaptthe natural
resonance theory (NRT) of Glendeningand Weinhold13to explainwhy
sixfold barriersfor methyl and silyl rotorsare uniformly small, while some
threefoldbarriersare quite large. The phase of the sixfold potential is
apparentlydetermined by a subtlecompetition between two types of rotor-
ring potential terms: attractivedonor-acceptorinteractions andrepulsive
van der Waals interactions (steric effects),a4

Future Plans
We have obtained high quality PFI spectra of the cations toluene+.Ar,

p-fluorotoluene +, p-fluorotoluene +'Al', and phenylsilane +'Ar. Analysis of
the data will providea detailedpicture of the interactionbetween the two
low frequency motions: van der Waalsbending and internalrotation of the
methyl or silyl group.

In collaborationwith Prof. FrankWeinhold, we have carriedout high
quality ab initio calculations of the equilibriumgeometries and vibrational
frequencies of toluene (So), toluene+, and many related molecules with
sixfold and threefold symmetric torsionalpotentials. We plan to use the
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naturalresonancetheory to tryto understandthe underlyingelectronic
factors that dictate the widely varyingmagnitudesof threefoldpotentials.
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CHEMICAL KINETICSMODELING
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Thisprojectemphasizesnumericalmodelingofchemicalkineticsofcombustion,
includingapplicationsinbothpracticalcombustionsystemsandincontrolled
laboratoryexperiments.Elementaryreactionrateparametersarecombinedinto
mechanismswhichthendescribetheoverallreactionofthefuelsbeingstudied.

Detailed sensitivity analyses are used to identify those reaction rates and product
species distributions to which the results are most sensitive and therefore warrant the
greatest attention from other experimental and theoretical research programs.
Experimental data from a variety of environments are combined together to validate the
reaction mechanisms, including results from laminar flames, shock tubes, flow systems,
detonations, and even internal combustion engines.

Our research has focused on the development and application of detailed
chemical kinetic models for analysis of combustion in practical systems. During the
past year our emphasis has been on combustion in internal combusion engines, pulse
combustors, and other practical systems. Our emphasis has been on hydrocarbon fuels,
since they provide the great majority of the fuels for practical systems, although other
types of fuels have also been considered. In particular, we have devoted some attention
to chlorinated hydrocarbon fuels which are a major component in toxic chemical species
combustion and emissions.

A large fraction of our research focused on the problem of knock in internal
combustion engines. Knock represents a particularly serious limit to improvements in
fuel economy and efficiency which might otherwise result from increases in engine
compression ratio. Better understanding of the factors leading to engine knock could
produce strategies for reduction of knock by chemical modification of the fuel-air
mixtures or physical modification of the combustion process in the engine. Our
contribution to this subject emphasized the development of chemical kinetic reaction
mechanisms to simulate the autoignition of fuel-air mixtures in the engine chamber.

During the past year our contributions to the problem of engine knock chemistry
were recognized by the Society of Automotive Engineers with their 1991 Homing
Award, given each year for the contribution that best links engines and fuels. The
citation for this award recognized our many years of research into the fundamentals of
fuel chemistry and the insights our modeling work provided into fuel ignition,
antiknock additives, and knock. This is a prestigious award, and DOE has in fact been
responsible for the support of most of the recent Homing Award research, including
work from Princeton University and Sandia National Laboratory, in addition to our
work at LLNL. Since this award comes from the major industrial research organization
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in the automotive and petroleum industries, these awards are a tangible indication and
confirmation of the relevance of this work to current industrial needs and concerns.

We have continued to study kinetic features of combustion in other types of
experimental environments, including shock tubes and laminar flames, where the fluid
mechanics and other experimental features can be carefully controlled. Collaborations
with programs in Ireland, Israel, and France provided data which were used to develop
reaction mechanisms for ethanol, isobutene, methyl tert-butyl ether (mtbe), n-butane,
and various isomers of hexane and octane. The results of these studies were then used

to improve our ability to model combustion in automotive engines and engine knock
problems in particular. We expect this type of collaborative effort to continue with
experimental researchers in this country as well as with foreign colleagues.

Previous work in extending modeling capabilities to chlorinated hydrocarbon
species was continued. This work has potential application to a wide range of issues,
mostly pertaining to destruction of toxic chemical wastes. Our work in the past year

: emphasized reactions under stirred reactor conditions, with fuels including methyl
chloride, ethyl chloride, and hydrochloric acid. This class of species is covered by the
Clean Air Act provisions and emissions of these species will be limited drastically in the
coming years. The reaction mechanisms which we are developing will be useful in
analyzing performance characteristics and emissions from such systems and
incinerators, pulse combustors, supercritical water oxidation systems, and stirred
reactors. This work will continue in the present and coming years.

One of the features of low and intermediate temperature chemistry related to
ignition and engine knock is the addition of molecular oxygen to radical species. This
process yields the negative temperature coefficient behavior that impacts knocking
behavior of paraff'mic components in fuels. None of the rate constants involved in these
addition reactions have been measured at temperatures and pressures relevant to
engine knock. Recently, QRRK (Quantum Kassel) analysis has become available and
can be used to calculate pressure and temperature dependencies of these reactions. We
will use QRRK analysis to calculate rate constants of these reactions including the
addition of oxygen to alkyl radicals, their isomerization and reaction to products such

, asolefins,cyclicethersanddi-hydroperoxides.

Together with Sandia National Laboratories, we have initiated a collaborative
effort intended to address emissions controls from industrial facilities which are
covered by the Clean Air Act. This Act includes a long list of chemical species whose
emissions must be controlled or eliminated in coming years. Many species are normal
products of hydrocarbon combustion, while others are produced by incomplete
hydrocarbon oxidation. Another large number of toxic chemical emissions consist of
chlorinated hydrocarbon species, and many of the remaining species are heavy metals
and their oxides. We were approached by Chevron Research in Richmond, California,
working with Sandia and LLNL to develop a proposal to the Petroleum Environmental
Research Forum (PERF). This led to a consortium of seven petroleum company
research organizations including Mobil, Unocal, Chevron, Phillips, Arco, Amoco, and



Shell, who agreed to work with us to understand and predict Clean Air Act emissions
from industrial combustors. During the present year, we have used stirred reactor and
computational fluid dynamics (CFD) models to address the specific problems of this
group. This group is currently developing an integrated research plan for the coming
several years, and the LLNL capabilities will be an important element in this program.

Of particular concern to the PERF team are reactive intermediate species such as
formaldehyde, 1,3-butadiene, and carbon monoxide, ali included in our current models
of conventional hydrocarbon kinetics. We have been employing various physical
models of oxidation to relate these kinetic factors to operational parameters which can
be controlled in actual experiments. Several reports and technical presentations have
been presented in the past few months, and this work will continue in the coming year.

We are continuing to work on reaction mechanisms for chlorinated hydrocarbon
species, which combine theoretical problems of reaction kinetics with practical
problems involving the interaction of the oxidation problem with the relevant initial
and boundary conditions controlling the flow system. We have begun to understand
the separate roles that bond energies, atomic weight, and thermochemistry play in
determining kinetic oxidation rates and product distributions. We are currently
developing ways of app!.ying this elementary kinetic data to practical systems,
including flame structure, reactor configurations, and high pressure reactors including
supercritical water oxidation systems. This work will continue into the coming year.

Finally, we are continuing to refine our detailed chemical kinetic reaction
mechanisms, using carefully selected laboratory experimental data under controlled
conditions in which elementary reaction rate data can be extracted. We have used
shock tube data and laminar flame data to improve our treatments of reaction rates for
isobutene, ethanol, and propane, and we have used other experimental data to improve
other mechanism features. This process is absolutely essential in mechanism
refinement, and this activity will also continue in the coming year.

Work on engine knock will be continued, emphasizing the role of mixtures and
interactions between fuel elements in determining onset of engine knock. This work has
been recognized as the most significant in the entire field, and the connections and
collaborations with the U. S. automotive industry make it of great economic impact.
There are many scientific questions remaining in this work, including problems with
impact on the petroleum industry as well as the automotive industry. The potential of
this work to impact the problem of petroleum refinement has only been briefly touched
to date, and the future possibilities of this work will be examined in detail.

We also expect to begin to apply developing technologies for oxidation of
aromatic hydrocarbon species to applied problems. These species form an important
class of hydrocarbon fuel components that have not previously been adequately
represented in fuel oxidation studies. Interactions between aromatic and conventional
aliphatic hydrocarbon fuel species will be examined and the implications for a variety of
practical problems will be pursued. Finally, we will continue to provide technical
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guidance for a variety of applied tasks of importance to DOE. The newly developing
role that the national laboratories will need to play in assisting American industries to
improve their competitive performance will be positively impacted by this work.

We contributed to review journals and other publications, summarizing our
expertise in chemical kinetics modeling and application to practical combustion devices.
We contributed a chapter on Combustion to the reference books entitled The
Encyclopedia of Applied Physics, coordinated by the American Institute of Physics.
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ProsramScope
The objective is to establish kinetics of combustion and molecular-weight growth in C3 hydrocarbon

flames as _art oi an ongoing study of flame chemistry. Specific reactions being studied are (1) the
growth reactions of C3H5 and C3H3 with themselves and with unsaturated hydrocarbons and (2) the
oxidation reactions of O and OH with C3's. Our approach combines molecular-beam mass spectrometry
(MBMS) experiments on low-pressure fiat flames; theoretical predictions of rate constants by
thermochemical kinetics, Bimolecular Quantum-RRK, RRKM, and master-equation theory; and whole-
flame modeling using full mechanisms of elementary reactions.

Recent Progress
Work in the first year and a half has focused on propene flame chemistry. Flame structures of fuel-

lean and fuel-rich propene fiat flames at low pressures have been measured and used as tests of
proposed reaction sets using Chemkm-based models. To go beyond literature reports of allyl kinetics,
reaction theory has been used to predict r_ constants and product channels.

Flame measurements. Concentrations, temperatures, and a, ea expansion ratios have been mapped
in two premixed fiat flames of propene and 02:

• Fuel-lean with (_=0.229 (4.715 mole %C3H6, 92.701 mole %02, 2.584 mole % Ar); pressure of
0.03947 atm (30.00 Torr); and a mass flux of 3.031.10-3 g.cm'3.s "1(ro =57 cm/s at 298 K); and

• Fuel-rich at (_=1.64(24.88 mole % C3H6, 68.41 mole % 02, 6.71 mole % Ar); 0.04605 atm (35.00
Torr); and a mass flux of 1.797.10"3g.cm'3.s"1(ro = 57 cm/s at 298 K).

Axial profiles of mole fractions have been measured (Table 1) in the flat-flame/MBMS apparatus
built originally by Biordi 1,2 a__d modernized by us. Microprobe measurements with GC and GC/MS
analyses supplemented the MBMS data, specifically to resolve C6 and heavier species. At 4.5 mm in
the fuel-rich flame, concentrations were measured for nine peaks from benzene to naphthalene.

Data on flow cross section and temperatures were measured for use in mole-fraction data analysis
and for flame modeling. Area expansion ratio was measured by hot-wire anemometry in a cold flow of
gas, and temperatures were measured with Y203-BeO-coated, 76-pm-diameter, Pt/Pt-13%Rh
thermocouples, experimentally corrected for convective and radiative cooling.

Modeling of the propene flames. A C1-C3 reaction set was constructed, and its predictions were
compared against data for radicals and stable species in the two propene flames. The predictions are
generally goect, but too-rapid destruction of propene and a resulting shift of ali profiles toward the
burner; overpredic_on of H2, H, OH, and OH; the unmodeled presence of C3HxO species; and poor
prediction of the initial intermediate, allyl, point to the needs for better kinetics. Reaction theory and
literature data are being used to improve the reaction set, as opposed to adjusting parameters to best fit.

A set of 323 reversible reactions and 57 specie_ was co _structed from: (1) the C1 and C2 reaction
mechanism of Miller and Bowman, 3 (2) C3 and C4 reactions in the mechanism of Dagaut et al..,4 (3)
modifications in the C2H 2 mechanism of Miller et al.,5 (4) improvements to the Miller and Bowman
mechanism by Michaud et al.,6 and (5) calculations at a Bimolecular Quantum-RRK level for H + allyl
--_ C3H6 or CH3 + C2H3 and for allyl recombination to C6H10. Flame structures were calculated using
the PREMIX/Chemkin codes of Sandia on a DECstation 50(30Model 200 workstation.

Profiles for allyl and CH3 are shown in Figure 1. First, note that the maxima of these profiles, like

1Biordi, J. C., Lazzara, C. P., Papp, J. F. Combustion and Flame 1974, 23, 73.
2Bierdi, J. C. Prog. Energy Comb. Sci. 1977, 3, 151.
3Miller, JoA.; Bowman, C.T. Prog. Energy Combust. Sci. 1989, 15, 287.
4Dagaut, P.; Cathor_,et, M.; Boettner, J. C. Combust. Sci. and Tech. 1990, 71,111.
5Miller, J. A."et al. 23rd Syrup. (Intl.) on Combustion 1990, 187.
6Michaud, I_.G.; Westmoreland, P.R.; Feitelberg, A.S. 24th Symp. (Intl.) on Combustion 1992, 879.
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Table 1. Species measured in low-pressure flat flames of propene/oxygen/argon at fuel-lean (_ - 0.229)
and fuel-rich (0 = 1.64) conditions. Data for different species and masses include complete profiles by
MBMS, point measurements and upper bounds by MBMS, and point measurements by microprobe
sampling and GC analyses.

Soecies Fuel-lear_ Fv.el-rich _cies Fuel-lean Fuel -rich
H Profile Profile C4H 3 - Profile
H2 Profile Profile C4H4 - Profile

CH2 MBMS point Profile C4Hs - Profile
CH3 Profile Profile Mass 54 Profile (C3H20) Profile (C4H6)

Mass 16 Profile (O) Profile (CH4) C:_'tsO Profile -
OH Profile Profile Mass 56 Profile (C31-140) Profile (C4Hs)
II20 Profile Profile C:_-IsO Profile -
C2H - Profile Mass 58 Profile (C3H60) Profile (C4HI0)
C2H2 Profile Profile CsI-I4 - Profile
C2H3 MBMS point Profile CsI-Is - Profile
C2I-I4 Profile Profile CsI-I6 - Profile
CO Profile Profile CSI-I7 - Pro file

Mass 29 Profile (HCO) Mt;MS point C6H2 - Profile
Mass 30 Profile (H2CO) Profile Mass 75 - MBMS point

02 Profile Profile Mass 76 - MBMS point
He2 MBMS point - Mass 77 - MBMS point
H202 MBMS bound - C61-16 - Profile
C:_X-I2 - Profile Benzene - GC point
C_-I3 MBMS Point Profile Mass 79 - MBMS point
C:_{4 Profile Profile Mass 80 - MBMS point

Propyne - MBMS point Mass92(Toluene) - MBMS, GC point
Prol:_.diene MBMS point Phenylacetylene - GC point_t e

Ar Profile Profile EthityTen_ eylbenz_ - GC PointC3FIs Profile Profile GC Point
C31-16 Profile Profile Allylbenzene - GC point

CH3CHO MBMS Point - o-Methylstyrene - GC point
C02 Profile Profile Indene - GC Point
C4H2 - Profile Naphthalene - GC point

many of the rest, are shifted about 2 mm closer to the burner than measured; however, the mole-

fraction profiles have already been shifted 2.5 orifice diameters (0.20 mm) to account for the probe-
perturbation shifts which have previously been characterized by optical methods in this apparatus. 1
Second, note that the CH3 maximum is barely within the factor-of-two calibration uncertainty for
radicals, but predicted allyl is a factor of three too high in the fuel-rich flame and a factor of twenty
too high in the fuel-lean flame of 1_gure 1. Both differences, plus overprediction of the key oxidation
radicals, suggest that the predicted flame chemistry is occurring too close to the burner, possibly due to

deficiencies in propene and allyl kinetics. Examining their reactions is ongoing, as described below, but
it is useful to examine the key reactions in the initial predictions.

Propene was destroyed primarily by abstraction of allylic hydrogen by H-atom. Kinetics of this
reaction are uncertain, and Westbrook and Pitz 7 had required a slower rate constant (= x 1/4) to predict
flame velocities correctly in atmospheric propene-air combustion. Abstraction by OH and addition of H
were other important channe.ls.

Another factor that contributed to overprediction of allyl was lack of rapid destruction channels.
Beyond the allyl maximum, the dominant destruction channel was allyl + H --_ CH3 + C2H3, an added
reaction that is discussed below. Occurrence of C3HxO suggests that missing destruction reactions
include allyl + O, OH, and He2, discussed below. Kinetics for allyl + 02 should be improved, as it is
represented only by a very slow reaction (k = 132-107 cm3mol'ls -1) that produces CH3CHO + HCO.
However, allyl + 02 channels are probably unimportant because of falloff effects.

Early in the flame, allyl was consumed by combination and, at slightly higher temperatures, it was
regenerated by the reverse, decomposition of C6H10. In the rich flame, this reversible sink resulted in
a hump on the low-temperature side of the predicted allyl peak. No such behavior was observed in the

7Westbrook, C.K.; Pitz, W.J. Combust. Sci. Tech. 1984, 37, 177.
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data and no destruction channels for C6H10 had been included in the mechanism. This effect is then
apparently an artifact of the reaction set, but the amount of allyl combination indicates that CtH10
kinetics must be added because C6H10 will be an oxidation intermediate, even in lean flames.

Theoretical kinetics. The flame calculations show that better allyl and vinyl kinetics are needed,
so predictions have been made for allyl + H, O, OH, HO2, and itself, as well as for vinyl + 02. Allyl
calculations show that the reactions of allyl with the above species may be summarized as:

C3H5 + H _ C3H6

C3H5 + H _ CH3 + C2H3
C3H5 + O _ H + CH2=CH-CH--O (acrolein)

C3H5 + OH _ CH2=CH-CH2-OH (allyl alcohol)

C3H5 + HO2 _ CH2=CH-CH2-O. + OH
C3H5 + CH3 _ CH2-CH-CH2-CH3 (1-butene)

C3H5 + C3H5 _ CH2=CH-CH2-CH2-CH=CH2 (1,5-hexadiene)

The lowest state of the chemically activated adduct from H + allyl combination, (C3H6)*, is 86.5
kcal/mol above thermal C3H6. This energized adduct may be stabilized by third-body collisions to
thermal C3H6, revert to reactants, or decompose to methyl+vinyl. At 30 Torr and 1400 K, association/
stabilization to C3H6 is predicted to have fallen off to half of k._,a/s, and the addition/decomposition
channel to CH3+C2H3 begins to dominate. By 2000 K, the CH3+C2H3 channel is more than an order of
magnitude faster than the stabilization channel and is approximately equal to k.,,a/s. Pecause of the
importance of this transition, higher-level calculations (RRKM and Master Equation) will be
performed on the chemically activated reaction.

Reaction of allyl with O-atom produces acrolein (2-propenal, CH2=CH-CH=O) with a rate
constant equal to the high-pressure limit of association, much as for CH3+O. The chemically activated
adduct (CH2=CH-CH2-O.)* may also decompose to C2H3 + H2CO, but predictions indicate that the
acrolein channel dominates. The association rate constant was initially chosen by analogy to
k..(O+CH3 --} CH30*--} H+H2CO) = 8.0.1013. The present calculations make the low-temperature,
low-pressure k(O+allyl -_ H+C3H40) measured by Slagle et a/.8 a better choice, valid for 300-2100 K
and ali reasonable pressures providing that the radical-combination k,,,a/s is assumed to be
temperature-independent. No calculations on C3H5 + O at a higher level of theory appear necessary.

From allyl + OH, the association/stabilization product allyl alcohol is the dominant product. The
entrance channel is barrierless and loose, so A,.(C3HsOH _ C3H5 + OH) is high, and the relative
weakness of the allylic OH bonds makes E.. low relative to the chemically activated decomposition
channels from (C3HsOH)*. Those channels are ali loose and barrierless from their association sides,

but ali are endothermic relative to C3H5 + OH: H + CH2CHCH2-OH by 5.7 kcal/mol, C2H3 + CH2OH
by 10.5, CH2=CH-CH2-O. + H by 28, and H + _2H=CH-CH2-OH by 33. Only at the lowest pressure (30
Torr) and the highest temperature (2100 K) does the lowest-energy channel reach the C3HsOH rate
constant, and at those conditions the latter has fallen off to 9.1011 cm3mol'ls "1. No RRKM calculations
are then required for the other channels -- only for the thermal decomposition of C3HsOH.

Allyl + HO2 forms products by chemically activated decomposition with a rate constant equal to
ka/s,,., much like allyl + O. Hot allyl peroxide may decompose either to CH2=CH-CH2-O. + OH or to
the aUylic radical of the hydroperoxide. The O-O peroxide bond is so weak that it breaks easily and,
in C3HsOOH*, so quickly that no other fate of the hot adduct is possible. The key parameter is then
ka/s,.. = 1.0"1013,estimated as a geometric mean of rate constants for ethyl and allyl recombinations.

The allyl + CH3 case gives very similar results to the isoelectronic allyl + OH case in that only the
association product 1-butene is important, even with falloff. At 2000 K and 1 atm, ka/s has fallen off by
an order of magnitude, and at 30 Torr, it is down by two orders of magnitude.

8Slagle, I. R.; Bernhardt, J. R.; Gutman, D.; Hanning-Lee, M. A.; Pilling, M. J. [. Phys. Chem. 1990, 94,
3652.
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Allyl combination leads primarily to 1,5-hexadiene, but falloff is significant above about 1000 K:
at 30 Torr, the recombination rate was predicted to begin to drop below k. (8.5.1012) at 1000 K, and by
2000 K, k_. was 0.02. A 1,3_5-hexatriene + H2 channel is also predicted to contribute, having
implications in molecular-weight growth in fuel-rich flames. This channel still plays little part in
allyl combination, reaching a maximum rate constant of 6.1010 at 2000 K.

Finally, C2H3 + 02 plays an important role in the flame, so it has been studied to examine whether
an O + C2H30 channel opens at high temperatures. Earlier experimental 9 and theoretical 10 work
paint a consistent picture that HCO + H2CO forms with a negative activation energy at low
temperatures and pressures. The flame calculations above use the experimental rate constant.
However, theory4 indicated that the rate constant is in fact downward curving on the Arrhenius plot,
dropping much lower than extrapolation from the low-temperature fit. Chemically activated
decomposition of the hot adduct to O + C2H30 was shown possibly to contribute, dependinT_ on present
uncertainty in the high-pressure-limit rate constant for the reverse, .CH2CHO + O association.
Calculations using local density functional theory (double numerical plus polarization basis sets)
indicate that this association has a barrier sufficient to prevent the O-atom channel from contributing.

Future Plans

Work in the next year will extend the measurements to propene flames with 0.1% propadiene
added, allowing more direct study of C3H4 and C3H3 kinetics. Predicted kinetics for allyl, vinyl, and
C3HxO species will be added to the flame calculations, making initial predictions using Quantum-RRK
methods and refining predictions where necessary with RRKM and Master Equation calculations. To
that end, an RRKM code is being developed for chemically activated multiple isomerizations by
extending the Q-formalism which had been developed for Bimolecular Quantum-RRK theory.

Presentations and Publications of DOE-sponsored Research
1. P.R. Westmoreland, "Getting Reactions and Mechanisms from Experiments Integrated with
Computational Chemistry," Fourth Engineering Foundation Conference on Chemical Reaction
Engineering, Palm Coast FL, February 21-26, 1993.
2. P.R. Westmoreland, "Kinetics of Allyl Radical," Paper 54e, 1992 Annual Meeting of AIChE, Miami
Beach FL, November 1-6, 1992.
3. P.R. Westmoreland, "Kinetics of the Vinyl + Oxygen Reaction," Poster P55, 24rh International
Symposium on Combustion, Sydney, Australia, July 5-10,1992.
4. M.G. Michaud and P.R. Westmoreland, "Testing an Improved Flame Mechanism for Oxidation and
NOx Kinetics," Poster P184, 24th International Symposium on Combustion, Sydney, Australia, July 5-10,
1992.
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Figure 1. Data and predicted profiles for CH3 and C3H5 from a fuel-lean propene flame.

9Siagle, I. R.; Park, J.-Y.; Heaven, M. C.; Gutman, D. J. Am. Chem. Soc. 1984, 106, 4356.
10Westmoreland, P. R. Combust. Sci. and Tech. 1992, 82, 151.
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Gas-Phase Chemical Dynamics

Ralph E. Weston, Jr, Trevor J. Sears and Jack M. Preses.
Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973

Program Scope
Research in this program is directed towards the spectroscopy of small free radicals and

reactive molecules and the state-to-state dynamics of gas phase collision, energy transfer, and
photodissociation phenomena. Two projects from this group, from G. E. Hall and J. T.
Muekerman, are highlighted separately in this year's abstracts; other work is summarized here.

Infrared Absorption Spectroscopy of Radicals
Last year, we reported the observation and analysis of infrared and millimeter wave

spectra of the HOCO and DOCO radicals. This species is crueiaUy important as the
intermediate in the reaction between hydroxyl radical and carbon monoxide. We have extended
our investigations to determine more accurately electronic and structural parameters for this
species. While our earlier work established that HOCO exists in the trans- configuration in its
ground state, the observed infrared and millimeter wave spectra consisted only of a-dipole
(parallel) transitions and the precision to which the A rotational constant could be determined
was limited. To rectify this and also to characterize the fine and hyperfine splittings in HOCO
reliably, we measured components of 12 rotational transitions using far infrared laser magnetic
resonance (FIR LMR) spectroscopy. This technique is very sensitive although it can be difficult
to analyze spectra obtained without prior knowledge of the molecular species under study.

For HOCO, data obtained at 9 different FIR laser frequencies were analyzed in
conjunction with the zero field sub-millimeter rotational spectra previously obtained in
collaboration with Prof. H. E. Radford (Center for Astrophysics, Harvard). All the assigned
FIR LMR spectra were b-dipole in character; hence, the two sets of data were complementary.
A least-squares fit to a standard effective Hamiltonian resulted in a very reliable set of molecular
parameters that describe the ground state of the radical, and the experimental measurements were
fitted to within their expected uncertainties. In addition, a much more precise determination of
the A rotational constant, and several I_ dependent centrifugal distortion parameters was made
and the hyperfine splitting was reliably measured for the first time. All the evidence points
towards an electronic structure in which the unpaired electron predominantly resides on the
carbon atom in an in-plane sf-like orbital. The rotational structure in the ground state shows
no evidence for large amplitude motion associated with facile cis- trans- isomerization and the
inertial defect, AO = 0.07719 ainu A2, is quite consistent with a rigid planar molecule.

Photolysis of Pyruvic Acid at 193 nm
At the Combustion Research Conference last year, our group reported on time-resolved

FTIR studies of the photolysis of pyruvic acid. We observed IR emission that we assigned to
CO 2 produced in the reaction:

CH3COCOOH + h_, (193 nra) --, CH3CHO + CO2, AH = -147 kcal/mol.

In the ensuing discussion, Y. T. Lee suggested the possibility of another channel; the "triple
whammy:"
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CH3COCOOH + hv (193 nm)-* CH2CO + CO2 + H2, &H = -125 kcal/mol.

We have searched for this possible channel, using gas chromatographic analysis of the reaction
products after extensive photolysis at 193 nm. We do indeed find hydrogen as a product, in an
amount corresponding to a product ratio H2/CO 2 = 0.36+0.03. The absolute quantum yield
of CO2 was 0.7±0.1, determined by comparison with the known quantum yield of the N20
photolysis. However, we also observe significant amounts of other products. These products
and their yields relative to the yield of CO2 are as follows: CO (2.0+0.1), CH 4 (0.21+0.03),
C2H4 (0.09±0.01), C2H6 (0.46+0.04), (CH3CO) 2 (-0.05). These products are indicative of
another channel that has already been observed by C. B. Moore and co-workers:

CH3COCOOH + hv (193 nm)_ CH3CO + HOCO, AH =-68 kcal/mol.

The observed CO and other products may be produced by secondary fragmentation reactions of
vibrationaUy excited photoproducts, followed by radical abstraction and recombination:

CH3CHO -_ CH4 + CO CH2CO _ CH2 + CO

CH3CO _CH 3 +CO HOCO -*OH + COorH + CO 2.

Determination of the relative quantum yields of the three photofragmentation channels proposed
here would require the use of a more universal detection method than our FTIR, such as time-of-
flight mass spectrometry.

Diode Laser Studies of Energy Transfer
Collisional deactivation of highly vibrationally excited molecules is a crucial step in the

mechanism of unimolecular reactions. We use time-resolved infrared diode laser absorption
spectroscopy to determine the translational, rotational, and vibrational excitation of the acceptor
molecule after collisions with the excited donor. So far, our experiments have used carbon

dioxide as the acceptor species, and the excited species has been benzene, benzene-d 6, or
hexafluorobenzene. Excitation to a higher ringlet state by pulsed radiation from an excimer laser
(KrF, 248 nra) is followed by very rapid internal conversion, which is instantaneous on the time
scale of the collision processes under investigation.

Last year we reported the results of experiments designed to probe the antisymmetric
stretching mode (v3) of CO2. We found that the cross section for excitation of this mode is two
to three orders of magnitude smaller than the gas kinetic collision cross section. In addition,
the rotational and translational temperatures are found to be only slightly above the ambient
temperature. In contrast to this result, the vibrationless ground state molecules are found to be
excited to high rotational levels, and the Doppler line widths indicate that the molecules are
translationally hot.

For the past year, we have been refining our initial measurements of the rotational
population distribution, in order to determine the total rotational energy transferred per collision,
and to calculate the total rate constant for this process. These experiments are now being carried
out following significant improvements in the diode laser apparatus. A new microprocessor-
based controller for the diode laser improves the temperature stability of the diode by an order
of magnitude compared with the old controller; this increases the stability and reproducibility
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of the laser wavelength. In addition, we have acquired a liquid nitrogen cryostat (77 K)
designed for the new generation of "high temperature" diodes. This mode of operation
eliminates the noise on the signal contributed by the mechanical motion in the low temperature
cryostat (- 10 K) required for the older diodes. We are also developing new methods which will
essentially convert the experimental arrangement from a single-beam to a double-beam
configuration. This will lead to a significant cancellation in noise from the diode laser, and will
also compensate for long-term drifts in either diode or excimer laser output. Improvements to
the scan control of the etalon used to determine line shapes have been implemented. We have

updated the PC used for the diode laser experiments to a current model using an i486
microprocessor, and much of the control software has been rewritten.

Stimulated Emission Pumping of Rattleais
We have continued our study of NCO formed in a supersonic free jet expansion by the

reaction between CN radical and 0 2. The NCO radicals so formed have a rotational temperature
of approximately 15 K and relatively very small population in excited vibrational levels in the
collision-free region of the expansion where they are probed. In the stimulated emission
pumping (SEP) experiment, the pump laser excites the molecule to specific rovibrational levels
in the excited ,_,2I;+ state, and the dump laser promotes transitions out of this prepared level to
the vibrationally excited rovibronic levels of interest on the ground state, X2II, surface.

Interest in the NCO radical comes from the fact that it is subject to a Rennet-Teller (RT)

breakdown of the Born-Oppenheimer approximation in its ground state. The RT effect (RTE)
results in a lifting of the degeneracies normally associated with the bending vibration (v2) in a
linear triatomic. In NCO, this leads to a complex pattern of bending vibronic levels which is
further complicated by the presence of a Fermi resonance (2v2 = v1, where v t is the lower
frequency stretching vibration in the radical) and the spin-orbit coupling. We have concentrated
on 21"Ivibronic levels with 2 <_ v2 _ 4 and 1 _< v t < 2 and have recorded SEP spectra that
access all such levels in the ground state of NCO. In addition, we have recorded spectra of
levels of 2I; symmetry associated with v1 = 1, v2 = 1 and v t = 0, v2 = 3. These
measurements constitute the first rotationally resolved spectra of such levels in any of the NCO-
like radicals. Together with earlier spectroscopic measurements reported by many workers, the
available data for NCO represent a large body of information with which to test current models
of the RTE in this type of radical. We have developed a computational model that includes ali
of the major interactions involving v1 and v2 and the spin-orbit interaction. For the first time,
end-over-end rotation was also accurately included.

The new model reproduces all the currently available rotationally resolved spectroscopic
data for J _< 1I/2 to an accuracy that is comparable to the experimental uncertainty. The
molecular parameters resulting from a fit to these data include harmonic and anharmonic
vibrational contributions as well as the RT contributions. Predictions of the positions of vibronic
levels that have been observed using low resolution techniques appear very reliable and for the
first time, anharmonic corrections to the RTE have been estimated accurately. The derived
parameters can be related to the physical characteristics of the potential energy surface and work
along these lines is currently in progress.

In other work, some preliminary laser induced fluorescence (LIF) excitation and emission
experiments were carried out on HNCN. This species is related to NCO. However the off-axis
hydrogen atom lifts the orbital degeneracy and therefore, the degeneracy of the ground
electronic state. Activity in an out-of-plane vibrational mode in the emission spectra was
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identified and interpreted as evidence for a RT-like interaction between the low-lying electronic
states of the radical. Experiments designed to use resonant four wave mixing in order to detect
SEP signals in our experimental apparatus were not successful.

Time-Resolved FTIR Studies
During the past year we have concentrated on the reaction

CF2CH2 + h,,(193nm)-* FCCH + HF.

where HF (and perhaps FCCI-I)are produced in vibrationally excited states. We have observed
rotationally resolved HF fluorescence from transitions as high as v=5_v=4. We have
investigated the rotational and vibrational distributions of HF products under conditions ranging
from 10 mTorr CF2CI-I2+10 mTorr Ar to 60 mTorr CF2CI-Iz+50 mTorr Ar+4.8 Torr He. At
the highest pressures, collisional relaxation by rare gas produces HF rotational distributions that
appear essentially thermal near ambient temperature, with a modest excess population above
J- 10 that represents HF molecules rotationally relaxing slowly from high-J states with only
large energy gap transitions available to them. The ratios of the vibrational populations of each
state to that of v=l plotted vs. time show the higher states relaxing most rapidly, and
intermediate states relaxing more slowly, perhaps reflecting their population dropping to lower
states while these states receive population from states above. Vibrational distributions fit a
linear surprisal model. Recent data suggest that emission from highly vibrationally excited
FCCH may have been detected near 2700 cm"l.

R. Bersohn has investigated the dynamics of the photodecomposition of ethylene sulfide
(thiirane)

C2H4S "{-hv(193nm)_ C2H4 + S(1D) AE = 84 kcal/mol

by observing lineshapes of Doppler-broadenedS-atom fluorescence, induced by a two-photon
absorption of polarized laser radiation. Results indicated that the only products were ethylene
and lD S-atoms and that considerable energy is available to be deposited in the internal degrees
of freedom of the ethylene product. We have performed an initial survey experiment on this
system using our FTIR. Our objective is to determine the energy deposition in the internal
degrees of freedom of ethylene, a molecule important in hydrocarbon combustion. Initial
experiments indicate that the total fluorescence intensity from pressures as low as 5 mTorr
ethylene sulfide in 100 mTorr Ar is extremely strong. However, when interferograms are
transformed, noisy spectra are obtained. Possibilities to explain this result are as follows.
Ethylene, a 6-atom polyatomic molecule, has a large number of nondegenerate internal degrees
of freedom that give rise to many rovibrational transitions. Even strong excitation distributed
over a very large number of transitions may produce individual lines barely above background.
This bears further investigation, and we are planning an intensive inquiry. Second, we may
need to increase the collection efficiency of the optical system that couples infrared radiation
from our sample cell to the interferometer so that we can better distinguish the forest of lines
from the background. We have begun the improvement of the optical system. Currently,
fluorescence from a small volume in the middle of our sample cell is imaged into the
interferometer using a series of flats, spheres, and off-axis paraboloids. The volume of space
occupied by fluorescing molecules is much larger than the region imaged. We are replacing the
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collection optics with an integrating sphere and associated optics.

Future Plans
We are presently designing a new absorption cell for the infrared absorption experiments

based on a collisional cooling technique demonstrated at sub-millimeter wavelengths. In this
experiment, a bath gas is maintained at cryogenic temperatures (77 K or 4 K) by collisions with
the cold walls of the container. The sample gas is introduced to this environment and is itself
cooled by collisions with the background gas at a rate that is much faster than loss by diffusion
to the walls and condensation. In our modification, the sample gas will be photolyzed and the
radical products cooled before being probed by the infrared laser in the normal way. This
experimental apparatus will also be used with the Ti:sapphire based spectrometer described in
the separate abstract by G. Hall from our group.

Current experimental effort is centered on the detection of the cis- isomer of HOCO.
Theoretical predictions piace it some 500 to 1000 cm1 above the trans- isomer and there is
evidence from the matrix infrared spectrum that its _'2mode is some 50 cm"1lower. A liquid
nitrogen cooled variant of our standard absorption cell will be used in an attempt to obtain a
rotationally cooled spectrum of C,zH5. High quality spectra of ethyl around 20 t_mwere obtained
some years ago but have so far resisted analysis.

In our discussions of the excitation of the antisymmetric stretching mode of CO2, we
have tacitly assumed that it is typical of the other two vibrational modes. However, in
experiments we carried out a few years ago with azulene as the excited donor, we found that the
probability for exciting the _'2bending mode was much higher than that for the antisymmetric
stretch. Furthermore, Toselli and Barker have developed a model for aromatic-CO2 interactions
that predicts 30-100 times as much energy transferred from benzene to the bending mode as to
the antisymmetric stretch of carbon dioxide. For these reasons, we are now attempting to
determine the relative excitation of these two modes. These experiments are complicated by the
fact that at room temperature almost 10% of the CO2 molecules are in the 01l0 level. An
observed increase in population of the 0110, J' state can result from either rotational-vibrational
excitation or pure rotational excitation. To control the ambient population of the 0110 state, we
will use a temperature-controlled absorption cell. The vapor pressure of C6F6 determines the
lowest useful temperature, which will be -.-220 K.

Our current time resolved FTIR emission apparatus can be used to detect ethylene C-H
stretch transitions near 3000 cm"_. Addition of a HgCdTe or, better, HgMnTe detector will
extend the range of sensitivity down to - 1200 cm"_,so that the strong C-H _'tzbending mode
will also be accessible. The v-v coupling rates between the C-H stretches, the C-H bends, and
the overtones of the C-H bends in ethylene are known, so that simultaneous observation of the
initial excitation of these states and their subsequent relaxation should be informative.

X+Yz reaction systems are excellent prototype models for more complex combustion
reactions. Calculations and experiments to determine cross sections and product distributions
for the reactions

F+Hz-- HF+H and
H+F z --,,HF+F

can yet reveal new details about potentials controlling these reactions. Surprisingly, nascent
rotational distributions for HF produced from the first reaction have not been measured with
modem techniques. We will undertake such measurements. A likely source of F-atoms is XeFz
excited by 193-nra radiation. For the second reaction, hot H-atoms will be obtained from 193-
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nm photolysis of H:S.
Knowledge of the branching ratio for the production of Nt_ and NII from the photolysis

of ammonia can be useful in the clarification of reaction mechanisms related to problems in
practical combustion. Therefore, we will attempt to measure this branching ratio.

The reaction

oa + --, + a
is important in many combustion mechanisms. The OH reactant can be generated by photolysis
of H202, and the H20 product ought to be produced with considerable vibrational excitation.
Using our FTIR apparatus we should be able to characterize energy deposition into I-l,zO
produeexl by this reaction.
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VUV Studies of Molecular Photofragmentation Dynamics

Michael G. White

Chemistry Department, Brookhaven National Laboratory, Upton NY 11975

Project Scope

State-resolved, photoion and photoelectron methods are used to study the neutral fragmen-
tation and ionization dynamics of small molecules relevant to atmospheric and combustion
chemistry. Photodissociation and ionization are initiated by coherent VUV radiation and
the fragmentation dynamics are extracted from measurements of product rovibronic state
distributions, kinetic energies and angular distributions. The general aim of these studies
is to investigate the multichannel interactions between the electronic and nuclear motions

which determine the evolution of the photoexcited "complex _ into the observed asymptoticchannels.

Recent Progress

Rotationally-resolved threshold photoelectron spectra were obtained for nitric oxide (NO),
formaldehyde (H2CO) and the methyl radical (CHs) by the pulsed field ionization tech-
nique (PFI) in conjunction with coherent VUV radiation. These experiments build on
our earlier measurements of several diatomic (02, OH, HCI) and triatomic (N20, H20,
H2S) molecules and explore angular momentum balance and symmetry selection rules in

molecular photoionization. In addition to probing the photoionization dynamics, the high
resolution capabilities of the VUV/PFI measurements also resulted in the first accurate
OuniZationpotentials (:t:2 cm -1) for H2CO + and CHs+ and rotational constants for H_CO +.

rthermore, the the CH3 threshold photoelectron spectrum represents the first rotation-
ally resolved photoionization measurement for a polyatomic radical.

Threshold photoionization of NO. The cation rotational state distributions for thresh-
old photoionization of the v+ - 0 and v+ - 1 vibrational levels of the X lE+ ground state
of NO + exhibit only small changes in core angular momentum (lA J[ _ 5/2). An ab initio
calculation by Wang and McKoy also predicts small angular momentum transfers for NO
photoionization and is in near quantitative agreement with the data. Surprisingly, the the-
oretically calculated partial wave distribution predicts that photoelectron channels with
high orbital angular momentum (l _>2) have relatively large transition amplitudes. From

angular momentum conservation, this result would suggest that photoelectron ejection by
NO should be accompanied by large changes in NO + angular momentum with AJ _>7/2.
These seemingly contradictory results are rationalized in terms of a "spectator _ model
of ionization in which angular momentum transfers between the escaping photoelectron
and ion core are small. In this case, the ion core acts as a spectator to the photoioniza-
tion process and the angular momentum of the photon(s) is transfered primarily to the
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photoexcited electron.

Photoionization of H2CO and CHs. Our earlier studies on the bent triatomics H20
and H_S were the first to investigate the symmetry properties of allowed rotational pho-
toionization transitions in non-linear molecules. The rotationally-resolved H2X (X ----O, S)
PFI spectra could be readily assigned to two types of rotational photoionization transitions
corresponding to specific changes in the asymmetric top angular momentum projection
quantum numbers, [JK,,_,o). The utility of this classification stems from the fact that
these transition types are associated with only one photoelectron symmetry, i.e. I __ even
with type C and I - odd with type A. To further our investigation of photoionization selec-
tion rules in non-linear polyatomics, we recently obtained rotationally-resolved PFI data
for formaldehyde (CH20) and methyl radical (CH_). Both systems are related to the H2X
molecules but represent different limiting rotational top cases; the H2X (H2X+) molecules
are prolate tops in C2u symmetry while H2CO (H2CO+) is an oblate top in C2_ symmetry
and CHs (CH +) is a symmetric top with even higher symmetry, Dsh. This variation in top
case is important as different types of rotational photoionization transitions, e.g. type A or
type C, correspond to different photoelectron symmetries in the three classes of molecules.

Measurement of the PFI spectrum of CHs was made possible through a collaboration
with Dr. Peter Chen at Harvard, who has developed a supersonic-jet, flash pyrolysis
technique for the production of reactive species. The methyl radical was produced by flash
pyrolysis of a 2°_ mix of azomethane (CHsNNCHs) in argon at an expansion pressure of
g00 Torr. A highly structured and well resolved rotational photoionization spectrum was
obtained which could be readily assigned to simple P, Q, and R branches (AJ = -1,0, +1)
with individual AJ lines composed of many closely spaced AK = 0 sub-band lines. The
latter results from the close similarity of the neutral and caOon geometries. The surprising
feature of the spectrum is the complete lack of transitions with AK - +1. From bound
state spectroscopy, electronic transitions with AK = 0 and AK = -4-1 are associated
with parallel and perpendicular transition moments (relative to the top axis) and our
data strongly suggested that the latter are _forbidden. _ In fact, a symmetry analysis of
CHs photoionization predicts that for both parallel and perpendicular bound-to-continum
transitions, only AK - even transitions are allowed. Although this prediction is not
consistent with observations in bound-to-bound spectroscopy, it is a natural consequence
of the uncoupling of the angular momentum of the photoexcited electron from the cation
core at large distances. As the electron escapes from molecular ion, the quantization of the
orbital angular momentum in the molecular frame is lost and it is no longer appropriate
to ascribe a particular point group symmetry to the photoexcited electron. The selection
rules on AK remain, however, since the overall angular momentum and its projections are
strictly conserved.

In analyzing the rotationaUy-resolved PFI spectra for H2CO + and CHs+ we naturally
obtain band origins which correspond to the adiabatic ionization energies. For H2CO the
spectral assignment was hampered by the lack of accurate rotational constants and it was
necessary to derive them from spectral simulations. In this way we were able to obtain
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the three H2CO + rotational constants to an accuracy of +0.05 cm-las well as an accurate
determination of the ionization potential (87,837.3 4-2 cre-l). The extracted ionization
potential for CHs (79,349 +3 cre) is more accurate than previous measurements by a
factor of 20 and should be useful for deriving or refining thermochemical properties of the
methy radical and its gas phase reactions.

_Future Plans

Future studies will be directed towards small molecular radicals and molecular com-
plexes. A number of different radical sources will be employed including free-jet laser
photolysis and supersonic-jet, flash pyrolysis of polyatomic precursor systems or fast rad-
ical reactions in a discharge flow tube source. Both the flow tube and flash pyrolysis
sources have been used successfully in our previous studies of the hydroxyl (OH/OD) and
methyl (CHs) radicals, respectively. Of particular interest are the second row radical hy-
drides BH,, CH, CH2, NH, NH2, C2H, HCO and CH30 which are extremely important
as reactive intermediates in combustion or atmospheric chemistry, yet are tractable for
study by high resolution spectroscopic techniques and fully ab initio theoretical methods.
Using a combination of mass analyzed photoionization and threshold photoelectron spec-
troscopy, we hope to obtain rotationaUy-resolved photoionization spectra for a number
of second row hydrides with particular emphasis on examining the ionization dynamics
and determining very accurate ionization potentials. The latter are extremely useful for
obtaining accurate heats of formation used in reaction rate kinetics. The spectroscopic
data is also pertinent to small hydrocarbon radicals such as HCO + which are produced via
chemi-ionization reactions in flames. Currently, our pulsed ionization technique coupled
with a laser-based VUV radiation source can be used to determine ionization potentials to
<_2 cm -I, which is at least an order of magnitude better than conventional photoelectron
spectroscopy. These small molecules are also readily ammenable to theoretical calcula-
tions, e.g. Schwinger variational methods and multichannel quantum defect theory, which

treat dynamical interactions between discrete (superexcited neutral states) and continuum
channels (dissociation and ionization) realistically.

Research Publications 1991-1993

1. High Resolution Threshold Photoionization of N20, R. T. Weidmann, E. R. Grant, R.
G. Tonkyn and M. G. White, J. Chem. Phys., 95,746 (1991).

2. Proposed UV-FEL User Facility at Brookhaven National Laboratory, I. Ben-Zvi, L. F.
DiMauro, S. Krinsky, M. G. White and L. H. Yu, Nuclear/nstrum. Meth., A304, 181
(1991).

3. Rotationally Resolved Photoionization of H20, It. G. Tonkyn, R. T. Wiedmann E. R.
Grant and M. G. White, J. Chem. Phys., 95, 7033 (1091).
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Reactions of Small Molecular Systems

Curt Wittig, Department of Chemistry, USC, Los Angeles, CA 90089

Scope and Overview

Our DOE program remains focused on small molecular systems relevant to
combustion. Though a number of experimental approaches and machines are
available for this research, our activities are centered around the high-n Rydberg
time-of-flight (HRTOF) apparatus in our laboratory. One student and one postdoc
carry out experiments with this machine and also engage in small intra-group
collaborations involving shared equipment. This past year was more productive
than the previous two, due to the uninterrupted operation of our HRTOF appara-
tus. Results were obtained with CH3OH, CH3SH, Rg-HX complexes, HCOOH, and
their deuterated analogs where appropriate. One paper is in print, three have been
accepted for publication, and one is under review. Many preliminary results that
augur well for the future were obtained with other systems such as HNO3, HBr-HI
complexes, toluene, etc. Highlights from the past year are presented below that
display some of the features of our program.

Vibrationally Resolved HRTOF Spectra: CH3SH and CH3OH

The photochemistry of CH3SH has been studied extensively, in part because it is
produced in various industrial processes and released into the atmosphere. Early
studies covering the range 185-254 nm established that the dominant process leads
to breaking the S-H bond, though the C-S bond is weaker. This suggests that disso-
ciation occurs on an excited PES, repulsive in the S-H coordinate. Indeed, electronic
structure calculations show an accessible singlet PES repulsive in the S-H coordin-
ate. Recent studies have measured the overall energetics, as well as details of the C-
S bond breaking channel, which becomes significant below ~ 222 nm. Butler and
coworkers demonstrated the increased importance of C-S bond fission at shorter
wavelengths, which is attributable to a higher singlet PES bound in both S-H and C-
S coordinates. Calculations of this PES, along with resonance Raman spectra
observed following excitation to this PES, indicate that the equilibrium C-S distance
is greater than on the ground PES. Excitation to this higher PES, they reason, leads
to elongation of the C-S bond and thus increases the relative CH3 + SH probability
after the system crosses to the lower excited surface on which dissociation proceeds.
Thus, excitation to this bound surface can yield a dramatically different internal state
distribution of CH3S compared to exciting the dissociative lower surface directly.

The translational energy distribution for 193 nm photolysis is shown in fig. 1. At
the highest energies, there are two peaks, roughly 800 cm-1 apart, which we refer to
as the fast component. This is followed by approximately 15 poorly resolved
features, also approximately 700-800 cm-1 apart: the slow component. As with the
fast component, the features of this slow component spectrum can be attributed to a
C-S stretch progression. The main part of the progression peaks - 5500 cm-1 from
the origin at v=8; levels as high as v=17 can be seen. The width of the features,
roughly 500 cm-1, exceeds the experimental resolution of ~ 200 cm-1.
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Figure 1. Translational energy release (experiment and fit) from 193 nm CH3SH photodissociation.

One way to rationalize these observations is to assume that a part of the wave-
packet initially excited to the 21A" surface accesses the 11A" surface rapidly, perhaps
a part of the Franck-Condon region closest to the avoided crossing between the two
surfaces. The rest of the packet remains on 21A" for a longer period, during which
time the C-S bond is extended, before crossing to the lower surface and dissociating.
Such a combination of a direct and delayed dissociation caused by a splitting of the
initially excited wavepacket has been proposed before, cf. FNO.

The case of CH3OH is similar in many respects to that of CH3SH. Experiments
were carried out with deuterated samples (CH3OD and CD3OH), confirming that the
primary process is O--H bond rupture. Moreover, it has been possible to see directly
the consequence of the impulsive kick given by the departing hydrogen, producing
rotation in the other fragment. These results are shown in Fig. 2; a large manuscript
is in preparation.

H -- OCH3 H -- OCD 3 D-- OCH3

, J I I _ ,J J .... I i I, _ ,_
30 35 40 30 35 40 25 30 35 40

Figure 2. c.rn. translational energy distributions (kcal/mol) for deuterated methanol. Note the
enhanced broadening for D---OCH 3, as expected when doubling the impulsive force.

Photoexcitation of Ar-HBr Complexes

There has been interest in recent years in the dynamics of photoinitiated chemi-
cal reactions in weakly bound clusters. One of the interesting aspec_ of these sys-
tems is the restricted relative geometries of the reactants imposed by the structure of
the cluster. Forces between molecules bound together in a cluster may constrain to
some extent their mutual orientations and consequently the angles and impact
parameters of a photoinitiated reaction, thereby allowing a higher degree of control
over the initial conditions of the reaction than under gas phase conditions. The



study of reactivity in weakly bound clusters also offers new possibilities for explor-
ing the effect of the weak interactions, or solvation bonds, on a reaction. These
systems thus provide a useful guide to a better understanding of solvation effects on
chemical reactions, with simplifications due to the small number of degrees of
freedom involved in the case of clusters. Several analogous systems are under
study in our lab and it appears likely that a number of bimolecular reactions can be
studied. Additionally, we have shown that photolytic stripping of hydrogen from
complexes is an efficient means of preparing radical-molecule complexes.

Detector

___ L E = E0 [M At- MH]/[M At+ MH]

H Y Predicts shift of ~ 1000 cmq

®
Vertical Polarization Minimal

Clustering

, I I I I . I I I I
16 18 20 22 16 18 20 22

Wavenumbers / 1000

Figure 3. Translational energy distributions for HBr/Ar samples. With minimal clustering the signal
is small and the peaks correspond to Br and Br*. With clustering, hydrogen can be scattered
toward the detector (see text).

Polarized photolysis radiation can be used to align transition dip,'ies of dissocia-
ting molecules, and for HX, parallel and perpendicular transitions are known to
display strong halogen atom spin orbit preferences. For 193 nm HBr excitation, the
transition moment is predominatly perpendicular, yielding mainly ground state Br.
Because fragmentation is rapid, the hydrogen distribution is spatially anisotropic.
Since the experiment is sensitive only to a certain laboratory solid angle, a differ-
ential cross section at a fixed laboratory final scattering angle is obtained.

The spatial anisotropies can be exploited. For example, hydrogen scattered from
the nearby moiety in a complex can lead to large signal enhancements in cases
where the hydrogen would not reach the detector unless it scatters from the nearby
species. This can be seen in fig. 3, which shows kinetic energy distributions for cases
of significant and minimal clustering. Since photodissociation at 193 nm occurs
primarily via a perpendicular transition, signals deriving from uncomplexed
material are largest with the photolysis E-field horizontal, i.e., in the plane formed
by the molecular and photolysis beams. With the field vertical, the monomer signal
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is relatively small, and the percentage of the signal that derives from clustered
material is much higher than for the case of horizontal polarization.

An important feature is that the energy distribution for the scattered hydrogen
atoms peaks ~ 1000 cm "1below the peak for atoms that derive from the photolysis of
uncomplexed HBr. This is because only strongly scattered hydrogen atoms reach the
detector. The distribution of photoexcited HBr axes peaks in the plane containing
the photolysis beam and the molecular beam, and this plane is perpendicular to the
line between the interaction region and the detector. Thus, a hydrogen atom initial-
ly moving in this plane must have its trajectory turned by ~ 90 ° in order for it to
reach the detector The classical equations of motion for an initial hydrogen velocity
in the x direction that is deflected into the y direction in a single collision yields: E =

E0[MAr-MH]/[MAr+MH], where E0 = 21,600 cm-1 is the hydrogen kinetic energy for
193 nm HBr photolysis. Therefore, E0- E is approximately 1000 cm -1, in good
agreement with the data. Were Arn-HBr with n > 1 playing a dominant role, such
agreement would be surprising.
Plans for the future

These items listed below are taken directly from our renewal proposal, which
was submitted early this year.

• Advances in the HRTOF machine: improved resolution; improved
photolysis source; use of a parametric oscillator and Ti:sapphire laser; four-
wave mixing for Lyman-a generation

• The HOCO system: overtone spectra; resonances above reaction threshold;
k(E); D0(HO-CO); CO2 vibrational distributions versus E; H-OCO transition
state and barrier height.

• Unimolecular decomposition of CH30 and C2H5.

• Ultraviolet photodissociation, including OPO/Ti:S excitation.

Publications Since Last Meeting

1. Photoinitiated Hydrogen and Deuterium Atom Reactions with N20 in the Gas
Phase and in N20-H! and N20-DI Complexes, E. BShmer, S.K. Shin, Y. Chen and
C. Wittig, J. Chem. Phys. 97, 2536 (1992).

2. Evidence for a Cage Effect in the Ultraviolet Photolysis of HBr in the Ar-HBr:
Theoretical and Experimental ResultsJ. Segall, Y. Wen, R. Singer, C. Wittig, A.
Garcia-Vela, and R.B. Gerber, Chem. Phys. Letters, in press (1993).

3. Photoinitiated Processes in Complexes: Subpicosecond Studies of CO2-HI and
Stereospecificity in Ar-HX, C. Jaques, L. Valachovic, S. Ionov, E. B6hmer, Y. Wen,
J. Segall and C. Wittig, J. Chem. Soc. Faraday Transactions II, in press (1993).

4. Vibrationally Resolved Translational Energy Release Spectrum from the UV
Photodissociation of Methyl Mercaptan, J. Segall, Y. Wen, R. Singer, M. Dulligan
and C. Wittig, J. Chem. Phys., in press (1993).

5. Reactions of Hot Deuterium Atoms with OCS in the Gas Phase and in OCS-DI

Complexes, E. BShmer, K. Mikhaylichenko and C. Wittig, J. Chem. Phys.,
submitted (1993).
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Theoretical Studies of Nonadiabatic and Spin-Forbidden Processes:
Investigations of the Reactions and Spectroscopy of Radical Species Relevant to

Combustion Reactions and Diagnostics

David R. Yarkony
Department of Chemistry, Johns Hopkins University, Baltimore, MD 21218

Our research program focusses on studies of spin-forbidden and eleca'onically nonadiabatic
processes involving radical species relevant to combustion reactions and combustion diagnostics.
To study the electronic structure aspects of these processes a unique and powerful system of
electronic structure programs, developed over the past nine years, the BROOKLYN codes, is
employed. These programs enable us to address questions basic to the understanding of
elementary combustion processes not tractable using more standard quantum chemistry codes.
Particularly relevant to this research program are the capabilities to

(i) treat the spin-orbit interaction within the context of the full microscopic Breit-Pauli
approximation,

(ii) determine the interstate derivative couplings _(R) =<_PI(r;R)I0/0Ra ItPj(r;R)> that result in
the breakdown of the single surface Bom-Oppenheimer approximation,
(iii) locate surfaces of (actual/avoided) intersection of potential energy surfaces of the same
symmetry, and
(iv) locate the minimum energy point on the surface of intersection of two potential energy
surfaces of different spin-multiplicity.

During the current performance period we have developed

An Algorithm for the Systematic Determination of Points on the Surface of Intersection of
Two Potential Energy Surfaces of Distinct Spin-Multiplicity

Two nonrelativistic Born-Oppenheimer potential energy surfaces of distinct space-spin
symmetry intersect on a surface of dimension NI-1 where NI is the number of internal nuclear
degrees of freedom. Characterization of this entire surface can be quite costly. In many
circumstances it suffices to determine only the minimum energy point on the surface of intersection
in question. Such a situation is illustrated in the figure below.

AB+CD MECP

ABC+D

In this case the mimmum energy crossing point (MECP) represents the barrier to the spin-
forbidden process. However favorable situations such as this are not uniformly the case. The
figure below depicts a spin-forbidden bimolecular reaction in which much more of the crossing
surface is energetically accessible.
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• Motivated by this situation an algorithm, employing multiconfiguratlon self-consistent-
field(MCSCF)/ configurationinteraction(CDwavefunctionsandanalytic gradienttechniques,has
beendeveloped whichavoidsthedeterminationof the full NI-1 dimensionalsurface,while directly
locating portionsof the crossingsurfacethat areenergeticallyimportant. The algorithmrepresents
anextension of our previously introducedmethodl' 2 for determiningthe minimumenergy point
on the surfaceof intersectionof two states of distinctspin-multiplicity. The algorithm is based on
the minimization of the Lagrangian function LI;(R,_,0,_,) = El(R)+ _.0[EI(R)-Ej(R)] +

such erRs.I_2 = O, or_ _,,C,(R) where Ck(R) is any geometrical equality constraint as - aKL2
R_.2- RMN2= 0, with RKL= IRK- RLI,and the X0,_ areLagrangemultipli

The key aspectsof the algorithm are:ft)it is direct, in the sense that the desiredconstrained
minima on the surface of intersection are determined without prior determination of the
individualpotentialenergysurfacesthemselvesand (ii) the requisiteenergygradientsareevaluated
using analytic gradienttechniques. The detailsof the formalismcan be found in Ref. 3.

The situationillustrated in the laterfigureabove is expected to be encountered in the spin-
forbiddenreaction CH(X2H) + N2(XIYg+)"='>HCN(XIX+) + N(4S )" Consequently this system
was used to demonstratethe efficacy of this new algorithmusing a simple MCSCF/first orderCI
descriptionof that reaction.

The methods discussedabovehave been usedto consider:

(a) Spin-forbidden processes involving N20
Motivated by conversationswithDr. BruceKlemmat the BrookhavenNationalLaboratory

concerningthe spin-forbiddenpredissociation
N20(XIy_+)-->N2(XIY_g+)+ O(3P)

and our longstandinginterestin the atmosphericquenchingreaction
N,,(XIED + O(ID)-.,N2(X1E+.)+ O(3P)

"" g " d 13A"),
we havelargelycompleteda studyofthecrossingsurfaces,denote(IIA',13A'),(lIA',
and(lIA',23A"),correspondingtotheintersectionofthelowestsingletsm'faceofN20 (IIA')
withofthethreetripletsurfacescorrelatingwithN2 +O(3P)(13A',1,23A"),usingmultireference
CI wavefunctionscomprisedof400,000-600,000terms.These crossingsurfaceswere
characterizedinthevicinityoftheirminimumenergycrossingpoints.The minimumenergy

crossingstructuresarealllinearandthuscorrespondtoC**v(XIE+,3N) and(XIE+,3Z-)
intersections.Theminimumenergypointonthe(X12;+,3N)crossingsurface,wasfoundtobe
57kcal/molabovetheN20(XIZ+)minimum.The minimumenergypointon the(XIE+,3Z-)

crossingsurfacewasfoundtobe68kcal/molabovetheN20(XI2;+)minimum.TheN-N bond
distanceissimilaratthe(XIZ+,3N)and(X12;%3Z-)minimumenergycrossingstructures,being
1.116Aand1.113,/_respectively,andapproximatelyequaltothatinisolatedN2(XIZg+).The N-O
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bond is 1.72./kand 1.96A at the (xl_ +, 31-[) and (XIE+, 3E-) minimum energy crossing points
respectively and is significantly stretched, by over 0.5A, when compared with its value, 1.184A,
at the equilibriumgeometry of N20(XIE+).

The spin-orbit couplings were also evaluated on each of the (1lA', 13A'), (1lA', 13A"),and
(1lA', 23A") crossing surfaces. For collinear geometries the (XIE+, 3I1) and (XIE+, 3_-) spin-
orbit induced couplings are found to be significantly different. The (XIZ +, 3H) spin-orbit
interaction was found to be ~90cm-1 at the minimum energy crossing point for the (XIZ+, 3H)
intersection while the (XIE +, 3Z-) spin-orbit interaction interaction is only -8cm -1 at the
minimum energy crossing point for the (XIZ+, 3Z-) intersection. Similar observations apply for

. noncoUineargeometries.

(b) State Specific Photodissociation of OH(X2FI)via OH(A2F.+)
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In situ detection of nascent OH is an important problem in studies of combustion
processes. Recently several groups,4' 5,6 including Gray and Farrow at the Sandia Combustion
Research Facility5 and Crosley and co-workers are SRI International,6 have considered using the
strongly predissociated OH(A2Z+,v=3) st?.te in a laser fluorescence detection scheme. In a
complementary study we considered the predissociation of the OH(A2Z+, v=3).7 During the
current performance period we have extended our studies to consider the fine-structure state
product distribution for the overall process OH(X2rl, v---0)+ hv --->OH(A2Z+, v) ---->O(3pj) +
H(2S).

To study this process in a realistic manner it was necessa_" to determine ali the intersurface
-nonadiabatic- interactions (11 unique spin-orbit interactions and 3 coriolus couplings) among the
five electronic states in question, x2rl, 14I"I, 14y,-, 12y_-, and A2y.+. This was accomplished
using the same large scale configuration interaction wavefunctions employed in our previous
treatment of OH(A2X+, v=3) predissociation 7 and represents the first study in which ali the
relevant nonadiabatic interactions have been determined with such accurate electronic

wavefunctions. The photodissociation process was treated using a fully quantum mechanical
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scattering procedure. Although state specific photodissociation of OH has been studied in the past 8
our results permit, for the first time, definitive conclusions concerning the influence of the
geometry dependence of the nonadiabatic interactions on the O(3Pj) branching ratios. It was found
that the O(3Pj) distributions resulting from photodissociation involving OH(A22_+, v=4,5) exhibit
the most significant quantum interference effects. O(3Pj) distributions for the remaining
vibrational levels studied could be determined semiquantitatively using branching ratios obtained
from the Fermi Golden Rule. The Golden Rule values for the total decay rates were found to be in
good agreement with the exact quantum values even for levels with lifetimes on the order of
pico_conds.
FUTURE PLANS..

The potential energy surfaces for the reaction CH(X2FI) + N2 --> HCN(XIE +) + N(4S)
reaction are currently the object of study in several research groups. We intend to complement
these studies with a characterization of the doublet-quartet crossing surface based on the algorithm
discussed above and determine the spin-orbit interaction between these states on the surface of
crossings. This electronic structure data is crucial for any reliable treatment of this spin-forbidden
reaction. We will also be considering the CO analogue of the N2+O system discussed above,
studying from a similar perspective both CO+O(ID) quenching and CO2 photodissociation. The
later aspect of this investigation is motivated by the recent work of Stolow and Lee.9

We are currently considering nonadiabatic effects in excited states of the HCO molecule
focussing on the mechanism of predissociation in the _2A' system. Both spin-allowed and spin-
forbidden predissociations will be considered. Our initial studies have for example located
Crossing of the 12A ' and 22A ' potential energy surfaces for general Cs geometries. These
crossings of two states of the same symmetry, which turn out not to effect predissociation of the
low vibrational levels of the _2A' state, had not been reported in previous theoretical studies of this
system. Our treatment of nonadiabatic effects in this system will complement (largely DOE
supported) experimental work 10' l 1, 12,13on this system.
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