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FOREWORD

The achievement of National goals for energy conservation and environmental protection
will rely on technology more advanced than we have at our disposal today. Combustion
at present accounts for 85% of the energy generated and used in the U.S. and is likely to
remain a dominant source of energy for the coming decades. Achieving energy
conservation while minimizing unwanted emissions from combustion processes could be
greatly accelerated if accurate and reliable means were at hand for quantitatively
predicting process performance.

The reports appearing in this volume present work in progress in basic research
contributing to the development of a predictive capability for combustion processes. The
work reported herein is supported by the Department of Energy's Office of Basic Energy
Sciences (BES) and in large measure by the chemical physics program. The long-term
objective of this effort is the provision of theories, data, and procedures to enable the

- development of reliable computational models of combustion processes, systems, and
devices.

The development of reliable models for combustion requires the accurate knowledge of
chemistry, turbulent flow, and the interaction between the two at temperatures and
pressures characteristic of the combustion environment. In providing this knowledge, the
research supported by BES addresses a wide range of continuing scientific issues of long
standing.

» For even the simplest fuels, the chemistry of combustion consists of hundreds of
reactions. Key reaction mechanisms, the means for developing and testing these
mechanisms and the means for determining which of the constituent reaction rates are
critical for accurate characterization are all required.

» For reactions known to be important, accurate rates over wide ranges of temperature,
pressure and composition are required. To assess the accuracy of measured reaction
rates or predict rates that would be too difficult to measure, theories of reaction rates
and means for calculating their values are needed. Of particular importance are
reactions involving open shell systems such as radicals and excited electronic states.

> To assess the accuracy of methods for predicting chemical reaction rates, the detailed,
state-specific dynamics of prototypical reactions must be characterized. '

» Methods for observing key reaction species in combustion environments, for
interpreting these observations in terms of species concentrations, and for
determining which species are key are all required

»> Energy flow and accounting must be accurately characterized and predicted.

» Methods for reducing the mathematical complexity inherent in hundreds of reactions,
without sacrificing accuracy and reliability are required. Methods for reducing the
computational complexity of computer models that attempt to address turbulence,
chemistry, and their interdependence and also needed.

Although the emphasis in this list is on the development of mathematical models for
simulating the gas phase reactions characteristic of combustion, such models, from the
chemical dynamics of a single molecule to the performance of a combustion device,



have value only when confirmed by experiment. Hence, the DOE program represented
by reports in this volume supports the development and application of new experimental
tools in chemical dynamics, kinetics, and spectroscopy.

The success of this research effort will be measured by the quality of the research
performed, the profundity of the knowledge gained, as well as the degree to which it
contributes to goals of resource conservation and environmental stewardship. In fact,
without research of the highest quality, the application of the knowledge gained to
practical problems will not be possible.

The emphasis on modeling and simulation as a basis for defining the objectives of this
basic research program has a secondary but important benefit. Computational models of
physical processes provide the most efficient means for ensuring the usefulness and use
of basic theories and data. The importance of modeling and simulation remains well
recognized in the Department of Energy and is receiving support through the Scientific
Discovery through Advanced Computing (SciDAC) Initiative; several work-in-progress
reports funded through SciDAC are included in this volume.

During the past year, the Chemical Physics program has continued to benefit from the
involvement of Dr. William Kirchhoff, acting director of the Chemical Sciences,
Geosciences, and Biosciences Division in the Office of Basic Energy Sciences, Dr. Eric
Rohlfing, program manager for the Atomic, Molecular and Optical Physics program, Dr.
Allan Laufer, team leader for the Fundamental Interactions programs, and Dr. Walter
Stevens, program manager for Biophysics. The efforts of Polly Blackburn, Kellye
Sliger, Rachel Smith, and Andreene Witt of the Oak Ridge Institute for Science
Education and Karen Talamini of the Division of Chemical Sciences, Geosciences, and
Biosciences, Office of Basic Energy Sciences in the arrangements for the meeting are
also much appreciated.

Frank P. Tully, SC-14
Division of Chemical Sciences, Geosciences, and Biosciences
Office of Basic Energy Sciences

May 28, 2002
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Analysis of Turbulent Reacting Flow

William T. Ashurst and Alan R. Kerstein
Combustion Research Facility
Sandia National Laboratories

Livermore, CA 94551-0969
Email: arkerst@sandia.gov

PROGRAM SCOPE

Ongoing work during this project has employed various numerical modeling approaches -
atomistic, continuum, and stochastic - to study the interactions between fluid flow and fine-scale
physical and chemical processes in turbulent combustion environments. A central focus of recent
and planned future work is the role of density variations resulting from either the mixing of
dissimilar fluids or from density changes, possibly accompanied by phase change, caused by
thermodynamic transients. Combustion-related processes that are considered in this context
include (i) dilatation caused by exothermic chemical reactions, (i) cavitation, atomization, spray
development, and vaporization during and following fuel injection, (iii) transport of a dense
dispersed phase in turbulent flow, as in spray or particulate combustion, (iv) density variations
due to compressibility effects in high speed flow, and (v) buoyancy effects resulting from density
stratification. -

Much of the ongoing effort has been devoted to the development of a new modeling approach
applicable to the aforementioned problems, and more broadly, to the prediction of turbulent flow
phenomena and turbulence-microscale interactions. The new approach was originally motivated
by recognition of the inability of existing approaches to capture advective-diffusive-reactive
couplings in the fundamentally sound manner that would be required for predictive modeling of
turbulent combustion. The need for a fundamental rethinking of this issue led to an approach that
has been shown, through the work performed during this project, to provide significant new
modeling capabilities applicable to a wide range of multiphysics turbulent flow processes,
including turbulent combustion.

The modeling strategy that is adopted i1s motivated by two existing approaches that reflect two
distinct attributes of turbulent flow. One approach is the use of mixing-length theory to achieve
closure of the ensemble-averaged momentum equation through phenomenological estimation of
the eddy viscosity, which represents the contribution of turbulent flow fluctuations to mean
transport. The other is stochastic modeling of the instantaneous spatial structure of turbulent flow
fields by applying a random sequence of additive or multiplicative operations that is designed to
emulate the wide range of spatial scales of turbulent flow fluctuations. The first approach
captures the effects of initial conditions, boundary conditions, and forcings (shear, buoyancy,
dilatation, etc.) on the mean flow structure, and includes partial representation of fluctuation
effects. The second approach represents fluctuation effects in detail, and in fact is designed
specifically for the study of these fluctuations. However, it contains no representation of the
physical processes that drive these fluctuations, so it is useful primarily for studying the generic
(universal) properties of turbulent fluctuations rather than flow-specific effects.

Both of these approaches have been applied in one spatial dimension (1D). In particular, the 1D
boundary-layer approximation is a convenient framework for mixing-length theory. The present
goal is to develop and use an economical 1D representation with broad predictive capabilities.



The new modeling strategy, denoted One-Dimensional Turbulence (ODT), involves a synthesis
of the two approaches, achieved by treating the 1D boundary-layer equations for the mean flow as
instantaneous equations. Instead of representing turbulent transport by an eddy viscosity,
turbulence effects are incorporated by performing a random sequence of operations somewhat
analogous to the stochastic approach. Each operation is the model analog of an individual
turbulent eddy. The resulting formulation captures both turbulent cascade properties, as in
previous stochastic models, and the coupling of cascade dynamics to the initial and boundary
conditions and forcings corresponding to various inhomogeneous turbulent flows of practical
interest. Numerous demonstrations of the novel predictive capabilities of this approach have been
performed, including several recent demonstrations that are described below.

Turbulent flows with large density variations are subject to several forcing mechanisms that are
absent from constant-property flows, such as buoyancy and (in multiphase flows) surface tension
and inter-phase momentum transfer. A robust model of variable-density flows must capture these
mechanisms as well as the variable-density dynamics of the single-phase buoyancy-free
momentum equation. Recent and planned future extensions of ODT incorporate these
phenomena into the model.

RECENT PROGRESS

ODT has been generalized to incorporate the full variable-density dynamics of the momentum
equation. The most detailed experimental investigations of these dynamics involves spatially
developing flows, so ODT has also been generalized to reflect the conservation properties of this
class of flows.

In planar mixing layers, the growth rate of the turbulent zone is found experimentally to increase
monotonically with the ratio of the density of the slow inlet stream to the density of the fast inlet
stream. ODT reproduces this trend over the experimentally observed range of conditions and
reproduces many details of measured flow structure with a degree of accuracy that is
unprecedented for this flow. In addition, ODT indicates a reversal of the apparent monotonic
trend at density ratios beyond the range studied experimentally. Examination of computed results
indicates that high density contrast induces an inertia barrier to fluid entrainment analogous to the
gravitational potential energy barrier that inhibits turbulent entrainment of heavy fluid across
stably stratified fluid interfaces. This fundamental insight may aid in the interpretation of more
complex entrainment processes subject to multiple inhibition mechanisms.

ODT has also been used to simulate the flow between two horizontal plates, driven by
gravitational instability due to an imposed temperature difference between the plates. The
governing parameters are the Rayleigh number Ra, which represents the buoyant forcing scaled
by molecular dissipation, and the Prandtl number Pr, a fluid property (viscosity scaled by thermal
diffusivity). Key observables are the Nusselt number Nu (mean heat flux scaled by the heat flux
through motionless fluid) and temperature fluctuation statistics.

If the flow near each wall is unaffected by the other wall, then dimensional considerations give
Nu ~ Ra'?. Measurements indicate that the exponent depends on Ra and Pr, implying wall
interactions. Adjustment of two model parameters reproduces these dependencies as well as the
prefactor of the Nu scaling to good accuracy over a wide range of parameter space. With no
further adjustment, measured temperature fluctuation statistics are predicted with good accuracy,
demonstrating a first-of-a-kind capability in this regard. Collectively, the model results suggest a
novel interpretation of the mean behaviors and fluctuation properties based on the competition



between two mechanisms that generate temperature fluctuations in the central region of the flow.

A variety of other topics have also been studied recently. ODT was used to investigate extinction
and reignition mechanisms in nonpremixed turbulent combustion, leading to the identification of
an unexpected slow time scale controlling the evolution of these processes [1]. Turbulent
premixed flame structure and burning velocity regimes were analyzed as a function of Pr in order
to identify connections between gas-phase combustion (Pr near unity), liquid-phase turbulent-
flame analogs (high Pr), and premixed nuclear combustion in exploding stars (low Pr) [2]. A~
phenomenological model explaining measured manifestations of small-scale anisotropy in
turbulence was developed [3].

FUTURE PLANS

ODT as presently formulated does not incorporate effects of fluid compressibility that are
relevant to supersonic propulsion, engine knock, and other phenomena associated with
combustion processes. For many compressible-flow applications, the governing equations of
fully compressible laminar flow are reduced to a 1D form that provides a convenient starting
point for compressible ODT. The basic strategy is to introduce eddy events that interact with
evolving property profiles much as in the incompressible formulation. Complications arise
because eddy-induced fluid displacements should be isentropic, so the couplings among the
equation of state, the pressure field, and the gravitational field (if any) may require concurrent
fluid-element dilatations. These couplings imply exchanges among four forms of energy that
would be distinguishable in compressible ODT: vortical kinetic energy, dilatational kinetic
energy, internal energy, and gravitational potential energy. A physically based procedure for
implementing these exchanges has been formulated. Estimates indicate that this approach will
capture the leading-order behavior of various compressible-flow regimes of interest.

ODT will be used to support line Raman experiments performed in the Turbulent Combustion
Laboratory in the Sandia Combustion Research Facility. ODT simulations incorporating
representations of diagnostic performance (space and time resolution, noise and bias
characteristics, etc.) will be used to optimize experimental conditions and estimate measurement
precision. Fully resolved measurements are not needed because instrument coarse-graining
effects can be applied to simulated profiles, so that the model output is directly analogous to the
experimental data. ODT is unique among available models in this regard.

The primary breakup of a liquid fuel column injected into an engine cylinder has an important
influence on spray development, fuel-air mixing, and combustion in the chamber. Existing
models do not capture the relevant microphysical processes in a sufficiently fundamental manner
to provide the robust predictive capability needed for engine design studies.

An adaptation of the ODT approach will be developed to model liquid-jet breakup. For this
application, the ODT domain represents a line normal to the axis of the liquid column. A
potential energy per unit area arising from surface tension is associated with each liquid-gas
interface along the 1D domain. Each eddy operation within the simulation triples the number of
interfaces contained within the eddy. The energy stored in the newly formed interfaces is
subtracted from the energy available to drive the eddy, and accordingly, reduces the likelihood of
eddy occurrence. This formulation emulates the inhibition of jet breakup by surface tension.

An advantage of ODT for the liquid-breakup problem is that the model resolves the range of
scales required in order to capture the broad size distribution of the evolved droplets. Spectral-



type models that reflect the range of scales, but not the spatial variation of structure, do not
readily capture important factors such as the difference between liquid interior flow, whose
internal turbulence can promote breakup, and near-surface shear across the liquid-gas interface
that contributes to breakup. The ODT approach captures both the range of scales and the spatial
variation of structure, thus offering the possibility of higher-fidelity simulation of this process.

ODT simulations of turbulent diffusion flames will be performed to address the unresolved
fundamental question of whether flame structure becomes independent of turbulence intensity at
very high intensities. This study has bearing on the feasibility of developing sub-grid scale
combustion models for turbulent flow simulations, which are predicated on universal small-scale
dynamics. In addition, turbulent autoignition processes will be simulated in coordination with
ongoing investigation of this topic at the Combustion Research Facility using direct numerical
simulation.
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Program Scope

The photoelectron photoion coincidence (PEPICO) technique is utilized to investigate the
dissociation dynamics and thermochemistry of energy selected medium to large organic
molecular ions. Extensive modeling of the dissociation rate constant using the RRKM theory or
variational transition state theory (VTST) is used in order to determine the dissociation limits of
energy selected ions. These studies are carried out with the aid of molecular orbital calculations
of both ions and the transition states connecting the ion structure to their products. The results of
these investigations yield accurate heats of formation of ions and free radicals. In addition, they
provide information about the potential energy surface that governs the dissociation process.
Isomerization reactions prior to dissociation are readily inferred from the PEPICO data.

The PEPICO Experiment

Although the PEPICO experiment is now about 30 years old we have managed to make
some major improvements in its execution by the application of velocity focusing optics. The
photoelectron photoion coincidence (PEPICO) experiment in Chapel Hill is carried out with a
laboratory H; discharge light source. Threshold electrons are collected by passing them through
a set of small holes that discriminate against electrons with perpendicular velocity components.
The electrons provide the start signal for measuring the ion time of flight distribution. When
ions dissociate in the microsecond time scale, their TOF distributions are asymmetric. The
dissociation rate constant can be extracted by modeling the asymmetric TOF distribution. A
high-resolution version of this experiment is carried out at the Chemical Dynamics Beamline of
the ALS, in which pulsed field ionization is used to detect the electrons with a resolution of 1

meV. When combined with coincidence ion detection, the results permit the measurement of ion
dissociation limits to within 1 meV or 0.1 kJ/mol.

Recent Results
Threshold Photoelectron Spectroscopy with Velocity Focusing: An Ideal Match for
Coincidence Studies

Velocity focusing of low energy electrons has been used to collect threshold
photoelectron spectra with a continuous tunable vacuum UV light source. Velocity focusing
permits focusing the photoionization image from 5 x 8 mm to 1x1 mm, and thus to collect
threshold electrons (less than 10 meV) with a collection efficiency close to 50%. The overall
resolution for Xe* of 13 meV is limited primarily by the 12 meV band pass of the photon
monochromator. The collection efficiency for energetic electrons of 1 eV is reduced 0.07 %.
This method of detecting threshold electrons has improved the resolution by a factor of four and
increased the signal by a factor of ten. It is an ideal approach for photoelectron photoion
coincidence studies because it permits the collection of electrons and ions with relatively high
electric fields of 20 V/cm, which are necessary to have narrow time of flight peaks for the



coincident ion signals. Not only is the performance of this detector much improved, it is a far
simpler design than previously used set-ups.

Threshold Photoelectron-Photoion Coincidence Spectroscopy: Dissociation of the 1-
Chloroadamantane Ion (the Heat of Formation of the 1-Adamantyl Cation)

Threshold photoelectron-photoion coincidence spectroscopy (TPEPICO) was used to
investigate the dissociation of the 1-chloroadamantane ion (CioHsCI"). The product of CI loss
reaction, 1-C oH;s", was the only fragment ion at experimental photon energies (below 13.0 eV).
Through the simulation of the metastable TOF distributions of the 1-C;oH;s* ion and the
breakdown diagram, the 0 K appearance energy of 1-CoH;s" was determined to be 10.10 % 0.02
eV. Using this result and the IE value of 1-C,oH;5Cl, 9.61 + 0.02 eV, the dissociation energy of
the Cl loss reaction was determined to be 0.49 £ 0.03 eV. Using the known heats of formation of
C0H;5Cl and Cl, the 298 K and O K heats of formation of the 1-Ci0H;s™ ion were obtained to be
679.2 £ 3.2 and 731.9 £ 3.2 kJ/mol, respectively. This study has provided us with the first
accurate heat of formation of the adamantly free radical, which we obtain by combining the IE
value of 1-CoH,s, with our measured ion heat of formation. The derived 298 K and 0 K heats of
formation of 1-CoH,s are 79.5 £ 4.3 and 132.7 £+ 4.3 kJ/mol, respectively.

The Dissociation Dynamics and Thermochemistry of the Acrolein Ion Studied by Threshold
Photoelectron-Photoion Coincidence Spectroscopy » .

Threshold photoelectron-photoion coincidence spectroscopy has been used to investigate
the dissociation dynamics of the acrolein ion (CH,CHCHO®"). The two lowest energy
dissociation channels to C;Hs* + CO and C3H;0* + H are observed at photon energies between
10.0 and 12.0 eV. The C,H4" ion time-of-flight distributions exhibit characteristics of a two-
component reaction rate. A three-well-two-channel model is proposed to explain the multi-
component dissociation rate: The simulation that fits both the time-of-flight distributions and the
breakdown diagram shows that the slow component of the reaction rate for C,H,* production is
dominantly caused by tunneling through the isomerization barrier connecting the acrolein ion (A)
and the distonic ion, CH,CH,CO" (B). After being produced, only small amounts of B isomerize
to the lowest energy conformer, the methylketene ion (C). The energy barrier heights of the
isomerization from A to B and the C3H;O" ion production are 0.87 + 0.02 and 0.92 + 0.02 ev,
respectively. The 0 K appearance energy of the C;H;O" ion is determined to be 11.03 = 0.02 eV.
Using the acrolein heat of formation of -69 + 10 kJ/mol, the 298 K heat of formation of the
CH,CHCO" ion is determined to be 783 + 10 kJ/mol.

Exclusive Production of Excited State Sulfur (‘D) atoms from 193 nm Photolysis of Thietane
Tunable synchrotron radiation has been used to probe the dissociation dynamics of
thietane (C3HgS) at 193 nm, Providing selective determination of the translational energy
distribution of both excited (‘D) and ground-state (°P) sulfur atoms, with momentum-matching to
the C3Hs co-fragment. The results suggest that the sulfur atom is produced almost exclusively in
its excited ( lD) state, with ground-state (3P) production less than 5%. The first single-photon
ionization efficiency (PIE) spectrum for the S('D) state with a resolution of 0.2 eV is reported.

" One Year as Director of the Chemical Dynamics Beamline at the ALS
Between July 1, 2000 and June 30, 2001, the PI assumed the directorship of the Chemical
Dynamics Beamline at the ALS. He has continued this role, but from Chapel Hill. During this



time, the beamline underwent a number of changes including the initiation of two new
experiments; the flame diagnostics experiment in which the products and intermediates
generated in flames will be detected by photoionization, and the liquid He droplet experiment in
which super-cold molecules dissolved in liquid He are photoionized. The first results of the
latter experiment have been collected. Both of these experiments are located at the high flux 3m
monochromator, which was finally brought on line with a new grating.

Future Plans

The dissociation dynamics of large ions generally involve slow dissociations. In
addition, it is often difficult to produce cold beams using cw beam technology. As a result, the
high resolution PFI-PEPICO approach may not be the most suitable. The remarkable success of
the velocity focusing optics for detection of zero energy electrons will provide an avenue to do
TPEPICO experiments with continuous synchrotron radiation without hot electrons. The plan is
to use an imaging detector to collect both the zero energy electrons (plus hot electrons) which
will be collected in a small spot on the center of the plate, and then to subtract from this signal
the hot electron signal that is detected in a ring around the central spot. This approach is
currently being tried in the Chapel Hill apparatus. The beauty of this approach is that resolution
and flux can be traded off, the ions can be extracted with high electric fields DC (i.e. 20 V/cm)
that will result in narrow TOF distributions. This is currently net possible with PFI-PEPICO and
greatly limits its application to larger molecules or to free radicals that are not sufficiently cold to
product sharp spectra. This project at the ALS is currently being undertaken by the PI, Musa
Ahmed (ALS) and a post doc at the ALS. This experiment will be useful not only for TPEPICO
studies but also for TPES studies of free radicals. A 1000 Hz excimer laser along with a 1000
Hz pulsed valve will be used to generate these free radicals for ionization with the continuous
synchrotron radiation. Among the molecules to be investigated are the 2,3-pentanedione which
produces CH3;CO* + CH3CH,CO" and CH3CO® + CH3;CH,CO", and butanone, which produces
CH,>COCH;" + CHj5" as well as CH;CO™ + C,Hs". The dissociative ionization onsets can then be
combined with the direct measurement of the corresponding free radical ionization energies to
determine free radical heats of formation and thus neutral bond energies. TPEPICO data will
initially be collected in the Chapel Hill experiment so that the overall features can be worked out,
thereby greatly improving the efficiency of the synchrotron based experiments.
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Program Scope

This experimental program is directed toward achieving a more complete understanding
of the coupling between turbulence and chemistry in both nonpremixed and premixed reacting
flows. Spontaneous Raman scattering, Rayleigh scattering, and laser-induced fluorescence are
applied simultaneously to obtain spatially and temporally resolved measurements of temperature,
multiple species (N, Oz, Hy, HO, CHs, CO,, CO, OH, and NO), and other derived scalar
quantities, such as the mixture fraction or local equivalence ratio. These detailed measurements
of instantaneous thermochemical states in turbulent flames provide insights into the fundamental
nature of turbulence-chemistry interactions.

Experiments are conducted in two laboratories and frequently involve visiting scientists,
primarily from universitiecs. The Turbulent Diffusion Flame laboratory is equipped for
multiscalar point measurements and has been productive for many years. The Turbulent
Combustion Laboratory is relatively new and includes unique capabilities for single-shot, line-
imaging measurements of multiple scalars, as well as state-of-the-art diagnostics for velocity
measurements and combined velocity/scalar imaging. This new laboratory allows quantitative
investigations of the spatial structure of turbulent flames that are being used to investigate
fundamental aspects of emerging combustion technologies and to evaluate turbulent combustion
models.

In addition to our experimental work, this program has the leading role in organizing the
International Workshop on Measurement and Computation of Turbulent Nonpremixed Flames
(TNF), which facilitates collaboration among experimental and computational researchers, who
are working on fundamental issues of turbulence-chemistry interactions. A central theme of the
TNF Workshop series is to contribute to the development and validation of advanced, predictive
models for turbulent combustion. Most of our visiting experiments and external collaborations
are carried out in the context of the TNF Workshop, and this arrangement gains significant
leverage for the BES Combustion Program.

Recent Progress

We completed our first experiments on scalar dissipation in the Turbulent Combustion
Laboratory. The main experiments were conducted in a partially premixed, piloted, CHa/air jet
flame (Sandia flame D), which is already established as a benchmark for testing of turbulent
combustion models. Scalar dissipation is defined as y =2D, (V£ o VE), where £ is the mixture

fraction and D¢ is its diffusivity. Submodels for scalar dissipation in turbulent flames are central
to many modeling approaches, yet they are largely unproven because accurate measurements of
scalar dissipation are difficult to achieve, particularly in hydrocarbon flames. .

The optical configuration for these scalar dissipation measurements (Fig. 1) combines
line imaging of Rayleigh scattering, spontaneous Raman scattering, and CO-LIF. The Raman



imaging system uses a Sandia-developed rotating mechanical shutter (9 ps gate) in combination
with an imaging spectrograph and an unintensified, back-illuminated, cryogenically cooled CCD
array detector. The high collection efficiency, wide dynamic range, and low noise achieved with
this system are critical for the measurement of scalar dissipation, 7, which is determined from
the square of the spatial derivative of the mixture fraction, &
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Fig. 1. Experimental system for simultaneous line-imaging of Raman scattering,
Rayleigh scattering, and CO LIF.

Results for the radial component of scalar dissipation at three streamwise locations in
turbulent flame D are presented in Fig. 2 as two-dimensional density plots. These plots are
constructed from one-dimensional probability density functions (pdf’s) of scalar dissipation
conditioned upon the mixture fraction, such that each represented value of & (each vertical slice)
has equal probability. Scalar dissipation is examined in logarithmic space, hence the
presentation of pdf(lny|&). The darker areas correspond to higher probability. The solid line in
each density plot represents the average value of scalar dissipation conditioned upon the mixture
fraction, (In (¢ | &) ).

Scalar dissipation is broadly distributed at all measured positions in the flame except on
the fuel-lean side close to the exit (x/d=7.5), where the flow field is not fully turbulent. There is
a clear trend towards smaller values of y with increasing downstream distance, manifested both
in the density plots and the average values. The streamwise decay in & manifested in the
progressive erosion of very rich samples, is also evident. The double-peak structure noted in the
laminar jet flame persists in the turbulent flame. A local minimum in y can be seen near the
stoichiometric value (marked by a dotted line in Fig. 2 at all three streamwise locations. The
local maxima in y are higher on the fuel-rich side of the flame.
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fraction around the stoichiometric value (pdf(ln y|&,)).
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Data

) is plotted as a
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0.3 <& < 0.4 were used to form the 1D pdfs. Solid lines represent exponential and log-
normal fits to the left and right tails of the pdf, respectively.

Future Plans

the Rayleigh imaging system. Diagnostic systems for planar laser-induced fluorescence imaging
of OH in two planes that intersect the Raman/Rayleigh/LIF line will be added. This will allow
for determination of the instantaneous flame normal direction and flame curvature at the point of
intersection with the multiscalar line, so that the joint conditional statistics of various scalars
(species mass fractions , mixture fraction, scalar dissipation, the differential diffusion parameter,
etc.) and flame structure parameters may be quantified. The investigation of piloted flames will
be expanded to include the other flames in this series, which have significant localized extinction
and re-ignition, and will include larger statistical samples and measurements of the tangential

Future work will push the line measurements to better spatial resolution, particularly for

component of scalar dissipation, as well as the radial component.
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Energy Partitioning in Elementary Chemical Reactions
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The goals of this research are 1) to measure the yields of all the important channels of the
reactions of OCP) with unsaturated hydrocarbons and radicals and 2) by measurement of state
distributions to understand the detailed mechanism. i.e. the trajectories of the atoms during the

reactive collision.
1. Mechanisms of Formation of Vinoxy Radicals

The position of O atom substitution in propene which leads to the vinoxy + methyl channel
can be deduced, as will be shown, from an identification of partially deuterated vinoxys. These, in
turn, are generated from partially deuterated propenes. An examination of the emission spectrum
and the hot band LIF excitation spectrum of vinioxy shows that the 4,° band head is particularly
strong and resolved.! While v, is nominally the C-O stretch its frequency is nevertheless sensitive
to deuterium substitution at either carbon atom. Table 1 shows the effect of deuterium
substitution at C-1, the aldehyde carbon and C-2, the methylene carbon.

Table 1 Frequency shifts of 4,° relative to that in CH,CHO

isotopomer frequency shift isotopomer frequency shift
(ecm™) ' (cm™)

CH,CHO 0 CHDCHO 14(18)

CD,CHO 37 CHDCDO 50(58)

CH,CDO 40

CD,CDO 81 (77)

Numbers in parentheses are calculated from the first three numbers in column 1..

An assumption which was previously shown to hold for similar transitions in formaldehyde and
acetaldehyde is that the D atom isotope shifts are additive and independent. That is 77 is close to
81. Let us assume that the frequency shift on substitution of a D at C-1 is 40 cm™ and at C-2 37/2
=~ 18, the shifts of the isotopomers in the third column of Table 1 given in parentheses are in
rough agreement with the observed frequencies. There is a difficulty with the observed
frequencies in that CHDCHO and CHDCDO exist as cis and trans isomers between which there is

an unknown splitting.
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Fig.2A shows the LIF excitation spectrum of the vinoxy resulting from the reaction of

‘OCP) with CH,CH=CD,. Attack at C-1 produces CHDCDO and attack at C-2 produces
CD;,CHO. There are two band heads of comparable intensity and 13 cm™ apart. The higher
“frequency band must be due to CHDCDO whereas the other is assigned to CD,CHO..Our
interpretation is that vinoxy results from attacks at C-1 and C-2 in comparable yields. Fig. 2B
shows the LIF: excitation spectrum of the vinoxys resultmg from the reaction of OCP) with
CH,CD=CH, . Attack at C-1 produces CHDCHO whereas attack at C-2 produces CH,CDO.The
first sharp 41° band is 40 cm™ higher than that of vinoxy and is therefore assigned to CH,CDO.
The . overall shape of the band is very different from the flat topped bands shown in Fig.1. It rises
- with increasing wave length, suggesting that it is a superposition of two vinoxy isotopomers in
roughly equal amounts. The conclusion again is that vinoxy radicals are derived roughly equally
from-attacks at C-1 and C-2. This does not mean that reactions at C-1 and C-2 have the same
probability. Attack at C-1 yields several different product channels with the major one being the
molecular product channel of formaldehyde and ethylene. Attack at C-2 yields almost exclusively
methyl and vinoxy radicals. ’

When ethylene reacts with oxygen atoms, vinoxy can be formed by attack at one carbon
atom and loss of a hydrogen atom from that same carbon atom. The alternative path involves the
migration of an H atom from the attacked carbon atom to the other carbon atom to form a hot
acetaldehyde with subsequerit release of one of the three methyl H atoms. Reaction of O atoms
with CH,=CD, produces a mixture of CH,CDO and CD,CHO with only a small band head due to
CHDCDO. Evidently the channel of direct release of a hydrogen atom is preferred over the
channel of indirect release via a hot acetaldehyde. In other words, the hot acetaldehyde
preferentially decomposes to break its C-C bond forming HCO and CH3 rather than to break a
methyl C-H bond. The weaker bond is more likely to break. :

2. Generation of ketenyl, HCCO

The usual method of generating ketenyl radical, HCCO is by photodissociating ketene at
193 nm. The method has two drawbacks. First the unstable ketene must be synthesized. Second,
ketene has only a very weak absorption at 193 nm. Ethynyl ethyl ether, commercially available is
. an attractive starting point. It has a strong absorption at 193 nm and is therefore a more
“convenient source of HCCO. Unlike, vinoxy, ethynyl does not display a rich hot band B<--X LIF
excitation spectrum. Appreciable fluorescence was detected by exciting the nascent HCCO at the
band origin but not at lower energies.’
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Future experiments

Final tests are being carried out on a newly built minimolecular beam machine in which
two oppositely directed valves will open for 10 us and release hydrocarbon molecules and N,O
molecules respectively. The N,O will pass through a short very hot zirconia tube forming oxygen
atoms.” The reacting gases collide above the repeller plate of a TOF mass spectrometer
Synchronized pulses of vuv light will ionize the radical products. This is a new version of an
experiment of D.Gutman and coworkers.* which will be closer to the ideal limit of single
collisions. The apparatus will not measure angular distributions but will, it is hoped measure
relative product yields of radicals quantitatively.
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Program Scope

We develop and apply ab initio and quantum dynamical approaches to chemical
processes of importance in gas-phase combustion. Recent work has focused on two
important and challenging problems: acetylene/vinylidene isomerization and the role of
van der Waals wells in chemical reactions, as exemplified by the O(3P)+HC1 reaction.
The highlights of this work are described below.

Recent Progress
Acetylene/vinylidene isomerization

The existence of a metstable vinylidene isomer among a sea of highly excited
acetylenic eigenstates hzlxs&been of intense interest to both experimentalists and theorists
for more than a decade. —~ A full-dimensionality quantum approach remains out of reach
(although on the horizon, [ believe), and so we have opted to consider. a reduced
dimensionality approach. This has been successful” and some of the highlights are as
follows. First, in order to carry out a reduced dimensionality approach, active degrees of
freedom need to be selected. The diatom-diatom Jacobi coordinates shown below satisfy
this very well. As can be easily imagined the acetylene minimum corresponds to R = 0
and both 0, and 8, equal to 90 degrees. Isomerization to the vinylidene minimum can be
described by three active degrees of freedom R, r| and 6,. Clearly these three variables
must undergo large amplitude motion in order to describe isomerization of linear
acetylene to the C,, minimum structure of vinylidene. Our strategy to obtain eigenstates
began with a reduced

H

3

C

dimensionality Hamiltonian in the two degrees of freedom R and 6,, where the potential
1s relaxed in the remaining four degrees of freedom. Then, successively, eigenstate
calculations were done in 3 and 4 degree-of-freedom calculations by adding the HH-
stretch (r;) and the spectator CC-stretch (1) as active degrees of freedom. At all of these
levels of reduced dimensionalty molecular eigenstates with characteristics (i.e.,
expectation values) of a vinylidene-like state were found. A contour plot in R and r) of
the lowest energy vinylidene-like state obtained from the 4 degree-of-freedom
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calculations is shown below. As seen, the wavefunction is highly concentrated in the
vicinty of the vinylidene minimum ‘

(R =2.25 bohr, ryy = 3.54 bohr) but wisps of the large amplitude motion down to the
acetylene minimum are clearly seen as well. This is the first calculation of a vinylidene-
like molecular eigenstate.

O’ P)+HCI
Th?0_9(3P)+HC1 reaction has played an important role in quantum reactive
scattering, with most calculations done on a poteqt(i)al energy surface missing van der

Waals (vdW) wells '? the entrance and exit channels.”” Quantum dynamics calculations
on a new potential, ~ which does contain these wells, were done in collaboration with
Stephen Gray (ANL) (51 revealed intriguing resonance structures in the deep tunneling
region of the reaction. In a more recent collaboration with David Manolopoulos
(Oxford) we verified that these structures are due to quasibound states of the vdW
wells.”” We were able to assign each resonance to a quasibound state of a given well, as
shown below in the plot of the cumulative reaction probability for zero total angular
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momentum versus the total energy ("Ex" and "En" indicate the vdW in the entrance or
exit channel, respectively, and the barrier height is 0.424 eV.)

Future Plans

We are setting up to do full dimensionality calculations of the
acetylene/vinylidene isomerization, with the goal of obtaining realistic results that will,
however, almost certainly fall short of "spectroscopic” accuracy. The coding to do this,
which is underway, will require a proper coupling of the two internal rotation§1 degrees of
freedom. We also plan to do further calguations of the rate constant of the O("P)+HCI
and will consider the importance of the “A' surface at high temperatures.
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Very High Pressure Single Pulse Shock Tube Studies of Aromatic Species
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PROGRAM SCOPE AND FOCUS

The research in this program focuses on oxidation and pyrolysis experiments of
benzene, toluene and the related species, phenol and cyclopentadiene, in a very high
pressure single pulse shock tube in order to obtain data at extremes of pressure and
temperature. With these data, existing models can be validated at extreme conditions
permitting the development of a comprehensive benzene/toluene oxidation model
potentially applicable to the reduction and prevention of pollution.

In addition, individual unimolecular and bimolecular reactions that have already
been identified in the literature as needing further examination will be probed. Probing
can be accomplished in the shock tube by variation in a) temperature b) pressure c) time
d) initial reactant concentrations, and/or by ¢) the addition of radical or precursor species.
Changing the reaction conditions or doping the system with additives will lead to changes
in detected species that will be elucidated with complementary modeling.

RECENT PROGRESS
Shock Tube Performance

Design, construction and testing of the single pulse shock tube to achieve
extremely high pressures and temperatures to facilitate gas-phase chemical kinetic studies
have been completed. The shock tube has been designed and demonstrated to operate at
pressures up to 1000 atmospheres. Reaction times in the shock tube have been varied
from 0.5 ms to 2.5 ms by using variable driven section lengths. For any particular
reaction time, stable gas-phase reactant and product samples are withdrawn from the
shock tube through an automated sampling apparatus. Samples have been subsequently
analyzed using state of the art GC, GC/MS apparatus. The details of the design,
construction and testing that have permitted very high shock pressures to be achieved are
described in a recent publication'.

The temperature is a very important parameter in the shock tube. Real gas effects’
at the high pressures in the shock tube give incorrect estimates if the ideal shock wave
relations are used to calculate the reaction temperatures. An external chemical
thermometer method has been developed to calculate the temperature in the high-pressure
shock tube®. Two chemical thermometers, 1,1,1-trifluoroethane and cyclohexene, have
been used to calibrate the temperatures behind retlected shock waves, Tsea, as a function
of end wall shock velocity. Experiments with 1,1,1-trifluoroethane were performed at
post-shock pressures of 5000 ps1 and 9000 psi and Ts,., Was calculated from the extent of
reaction and literature values for k... At each pressure the two methods of calculating
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Tsreai are in excellent agreement. The values for T, obtained from the cyclohexene
experiments are in good agreement with those from 1,1,1-trifluoroethane. The range of
the temperature calibration is 1050-1350 K. No discernible pressure dependence between
the two sets of experiments was observed for the calculated values of Ts.,. The effect of
a 10% rise in pressure during the residence time on the calculated temperatures was also
examined and found to give rise to only small errors in Ts.e,. Representative calibration
curves used to calculate the temperature in the high pressure shock tube are shown below.
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Ethane Oxidation and Pyrolysis Studies Over Very Wide Pressure Ranges:

The high pressure shock tube has been used to obtain the first experimental data
for ethane oxidation and pyrolysis at very high pressures and temperatures. Experiments
were performed at two nominal reaction pressures of 340 bar and 610 bar in the .
temperature range 1050 K to 1400 K*. The major stable species were identified and their
concentrations determined using gas chromatography. Several minor species, with up to
six carbon atoms and including oxygenates, were also observed in the oxidation studies.
Three models based on literature mechanisms for hydrocarbon oxidation were used to
simulate the experimental data. All of the models simulate the pyrolysis data well
although only one of the models was capable of accurately describing the oxidation data.

Ethane oxidation was also studied at reaction pressures of 5, 20, 40 and 1000 bar
and at temperatures between 1000 and 1400 K. Oxidation was studied with
stoichiometric ratios of Phi = 1 and Phi = 5°. As with the high pressure oxidation, gas
chromatography was used to quantify the major stable species formed in the reactions.
The experimental data were simulated using two models for ethane combustion that had
previously been tested against very high pressure (300-600 bar) oxidation and pyrolysis
experimental data obtained in the same apparatus. Good agreement with stoichiometry of
Phi = 1 was obtained, however neither model was capable of simulating the Phi = 5 data.
Several modifications to one of the models were made and these modifications are
discussed. The final version of the model provides much more accurate predictions of the
experimental data and forms the first step in developing a comprehensive model for
ethane oxidation that has been tested against experimental data covering a pressure range
from 1 bar to 1000 bar.
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The plots shown above represent the experimental data that have been obtained for
cthane oxidation with Phi = 1 over a very wide range of pressures from around 20-610
bar covering the temperature range from 1050-1400 K. Note the reaction times for the

above data span 1.3 to 1.8 msec.

FUTURE WORK

Toluene oxidation experiments have been initiated. Some experimental
difficulties handling toluene have been resolved so that subsequent experiments focusing
on the 9000 psi (610 bar) pressure regime can commence. At this high pressure, species
concentrations as a function of temperature and stoichiometry will be obtained.
Additional experiments at different temperatures and reaction times are also planned.
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PROJECT SCOPE

Combustion processes are governed by chemical kinetics, energy transfer, transport, fluid mechanics,
and their complex interactions. Understanding the fundamental chemical processes offers the
possibility of optimizing combustion processes. The objective of our research is to address
fundamental issues of chemical reactivity and molecular transport in combustion systems. Our long-
term research objective is to contribute to the development of reliable combustion models that can be
used to understand and characterize the formation and destruction of combustion-generated pollutants.
We emphasize studying chemistry at both the microscopic and macroscopic levels. To contribute to
the achievement of this goal, our current activities are concerned with three tasks: Task 1) developing
models for representing combustion chemistry at varying levels of complexity to use with models for
laminar and turbulent flow fields to describe combustion processes; Task 2) developing tools to
facilitate building and validating chemical mechanisms; and Task 3) modeling combustion in multi-
dimensional flow fields. A theme of our research is to bring new advances in computing and, in
particular, parallel computing to the study of important and computationally intensive combustion
problems.

RECENT PROGRESS

Task 1: Developing models for representing combustion chemistry at varying levels of
complexity to use with models for laminar and turbulent flow fields to describe combustion
processes (with Shaheen R. Tonse, Michael Frenklach, and Nigel W. Moriarty): Most practical
combustion systems are turbulent, and the dominant computational cost in modeling turbulent
combustion phenomena numerically with high fidelity chemical mechanisms is the time required to
solve the ordinary differential equations associated with the chemical kinetics. To develop models that
describe pollutant formation in practical fuels, the computational burden attributable to chemistry must
be reduced. We have pursued an approach that can contribute to this problem, PRISM (Piecewise
Reusable Implementation of Solution Mapping). PRISM has been developed as an economical
strategy for implementing complex kinetics into high fidelity fluids codes. This approach to
mechanism reduction draws upon factorial design, statistics and numerics, caching strategies, data
structures, and long term reuse of chemical kinetic calculations. A solution-mapping procedure is
applied to parameterize the solution of the initial-value ordinary differential equation system as a set of
algebraic polynomial equations. In a previous PRISM study we simulated laminar premixed and
turbulent non-premixed Ha+air combustion and gained considerable speedup (for chemistry alone).
Mean reuse rates of several thousand per hypercube were observed, ample to recover costs, since cost-
effectiveness is achieved at reuse of ~250 for the Hy+air case. Although the reuse distribution has a
mean of ~2500, it is skewed with a large number of hypercubes having very low reuse (less than 10).
The mean usage is raised by a small number of very highly reused hypercubes. Consequently, an a
priori calculation of the number of expected reuses would help to identify hypercubes with insufficient
reuse because we could call the ODE solver rather than construct polynomials for these hypercube.
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We completed work on a method that estimated how many steps a trajectory would take in moving
through a hypercube by calculating a trajectory “velocity” using either solely chemical rate
information, or including the displacement of the chemical composition vector from CFD effects such
as diffusion and convection. The trajectory velocity is then combined with an estimated trajectory
length to determine the number of expected reuses. Although the results were encouraging,
hypercubes are used by multiple CFD cells during a simulation. This confuses our prediction, adding a
dependence on simulation domain size, and making it difficult to specify a priori a trajectory-velocity
threshold beyond which hypercube construction is deemed uneconomical.

Another method developed to increae economy was Deferred Polynomial Construction (DPC), which
takes advantage of the shape of the distribution to defer polynomial construction for a hypercube until
a certain number of reuses have occurred. Until then the ODE solver is called. Four cases were studied:

1. a 1D laminar premixed H,+air flame,

2. a2D premixed H,+air turbulent jet,

3. a 2D non-premixed H,+air turbulent jet,
4. a 1D laminar premixed CH,+air flame.

DPC lowers the CPU time used in PRISM’s hypercube construction for all three H,+air cases by a
factor ranging from 1.5 for the premixed turbulent flame to 2.5 for the non-premixed flame. In
summary, DPC is an effective way of increasing PRISM’s efficiency by approximately a factor 2 for
Hy+air, through elimination of unnecessary polynomial construction. Although it seems that advance
knowledge of the reuse distribution is needed, in practice all the distributions we have encountered are
well suited to DPC i.e. skewed toward low reuse, with mean reuse raised by a relatively small number
of hypercubes. For CHy+air, DPC gives us only about a factor of 2 improvement over the ODE. This is
not a problem of DPC but of PRISM itself, as the high dimensionality of the system lowers the
hypercube reuse. Application of DPC alleviates this somewhat but not to the extent that it becomes
practical to use. However, if a dimensional reduction method we are developing succeeds, then DPC
can be applied with it and should provide an additional gain.

Extension of PRISM to more complex systems: We previously extended PRISM to CH, + Air
combustion, by developing new orthogonal factorial designs of type 2y***%. The 22-d design gave
accurate results, however the economy was not good because the number of ODE calls was high and
the hypercube reuse insufficient to recover construction costs. Factorial designs produced by the
GOSSET program (http://www.research.att.com/~njas/gosset/) provide similar accuracy to an
orthogonal fractional design, while requiring only about half the number of design points, i.e. ODE
calls. To achieve further improvements in economy, we are developing an approach called Dynamic
Dimensional Reduction that is based on identifying and isolating chemical species that have both fast
time-scales and low concentration. The idea is motivated by the Steady-State approximation and
Intrinsic Low Dimensional Manifold (ILDM) concepts in which concentrations of fast species follow
those of slow species. For a 32-species GRI-Mech 1.2 reaction set, preliminary results show the
number of reduced dimensions for time steps of 107s, 10 and 10s are approximately 28, 15 and 11,
respectively.

Task 2: Developing tools for to facilitate building and validating chemical mechanisms (with
Kenneth Revzan): We evaluated the dipole reduced formalism (DRFM) for determining transport
properties of gas-phase mixtures, developed by Paul and Paul and Warnatz as a replacement for the old
TRANLIB that is part of the CHEMKIN package. This was accomplished by modifying PREMIX, the
CHEMKIN premixed flame application, to incorporate the new method. We began with a previously-
developed version of PREMIX, in which the species binary diffusion coefficients, thermal diffusion
factors, and thermal conductivities were calculated directly, rather than indirectly from polynomial fits.
This allowed for the determination of both first- and second-order sensitivities of flame speed, species
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mass fractions, and temperature to transport parameters. The sensitivities were calculated analytically
through the use of automatic differentiation. The DRFM method was added to PREMIX by encoding
the DRFM formalism and adding the necessary changes to the user interface to allow for a choice of
the method for determining the transport parameters: DRFM with mixture-averaged coefficients or
TRANLIB with either mixture-averaged or multicomponent coefficients. Using Paul’s chemical
mechanism, we determined transport properties for an H,-CO-0,-N; flame and compared them with
his published plots. Although differences in many parameters are relatively small, there are
compensating errors attributable to the numerics, levels of approximations, and the potential
parameters used. We found sensitivities to the transport parameters to be similar using the old and new
formalism. Using DRFM, we found the most important first-order flame speed sensitivities to be those
to the Lennard-Jones collision diameter and its counterpart in the exponential repulsive potential, the
length scaling parameter. We also found second-order sensitivities to be small. "

Task 3: Modeling combustion in multi-dimensional flow fields (with Shaheen R. Tonse): We
have continued our efforts concerned with finding the dimensionality of chemical composition space.
Chemical concentrations of a spatially extended chemical reaction plotted on a multi-dimensional
chemical composition space C form a continuous multi-dimensional manifold M embedded in C. A
manifold constructed in this manner is a dense set of discrete points. However, if this is not viewed at
too fine a resolution, we can make a continuum approximation and determine its dimensionality. In the
limit of infinitely small length-scales, the dimensionality d of M is upper bounded to that of the
physical space, but at larger length-scales it may appear to have a higher dimension than the theoretical
bounds, provided that M is sufficiently convoluted. PRISM’s accuracy increases as partition size
decreases, but this requires construction of more partitions in a way that depends exponentially on d.
Therefore determination of d is of importance in the design and development of PRISM and similar
chemical mechanism reduction methods. We calculate d by three independent methods:

1. by repeatedly reducing the partition size and measuring the increase in number of partitions
required to cover M. In general the number of partitions used should rise by 2°.

2. Principal Component Analysis (PCA) is an eigenvalue approach used to determine the most
significant variables (or linear combinations of variables) in a multi-variate data set, and in our
case, returns an estimate of the dimensionality. It is applied independently to the manifold of
each partition. Tests on Monte Carlo'd manifolds of known dimensionality show it to be very
accurate provided the shape of the manifold is determined from mostly linear polynomials.

3. Grassberger and Procaccia’s method to measure the dimensionalities of strange attractors
extracts d by looking at the number, C(r) of manifold points, contained within a hypersphere of
radius r. As r is increased, the number of points should increase as C(r)~r". This method has
the advantage of being able to view the length scale-dependence of dimensionality.

Results from the first two methods have been reported. Preliminary results from the third method
indicate that the manifolds produced in turbulent CH4 combustion simulations with domains of 2 and 3
spatial dimensions have values of d between 1.5 and 4.0, depending on the degree of turbulence.
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Molecular Beam Studies of Radical Combustion Intermediates

Laurie J. Butler
The University of Chicago, The James Franck Institute
5640 South Ellis Avenue, Chicago, IL 60637
LJB4@midway.uchicago.edu

I. Program Scope

Polyatomic radical intermediates play a key role in a wide range of combustion processes.
The DOE-supported experiments in my lab pursue three avenues of research on the reaction
dynamics of radicals. The first two extend our previous work by 1) investigating competing
product channels in photodissociation processes used to generate radical intermediates important
in combustion and 2) generalizing a method for determining absolute branching ratios for
competing radical and molecular product channels in ground state bimolecular reactions in mass
spectrometric experiments. The third avenue of research is new, the methodology growing from
work we initiated two years ago on the competing dissociation channels of high-energy
hydrocarbon radical isomers. The work seeks to probe dynamics on key portions of the potential
energy surface for O + hydrocarbon radical reactions by generating a highly internally excited
radical intermediate, such as CH,0, and investigating the branching between the ensuing product
channels of the energized radical under collisionless conditions. Our technique disperses the
radical intermediates by velocity and thus by internal energy, and then measures the velocity of
the reaction products, allowing us to identify the product branching as a function of internal
energy in the radical intermediate for energies that span the lowest energy product channels.
Most of our experimental studies use a combination of techniques including analysis of product
velocity and angular distributions in a crossed laser-molecular beam apparatus, emission
spectroscopy of dissociating molecules, and high-n Rydberg H atom time-of-flight spectroscopy
(HRTOF). Much of the work also serves to test and develop our fundamental understanding of
chemical reaction dynamics. We focus on testing the range of applicability of two fundamental
assumptions used in calculating reaction cross sections and the branching between energetically-
allowed product channels: the assumption of complete intramolecular vibrational energy
redistribution often used in transition state theories and the assumption of electronic adiabaticity
used in defining the reaction coordinate in transition state theories and the multidimensional
potential energy surface in quantum scattering calculations. The 1nﬂuence of angular momentum
on product branching is also of increasing interest.

II. Recent Progress

Our work in the last year included: 1) completing experiments (Publication 6) that
generated highly rotationally excited allyl radicals and allowed us to investigate centrifugal
effects in the dissociation to H + allene and the proposed isomerization pathway to 2-propenyl
radical; 2) finishing (Pub. 4) a manuscript on our crossed laser-molecular beam photofragment
scattering experiments on the primary and secondary reactions in the photodissociation of allyl
chloride, including the secondary unimolecular dissociation of the allyl radical from primary C-
Cl fission and of the C,H, product (to propargyl + H) from primary HCI elimination; 3)
completing (Pub. 5) our theoretical investigation of the transition states for HCI elimination in 2-
chloropropene; and 4) initiating crossed-laser molecular beam experiments on the
photodissociation of ethyl ethynyl ether, a potential photolytic precursor, suggested by R.
Bersohn, of the HCCO radical. In collaboration with Prof. F. Blase at Haverford we also set up a
synthetic apparatus for CH;OC], the photolytic precursor for highly rotationally excited CH,0O
radicals required for the work in the Future Plans section. Much of the data in the work
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described in A and B below was taken in collaboration with Dr. Fei Qi at the Chemical
Dynamics Beamline at the Advanced Light Source (ALS) in Berkeley.

A . Centrifugal Effects in the Unimolecular Dissociation of the Allyl Radical and
Comparison with Product Branching in the Noncyclic CH s Radical Isomers

Radical intermediates typically have many energetically accessible isomeric forms;
unraveling the competing isomerization and dissociation reactions of these radicals is important in
many combustion mechanisms. Of the three non-cyclic C,H; radicals, only the allyl radical has
been extensively studied under collisionless conditions, and these studies have primarily been on
allyl radicals energized with the absorption of a UV photon, so they produce the radicals at
energies well above the barriers to the isomerization to 2-propenyl and to 1-propenyl and the
barriers to dissociation of each isomer. Branching to product channels at such high excess
energies is more sensitive to ratios of A factors than relative barrier heights. As a result, a
discrepancy of about 15 kcal/mole between the experimentally determined versus the theoretically
predicted allyl—2-propeny! radical isomerization barrier has persisted, and the relative energetics
of many of the other isomerization and C-H and C-C fission barriers of these isomers have eluded
reliable determination. It has also not been possible to probe the dissociation dynamics of highly
rotationally excited allyl radicals under collisionless conditions. Initiated in March 2000 with
NSF support but continued in most of 2000 and 2001 with DOE support, our molecular beam
scattering method allowed us to resolve the branching between the competing C-H (and C-C, for
1-propenyl) bond fission channels of each of the three non-cyclic C;H; radical isomers as a
function of internal energy in the selected radical at energies that span the lowest dissociation and
isomerization barriers. The data on product branching is sensitive to the relative barrier heights of
the competing dissociation channels to within less than a couple kcal/mol.

The work reported in Pub. 6 used photofragment translational spectroscopy and H atom
Rydberg time-of-flight (HRTOF) spectroscopy to study the photolytic generation at 193 nm of the
allyl radical from allyl iodide and the ensuing dissociation of the nascent allyl radicals as a
function of their internal energy. Two C-I bond fission channels in the precursor produce the allyl
radical, one channel forming I (°P,,) and the other forming I (*P,,,) cofragments. The nascent
allyl radicals are dispersed as a function of the translational energy imparted from the photolysis,
and therefore by their internal energy. Although all of the I (°P,,) and a portion of the I (P, )
channel allyl radical products have enough internal energy to overcome the 60 kcal/mol barrier to
form allene + H, the data showed that a substantial fraction of the allyl radicals from the I (P,,)
channel formed with internal energies as high as 15 kcal/mol above the 60 kcal/mol barrier were
stable to H atom loss. The stability is due to centrifugal effects caused by significant rotational
energy imparted to the allyl radical during the precursor photolysis and the small impact
parameter and reduced mass characterizing the loss of an H atom from an allyl radical to form
allene + H. Concomitantly large H atom recoil energies were detected via HRTOF. A
photoionization efficiency (PIE) curve identified the major C,H, secondary dissociation products
as allene. Comparison of the mass 40 signal in the TOF spectra at two photoionization energies
showed that branching to H + propyne doesn’t occur at near threshold internal energies, indicating
the experimentally determined allyl — 2-propenyl radical isomerization barrier, which is lower .
than recent ab initio calculations of the barrier by ~15 kcal/mol, is far too low.

B. C-Cl Bond Fission, HC] Elimination, and Secondary Radical Decomposition in the 193

nm Photodissociation of Allyl Chloride

This study, completed in 2001 (Pub. 4) elucidates the competing HCI elimination channels
and C-CI bond fission channels of allyl chloride photodissociated at 193 nm as well as the
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secondary dissociation of both the allyl radical produced from C-Cl fission and the C;H, product
from HCI elimination. Prior work showed that C-Cl fission and HCl elimination occur upon ntt*
excitation of allyl chloride, but did not elucidate the mechanisms for the two HCI elimination
processes. Tunable VUV photoionization detection of the HCI and its momentum-matched C,H,
product in the present work allows us to gain both a crude measure of the level of HCI vibrational
excitation as well as a probe of the secondary dissociation of some of the C,H, products to
propargyl + H. It also detected a previously undetected low kinetic energy C-Cl bond fission
channel, the channel that forms allyl radicals which undergo secondary dissociation. The
measured branching of these primary reaction channels of [all C-Cl] : [fast C-Cl] : [slow C-Cl] :
[fast HCI] : {slow HC]] : [all HCI] is 1.0: 0.97: 0.03: 0.29: 0.17: 0.46 (where fast refers to the high
recoil kinetic energy channels.). Interestingly, the photoionization detection of HCI from allyl
chloride showed the HCI to have considerably less internal vibrational energy than the HCI
elimination product from 2-chloropropene. Since HCI elimination from 2-chloropropene can only
proceed via four-center elimination transition states that have a long H-Cl distance compared to
R, of the HCI product, 1.8 angstroms at the transition state, one is tempted to conclude that a
significant contributor to HCI elimination in allyl chloride is a three-center, 1,1, elimination of
HCI with a smaller H-CI distance at the transition state, not a 4-center process. This sheds some
light on the elusive mechanism for HCI elimination at 193 nm from vinyl chloride, for which a
three-center mechanism with synchronous isomerization for the HCI elimination was proposed.
We find that the onset of the photoionization spectrum of the HCI product measured for vinyl
chloride indicates that a significant fraction of the products is much more vibrationally excited
than the HCI product from allyl chloride. Indeed, the onset of the photoionization efficiency
curve for HCI from vinyl choride is nearly identical to that of the HCIl product from 2-
chloropropene, indicating that a major HCI elimination pathway in vinyl chloride is via a four-
center mechanism.

C. Theoretical Investigation of the Transition States Leading to HCl Elimination in 2-
Chloropropene

This paper (Pub. 5) presents ab initio electronic structure calculations on the planar transition
states of 2-chloropropene leading to HCI elimination on the ground electronic state to form either
propyne or allene as the cofragment. They were undertaken to better understand potential
mechanisms for HCI elimination in 2-chloropropene studied in my group and the bearing on the
HCI elimination channels of vinyl chloride, which has been pursued by several experimental
groups and for which K. Morokuma has calculated ab initio transition state structures and
energies. Our calculations on 2-chloropropene provide optimized geometries of the HCI
elimination transition states as well as vibrational frequencies, barrier heights, and reaction
endothermicities. The calculated barrier heights for the two distinct four-center HCI elimination
transition states, one leading to HCl and propyne and the other leading to HCl and allene, are 72.5
kcal/mol (77.8 kcal/mol without zero point correction) and 73.2 kcal/mol (78.7 kcal/mol) at the
MP2/6-311G(d,p) level, 71.0 kcal/mol (76.3 kcal/mol) and 70.5 kcal/mol (76.0 kcal/mol) at the
QCISD(T)/6-311+G(d,p)//MP2/6-311G(d,p) level, and 66.9 kcal/mol (71.7 kcal/mol) and 67.3
kcal/mol (72.1 kcal/mol) at the G3//B3LYP level of theory. Calculated harmonic vibrational
frequencies at the B3LYP/6-31G(d) level along with transition state barrier heights from the
G3//B3LYP level of theory are used to obtain RRKM reaction rate constants for each transition
state, which determine the branching ratio between the two HCI elimination channels. Even at
internal energies well above both HCI elimination barriers, the HCI elimination leading to
propyne is strongly favored. The smaller rate constant for the HCI elimination leading to allene
can be attributed to the freezing of the methyl rotor at the corresponding transition state.
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D. Photofragmentation Experiments on Ethyl Ethynyl Ether, an HCCO Radical Precursor

Motivated by R. Bersohn, we initiated this year molecular beam photofragmentation
experiments to investigate the generation of the HCCO radical from the 193 nm
photodissociation of ethyl ethynyl ether. The reaction of HCCO with NO has been shown to
be the major NO removal pathway in the reburning of hydrocarbon fuels at low temperature,
yet there is currently no clean photolytic source of the HCCO radical for kinetic studies trying
to measure the product branching. Our studies on ethyl ethynyl ether seek to assess its utility
as a photolytic precursor for HCCO, detecting all the possible bond fission and molecular
elimination pathways. The preliminary data obtained thus far indicate that C-O bond fission
to form HCCO + C,H; dominates the product branching, no significant branching to cleavage
of the other C-O bond or ethylene elimination is observed. The quantum yield of the HCCO
radical is thus near unity, but the measured recoil kinetic energy distribution for the HCCO +
C,H; product channel is very broad (extending from 0 to 60 kcal/mol), reflecting a broad
internal energy distribution of the nascent HCCO product. This is likely the result of at least

two different dissociation pathways for C-O fission to make HCCO + CH,CH,.

II. Future Plans

In parallel with the work on ethyl ethynyl ether, we plan to investigate the product
branching from a radical intermediate of the O(°P) + CH, bimolecular reaction. The studies
measure the unimolecular dissociation of CH,;O to the two competing product channels H +
~ H,CO and H, + HCO (the HCO unimolecularly dissociates to H + CO in the bimolecular
reaction) as a function of internal energy in the radical. Since significant branching to the H,
+ HCO is only predicted for high J in the bimolecular reaction, our experimental approach
generates rotationally hot unstable CH,O radicals in a scattering apparatus dispersed by
internal energy. This experiment provides the first collision-free data on the dissociation of
rotationally hot CH,O radicals as a function of internal energy in the radical, so provide a
critical test of the most important regions of the ab initio potential energy surface used to
obtain predictive ability for the O + CH, bimolecular reaction. The methodology can be
generalized to study a wide range of reactions with unstable radical intermediates.
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1. Preparation of Precursors Vinylperoxy and Phenylperoxy Radicals.

The importance of the vinylperoxy and phenylperoxy radicals in combustion mechanisms
is well known. Nevertheless, the generation of these species under conditions that can
allow complete determination of their physical and chemical properties has not yet been
accomplished. We have devoted considerable experimental effort to the preparation of
precursors that would make such studies possible. Specifically, we have been working
on the syntheses of two trialkylsilyl derivatives, in the expectation that gas-phase removal
of the silyl groups should be possible with F~, and that laser photodetachment of the
resulting peroxyanions would allow generation of the radicals, and would also provide
important information that could lead to experimental determination of their heats of
formation. The approach is illustrated for the vinylperoxy radical in the diagram below
(TBS = Si(CHj3),C(CHs)3): ~

/TBS
- .
H 0—o0O H 0—0 H 0—O0
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Despite the simplicity of structure of the precursor, its synthesis has proven extremely
challenging. Some of the unsuccessful attempts are summarized in the following
scheme: '
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A similar number of approaches have been tried for the preparation of Ph-O-O-TBS,
also without success to date. At present, we are exploring the following synthetic
procedures:

TBS TBS
/ /
HO—O — B O=—C | ceceeeeaa- P c—¢
H(CO)O(CO)CH, \ Tebbe reagent / \
pyridine H H H

~ OH .
-H
= “"00TBS 0OTBS

The Tebbe reagent, employed in the synthesis of the vinyl peroxide is Cp.Ti-p-Cl-p-CH-
2-Al(CH3),, which is known to convert formate esters to vinyl ethers.!

The route to the phenyl peroxide looks particularly promising since the addition of
H,0; to oxepine is already known.> However, oxepine is not commercially available. Its
synthesis is in progress at the time of writing.

2. Oxygen Interception of Radicals Involved in Soot Formation.
2.1 Introduction.
The process of hydrocarbon oxidation under conditions of combustion involves, in
general terms, a series of steps that take hydrocarbon fuels of medium-to-high molecular
mass through intermediates of ever decreasing molecular mass to the final products CO,
and H,O. Under the right conditions there can also be a parallel series of reactions that
occur via intermediates of ever increasing molecular mass, leading eventually to soot. In
most prior studies these degradation (oxidation) and aggregation (soot-forming) reactions
have been viewed lar§ely independently, although it has certainly been recognized that
they must be coupled.” The intermediates in one set of reactions must be candidates for
inclusion in the other. We have begun to look at key radicals believed to be involved in
the early stages of soot formation and to ask what their reactions with oxygen might be.
Of special interest are the rates of formation, identity, and subsequent reactions of the
products formed by oxygen interception. Although the larger radicals involved in the
later stages of soot formation will also presumably be susceptible to oxidation, we have
chosen to focus on the early-stage species because their interception would have the
greatest kinetic consequence on the overall soot-formation process.

We believe it is useful to define three general classes of reaction that can occur from
the peroxy radicals generated by the initial O, interception. These are:

1) Reversion: i.e. regeneration of O, and the original radical. If this were the most
favorable reaction of the peroxy radical, the oxygen interception would have little impact
on soot formation. Benzyl radical appears to be one potential soot-forming intermediate
whoseO, adduct falls in this class.

2) Ocxidative degradation to regenerate radicals that occur earlier in the soot-forming
chain. Reactions of this class would have some impact on the overall rate of soot
formation, but not as great an impact as those in class 3).
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3) Oxidative degradation to generate radicals that are not significant intermediates in
soot formation. Reactions of this kind would be the most important because they would
constitute major pathways for inhibiting soot formation.

2.2 Computational and Experimental Studies Related to Styrylperoxy Radicals.

The B-styryl radical is one of the key intermediates in the so-called HACA mechanism of
PAH formation.* While its role in the aggregation reactions leading to soot formation
seems well established, little seems to be known about its competitive degradative
reactions with oxygen. We have undertaken computational and experimental studies of
that problem.

Interception of the B-styryl radical undoubtedly generates F and Z stereoisomeric
styrylperoxy radicals. The E stereoisomer in all probability undergoes reactions
analogous to the oxidative degradation of vinyl, leading eventually to benzaldehyde and
the formyl radical. Benzaldehyde easily loses the aldeyhde hydrogen to generate the
benzoyl radical, which decarbonylates to give phenyl.> Since phenyl is the immediate
precursor to the B-styryl radical, this whole sequence merely sets the soot-forming
reactions back a step, but does not remove the aromatic fragment completely from the
game. In other words, this sequence would be of class (2) in the classification that we
have proposed. :

The situation is potentially different for the Z stereoisomer. It has open to it the
analogous side-chain oxidation reactions, but it also has the potential for intramolecular
attacks on the aromatic ring. We have investigated the feasibility of these reactions with
some preliminary UB3LYP/6-31G(d) calculations. -The results for one of them are
summarized in the figure below:

—f

Ring Degradation Slde-Chain Degradation

Erel

(kcal/mol)

Reaction Coordinate

Figure 1 UB3LYP/6-31G(d) energies for the oxidative degradation of the Z-
styrylperoxy radical. Figures are ZPE-corrected potential energies.



One sees that the barriers to initial ring closing are found to be only 1.2 kcal/mol
apart — well within the likely uncertainty of the calculations. The UB3LYP energy
profile for rearrangement of the dioxiranylbenzyl radical is shown as a dashed curve in
Figure 1 because we have reason to doubt its validity. We have recently shown that the
analogous rearrangement of dioxiranylmethyl radical requires a large-active-space
CASPT?2 calculation for accurate description,6 and it is likely to be the case here too. The
problem is that calculations of this kind are not feasible for the phenyl derivative, and so
we are exploring more tractable alternatives. The issue is crucial to the problem at hand
because the UB3LYP barrier suggests that the dioxiranylbenzyl rearrangement would
actually be the rate-determining step of the side-chain-oxidation branch, making the ring-
degradation branch more favorable. This would be of significance if correct, because
once an oxygen has been attached to the erstwhile aromatic ring, a number of facile ring-
opening reactions can follow. In other words, this branch of the process would be of
class (3).

Experimentally we are investigating the reaction of the B-styryl radical with O, in
order to find out what the products really are. There is one report of such a study already
in the literature.” Only sidechain oxidation products were identified in that work.
However, only 60% of the products were characterized and so it is difficult to know
whether ring degradation occurred or not. We are beginning our study by repeating the
earlier work with a more thorough identification of all of the products. If both sidechain
and ring oxidation products are found, we will look at the temperature dependence of the
branching ratio and compare it with that predicted from our calculations.
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Scope of Program:

My research has focused on developing and using two-dimensional imaging techniques
to study chemical dynamics. These techniques allow one to measure the velocity of
state-selectively photoionized products of unimolecular and bimolecular interactions.
This information is quite useful in understanding the details of chemical processes. In the
last two years we have made significant improvements in these techniques with the
further development of the velocity mapping technique and the utilization of a crossed
molecular beam apparatus for the study of bimolecular collisions. A major effort has
been to develop methods for extracting quantitative differential cross sections and
alignment parameters and measurement of orientation from crossed-molecular-beam ion
imaging experiments. Crossed molecular beam experiments have provided a wealth of
detailed information on inelastic and reactive bimolecular collisions. Scalar quantities
measured in such experiments include chemical reaction probabilities and energy
partitioning among the various product states. Measurements of vector quantities reveal
the spatial angular correlations among the directional properties of the reactant and
product trajectories. In the last year we have focused on measurement of these vector
quantities. This work was done in collaboration with Prof.-Joe Cline (University of
Nevada at Reno) and his students as well as with postdocs Thomas Lorenz, Elisabeth
Wade, Mike Elioff and Bradley Parsons.

Recent Progress:

Rotational state-resolved and alignment-corrected differential cross sections (DCS) for
the j-changing collisions of NO by Ar have been measured. This has been done for both
spin-orbit conserving and spin-orbit changing collisions. These measured differential
cross sections have been compared to theory. We have calculated the DCS and
alignment moments directly from the scattering matrix obtained in full close-coupled
quantum calculations using two recent ab initio NO-Ar potentials of Alexander and the
Hybridon scadttering package. Calculated and experimentally measured differential cross
sections for scattering are remarkably well reproduced in the calculations for both spin-
orbit conserving and changing collisions. In figure 1 is shown ion images for the
inelastic scattering ofNO(ZHuz,j=0.5,) + Ar — NO(2H3/2,j’) + Ar, j’=3.5-6.5, at a collision
energy of 477 cm’. The experimentally observed images were collected using the
Q2+Ry; transition for j’= 3.5, and 5.5; the Ry3(4.5) transition; and the P2,+Q)2 transition
for j’=6.5. The integration time for each of these images was approximately two hours
and the highest intensity represents approximately 7000 ion counts. Lower intensities are
represented by darker shading, higher intensities by lighter shading.
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Figure 1: Ion Images of NO(*[13,,j’ j’=3.5-6.5 from NO(IT,5,j=0.5) + Ar collisions.

Other crossed-beam experiments have examined the alignment and orientation of the
rotational angular momentum of scattered NO from rotationally inelastic collisions with
Ar at nominally 500 cm™ collision energy. The NO product is probed by polarized
(linearly in the case of alignment and circularly in the case of orientation), two-color 1+1’
REMPI through the NO A’L state. By using very low probe laser power, we avoid
saturation of the resonant transition. Rotational alignment is obtained from comparison
of images obtained with different polarization geometries of linearly polarized probe
light. Analysis of the normalized difference images shows that the alignment is well
described by the kinetic apse model proposed by Dr. Koury that assumes sudden
collisions and no addition of angular momentum along the impact direction.

Orientation is determined in a similar manner using circularly polarized light to detect the
scattering spheres. Analysis of the normalized difference images (Right-Left)/(Right
+Left) show a changing pattern of clockwise and counterclockwise spinning molecules.
Fig.2 compares the calculated oscillation pattern in the NO rotational orientation of two
similar Ar-NO potential energy surfaces. The two PES's predict similar NO product
rotational distributions, DCS's, and alignments. In our experiments at high ;' the two
PES's predict virtually identical rotational orientations. However, there are significant
differences at low j’, and the most recent potential better predicts the measured oscillatory
pattern of rotational orientation. This demonstrates the unusual sensitivity of the 8-
dependent pattern of product rotational orientation to the PES. We note that both PES's
predict a larger overall magnitude of orientation than is observed experimentally. The
origin of this difference in magnitude remains unclear. The similarity of the three
predictions of rotational orientation at high j“suggests the dynamics in these cases is
dominated by relatively simple repulsive kinematics and the details of the PES are
relatively unimportant.
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Figure 2: Normalized difference images showing NO orientation along with extracted angle dependent
orientation and calculated angle dependent orientation for several J states.

We have also studied the unimolecular dissociation of the NO dimer. NO dimers were
formed in a molecular expansion of Ar and He. Ultraviolet light was used to excite the
dimer at the threshold for forming an NO (A) state and an NO (X) state molecule. The

NO(A) state molecules absorb a second photon non-resonantly and ionize. At threshold
‘there is no kinetic energy for the fragments and they appear as a spot on our imaging
detector. With this technique we were able to determine the dissociation energy of the
dimer to be 697 +/- 4 cm-1.

Figure 3: Images of NO near the threshold of the'(NO); =5NO(A) + NO(X) process.
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Future Directions:

We will continue to develop techniques for the study of unimolecular photochemistry and
bimolecular interactions using photofragment imaging and velocity mapped crossed-
molecular-beam ion imaging techniques. The study of rotationally inelastic collisions
between diatomic molecules gives the opportunity to measure correlated energy transfer.
The NO/N; system is promising because the signal to noise is adequate to obtain
correlated information. NO images of single J states will be taken. The image consists of
a set of concentric rings each ring associated with production of a multiple rotational state
of the sibling N, product. Due to the velocity spreads in the molecular beams the rings
are not isolated and resolved. We are improving the data and developing techniques for
the extraction of the N; rotational distribution associated with each NO rotational state
from the data. We hope to extend this type study to the NO + Pyrazine system. We
would also like to study reactive systems such as Cl ( Pi» and P3/2) + H,. This reaction
is a particularly important and timely one to study because it has recently been reported
that the excited state reaction of the CI(*Py) is more reactive than the ground state
Cl( Ps/;) reaction.
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Direct Numerical Simulation of Turbulent Combustion with Detailed Chemistry
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BACKGROUND

The goal of this research program is to gain fundamental insight into unsteady flow/chemistry interactions
that occur in turbulent combustion, and to develop and validate combustion models required in various engineering
CFD approaches including Reynolds Averaged Navier-Stokes (RANS) and Large-eddy simulation (LES). A high-
fidelity numerical approach known as direct numerical simulation (DNS) has been coupled with detailed chemistry
and transport models. Using high-order numerical methods, this approach permits the efficient investigation of fine-
grained physical phenomena associated with interactions between convective and diffusive transport with detailed
chemistry in the combustion of hydrocarbon fuels. Together with experiments and zero- and one-dimensional
simulations, DNS is used to understand a particular aspect of an unsteady flow/chemistry interaction occurring in
the autoignition and high-temperature turbulent combustion of hydrogen and hydrocarbon fuels.

A maj\or new thrust in the past couple of years has been the extension of the DNS capability to study the
influence of turbulent mixing on the autoignition of inhomogeneous hydrogen/air and hydrocarbon/air mixtures, and
to identify the subsequent high-temperature combustion modes. In the following, we review some of these
accomplishments.

RESEARCH ACCOMPLISHMENTS
DNS of Autoignition in Non-homogeneous Hydrogen/Air Mixtures'

The objective of the present study is to understand the competition between scalar dissipation and
chemistry in the high-temperature autoignition of spatially non-homogeneous hydrogen-air mixtures with detailed
chemistry. This competition may be present during autoignition in a turbulent diesel jet as a cold fuel jet mixes with
a coflowing heated oxidizer stream. The present study is concerned with only one aspect of turbulence, which is
molecular mixing effects on autoignition in a non-uniform mixture. This is the first numerical study that documents
the transient evolution of autoignition that spans a wide range of mixtures and pressures, and that accounts for both
thermal energy and radical loss. The present study also documents the transient events that occur during the
induction phase of autoignition through thermal runaway, prior to the establishment of a propagating front.

The simulations show that autoignition is initiated in discrete kernels by radical build-up in high-
temperature, lean mixtures, and at relatively low dissipation rates. These observations are consistent with simple
chemistry DNS [2]. However, the subsequent evolution of these kernels is characterized by a strong coupling
between the dominant chemistry responsible for the growth of the radical pool and the competitive process of
thermal and radical species dissipation at the kernels’ cores. This coupling can lead to significant differences in

ignition delay by as much as three times over the corresponding homogeneous delay.
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Detailed analysis of the dominant chemistry and the relative roles of reaction and diffusion is implemented
by tracking the evolution of four representative kernels. The first kernel is characterized by a relatively low rate of
dissipation at its core throughout the induction time. It evolves similar to its corresponding homogeneous mixture,
albeit at a different reference mixture due to differential diffusion effects. The second and third kernels undergo
significant radical and heat loss by dissipation, resulting in increased delay time and a shift in the relative roles of
dominant reactions that contribute to radical production and consumption during the induction phase. The shift is
characterized by an increased role of termination reactions during the intermediate stages of the induction period.
The termination reaction, H + O, + M = HO, + M, helps to promote the build-up of hydroperoxy, a key radical
storage species, and to promote an increase in temperature at the kernel, which in turn, leads to a shift in chemistry
favoring chain-branching reactions. The branching reaction HO, + H = OH + OH further converts the chain
terminating reaction H+ O,+ M = HO, + M into a chain propagating pathway, thereby leading to a suspended radical
level at the kernel core until the temperature increase is sufficient to promote active chain-branching.

The same shift towards chain termination is responsible for extinction in the fourth kernel that is promoted
by high rates of heat and radical dissipation and a moderate heat releése during induction. We find that the fate of
the different kernels is associated with 1) the dissipation of heat that contributes to a slow down in chemical
reactions and a shift in balance between chain-branching and chain-termination reactions, and 2) the dissipation of
mass that keeps the radical pool growth in check, and that is promoted by slower reaction rates.

We further find that a single measure of the competition between chemistry and transport may be
insufficient to describe autoignition. The disparate scales of the radical and thermal layers during autoignition brings
to question whether a definition of the scalar dissipation rate based on a major species or temperature is adequate.
This is particularly important at temperature ranges in the vicinity of the cross-over temperature where chain
branching/chain termination reactions are most sensitive to temperature. Damkéhler numbers for the different
species and energy equation, that are associated with the relative balance of diffusive transport and chemistry,
diverge significantly during the transient evolution of the kernels. Here, we propose an additional Damkohler
number that tracks the evolution of a representative radical in addition to the Damk&hler number associated with
thermal loss.

Effects of Unsteady Scalar Dissipation Rate on Ignition of Non-Premixed Hydrogen/Air Mixtures in
Counterflow’

In the DNS study above, the turbulent mixing conditions are such that the characteristic ignition delay is
comparable to mixing time scales. As a result, many kernels experience a single impulsive strain event during their
evolution, as opposed to several repetitive strain events. To reproduce similar turbulent mixing conditions under a
simpler configuration, the effects of radical dissipation on the ignition delay and kernel evolution are examined by
impulsively changing the scalar dissipation rate via the counterflow freestream velocities. In particular, the impulse
is applied at different times during the induction period to assess the radical evolution dependence on the kernel
mixing history.

The one-dimensional counterflow study is performed in the high-temperature ignition limit and then

extended to the low-temperature ignition limit, which is relevant to many practical combustion devices including
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diesel and homogeneous charge compression ignition (HCCI) engines. The sensitivity of the kernel growth is
quantified by examining the time evolution of key radical species as well as their reaction and flow flux balances
over a range of impulse amplitudes and times.

We find that transient ignition in both high- and low-temperature ignition limits is sensitive to changes in
scalar dissipation rate. Increases in ignition delay of as much as five times are observed, depending upon the
impulsive forcing amplitude and timing. For a given impulse amplitude, kernels that accumulate more radicals by a
given time during induction are found to ignite much sooner, indicating that the time history of the kernel radical
pool relative to the impulse time is important. Furthermore, kemels are found to be able to survive excursions in the
scalar dissipation rate to values that far exceed the steady ignition state. The increase in ignition delay in both limits
is attributed to a shorter residence time of radicals in the kernel as measured by an instantaneous Damkéshler
number. A new ignition criterion based on the instantaneous Damkohler is found to be an accurate measure of
predicting the ignitability under highly transient conditions.

DNS of High-Temperature Combustion in Nonhomogeneous Hydrogen/Air Mixtures *

Following the accumulation of a radical pool by chemical chain branching during the induction phase,
thermal runaway occurs during which isolated ignition kernels form premixed fronts that propagate from the ignition
sites. The fronts subsequently propagate into inhomogeneous thermal and reactant composition fields, converting
reactants into intermediates and products in their wake. We continued the ignition DNS simulations past thermal
runaway into the high-temperature combustion and burnout stages. Our primary motivation in this follow-on study
is to identify the effects of a nonhomogeneous mixture fraction field on the high-temperature combustion modes and
the relative contributions of these modes to heat release and pollutant formation. A secondary objective is to
investigate the presence and potential roles played by triple flames. Previous studies have shown that these
structures may play a key role in the propagation of ignition along stoichiometric contours. Initially combustion is
initiated in lean premixed flames that subsequently propagate into richer mixtures. As these fronts cross the
stoichiometric mixture fraction, rich premixed flames are formed. Because of gas expansion and premixed flame
propagation, these diffusion flames evolve from intensely burning diffusion flames that are attached to rich
premixed fronts, to detached, slowly quenched diffusion flames that scavenge radicals behind the front. We find
that mixture stratifications play a vital role in the detachment rate of these flames, such that mixtures with higher
dissipation rates and faster variations in the nuxture fraction promote flame detachment.

In addition to premixed and diffusion flame fronts, triple flames and diffusive, distributed reaction zones
also develop. Triple flames are formed during the transition along an autoignition kernel from lean to rich premixed
flames and during the propagation of these rich premixed flames into quenched fuel-lean mixtures. At the
intersection of lean and rich premixed flames and stoichiometric lines, the so-called triple point, burning is more
intense. However, the overall contribution of triple flames to the ignition and burning rate of detached diffusion
flames remains insignificant.

The contribution of combustion in premixed and diffusion flame modes to heat release rate is found to be
strongly affected by the mixture field. An increased and sustained contribution of diffusion flames to heat release is

found for low dissipation, slowly varying mixture fraction fields. Finally, the dominant contribution to NO
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formation, as estimated using a simple Zeldovich formulation, may be attributed primarily to diffusion flames for
the mixture conditions considered.
FUTURE RESEARCH

In the next couple of years we plan to extend ongoing research in the areas of autoignition and
high-temperature partially-premixed turbulent combustion. In particular, we plan to study the effect of
turbulent mixing on the ignition delay of single and multi-stage ignition hydrocarbon fuels over a range of
pressure and mixing conditions. We further plan to extend current models of autoignition and flame
propagation in RANS and LES approaches. The statistical data obtained from DNS will be used to
characterize the evolution of the scalar dissipation rate and mixture integral scales required to develop
models of high-temperature partially-premixed combustion.
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Scope

This research program focuses on lean premixed combustion which is an emerging low emission
energy technology being deployed in advanced heat and power generation systems. Our objective
Is to investigate experimentally the fluid mechanic processes that control combustion intensity,
flame stabilization, extinction and pollutant formation. The goal is to provide the scientific
underpinnings which can then be incorporated into models that will become more accurate and
reliable tools for predicting combustion process performance. This effort is responsive to DOE’s
mission to “foster a secure and reliable energy system that is environmentally and economically
sustainable.” Combustion processes of practical interest are turbulent and are not yet sufficiently
well characterized or understood to guide the refinement of turbulent combustion theories and to
support the development of robust numerical models. Our approach follows a theoretical concept
of classifying premixed flames based on the initial turbulence conditions and chemistry. To
conduct a systematic exploration of the evolving flame structures at different turbulence
intensities and scales, we use laser diagnostics and laboratory burners capable of operating over a
wide range of fuel/air ratios and turbulence conditions. In the past, our laboratory experiments
have concentrated on flames at standard temperature and pressure (i.e., typical furnace and boiler
conditions). With the development of new experimental facilities, the experimental conditions
will be extended to higher flow velocities (1.€., a closer simulation of conditions in large burners)
and higher pressures and temperatures (i.e., a closer simulation of gas turbine conditions). -

Recent Progress

Our low-swirl burner (LSB) has been very useful for investigating the evolution of flame front
structures with increasing turbulence. Fitted with a special turbulence generator, it has enabled
the study of flames with high intensity, near-isotropic turbulence up to 4 m/s RMS velocity.
Previous investigations have supported the concept of a new ‘thin reaction zone’ regime

(I < Ka < 10) proposed by Peters. Here, the smallest turbulent eddy is smaller that the flame
front thickness, d; (about 1 mm for most atmospheric hydrocarbon flames), but is still an order of
magnitude larger than the reaction zone (about 0.1 mm). The significant change in flame
structure between the wrinkled flame regime and the thin reaction zone regime is the broadening
of the preheat zone due to disturbance by turbulence. The main implication for modeling is that
turbulent transport becomes significant within the preheat zone. To what extent this will
influence the local reaction rate remains unknown. To better characterize preheat zone
broadening, we studied six methane/air flames of equivalence ratio 0.7, Ka = 1-17 by Rayleigh
laser sheet measurements of the gas density. Within the preheat zone (approximately 400-
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1000 K) a new approach to analyzing flame front broadening has been developed to address
issues of flame three dimensionality.

Instantaneous progress variable, ¢, contour sets, extracted from the 2D Rayleigh images,
constitute the basic data set. A statistical analysis of three aspects of this data has been developed
and performed: a) ¢ contour spacing, b) flame front curvature, and c) flame surface density. A
detailed investigation revealed little change in these parameters with turbulence, even at the
highest Ka numbers; the contour spacings were similar to those derived from numerical laminar
simulations and neither the flame front curvature nor the flame surface density varied
significantly with c. Geometric effects of turbulence on flame front structure still predominate at
these turbulence levels. The primary effect of higher turbulence is increasingly to convolute the
flame front, raise the flame surface density, reduce the scalar length scales and so increase the
burning rate. This finding is also reflected in a significant broadening of the flame front curvature
distributions with increasing u ”/S;. These results indicate that the diagrams often used to delimit
the various regimes of premixed turbulent combustion and hence guide modeling are based on
parameters which need to be carefully investigated to determine their appropriateness. This
argues for an interpretation of combustion/turbulence interactions which sees the reaction zone
thickness as the significant scalar length scale.

Our basic research on turbulent combustion has spun-off applied work for developing our LSBs
into economical low emission combustion products. They are being commercialized by a U.S.
burner manufacturer and will be introduced in 2003 for industrial process heating of up to 3 MW
(10 MMBtw/hr). Experience gained from scaling the burner to large sizes for industrial
application has provided interesting insight into premixed turbulent flame properties. Typical
operating velocities of practical LSBs are from 10 to 90 my/s. The fact that the LSB operates over
such a large velocity range implies a linear relationship between the displacement flame speed
and turbulence intensity. This is in direct contrast with current theoretical consensus on a
“bending effect” where the displacement flame speed correlation ceases to increase with
increasing turbulence. To obtain a fundamental understanding of this interesting flame
phenomenon, we have built a half-scale LSB (2.5 cm ID) that operates up to 50 m/s. Preliminary
tests are complete and Rayleigh scattering and OH-Planar Laser Induced Fluorescence (OH-
PLIF) are being applied to study the wrinkled flame structures. Particle Image Velocimetry (PIV)
measurements will commence once the new-diagnostics are fully commissioned.

The development of PIV is a significant enhancement of our capability to study the flowfields of
turbulent premixed flames in high velocities. In the past, we have depended on two-component
laser Doppler anemometry (LDA) to measure velocity statistics. Although LDA is a robust
method, it produces velocity information only at one point in the flowfield at a time. Scanning a
very large flame is therefore quite time consuming. The long run time necessary to scan flames
requiring high air and fuel flowrates are difficult to accommodate. They burden laboratory
resources and put stringent demands on safety monitoring and control. PIV captures the velocity
within a spatial domain that covers most of the laboratory flame zones. Instantaneous velocities
in 2D are rendered by analyzing the displacement of particle positions between two images
obtained by short successive laser pulses. Flow direction is readily resolved on the 2D image
plane. It provides a much faster means of obtaining flowfield information and also information
such as instantaneous velocity gradients, unavailable from LDV. This method is relatively mature
and commercial units are available. The system we have developed is cost-shared with the
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NASA Microgravity Combustion Program. It consists of a dual, synchronized YAG laser system
interfaced with a PC-controlled frame grabber and a 2K by 2K digital camera. Data acquisttion
and analysis software is provided by Mark Wernet of NASA Glenn Research Center. This system
is being calibrated by mapping the flowfield of a 50 mm diameter LSB. The data will provide the
baseline data for comparison with the results to be obtained in the smaller burner at higher
velocities.

We also continue the development of an experimental facility to study lean premixed turbulent
flames at high initial pressures and temperatures. It is designed to simulate idle and mid-load
conditions of a small gas turbine combustor (15 atm and 200° C inlet temperature). The
centerpiece is an optically accessible stainless steel combustion chamber that is mounted on top
of a premixed burner. This facility has computer-controlled provision to set the fuel/air ratio,
monitor chamber pressure and surface temperatures, and to analyze combustion products. After
extensive overhaul of our original flow control system to provide better operational stability at
moderate pressures, the commissioning process of the facility is near completion. Conditions
tested thus far include conical flames with mean flow velocity of 3m/s at 2 atm.

~In addition to our experimental effort, we are also pursuing a modest numerical study of the
simulation of turbulent open v-flames. This 2D method is particularly well-suited for ,
investigating the dynamics of turbulent flow and its effects on flame wrinkling. Though other
more elaborate numerical approaches have been developed for premixed turbulent flames, the
discrete vortex method focuses on the fluid mechanical processes and provides a better tool to
resolve the dynamic flame/turbulence interactions that control the development of the turbulent
flame brush. A rod-stabilized v-flame was chosen for simulation because of the wealth of
experimental data on the turbulent flowfield and flame wrinkle structures that have been
collected in our experimental database, and are available for direct comparison with numerical
results.

Our collaborator on the numerical simulation is Prof. C.K. Chan of the Hong Kong Polytechnic

“University. The achievements in the past year include improvement in the simulation of the
complex flame fronts by a novel numerical technique called Contour Advection with Surgery
(CAS). Having been used in geophysical research for more than a decade, CAS is a new
numerical scheme for studying flame front propagation. By continuously redistributing marker
nodes at a desired density, CAS is able to avoid the numerical instability caused by the clustering
of marker nodes in regions of high curvature. Furthermore, the novel Contour Surgery (CS)
accompanying CAS allows topological changes of the flame front while it evolves without
causing any difficulty. To test the robustness and accuracy of CAS, we have performed two
numerical experiments with carefully selected parameters. The first experiment had a moderate
turbulence intensity of 7%, and the computed velocity statistics, as well as flame surface density
show a good agreement with laboratory measurements. The second experiment has a higher
turbulence intensity of 14%. In this case, CS is found to play an active role in treating the
frequent topological changes of the convoluted flame front which results in the formation of
small flame islands. In principle, CAS can be extended to other combustion geometries, such as
stagnation flame, when the reaction sheet model is employed.

Summary of Planned Research
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For our study of open high speed flames at atmospheric conditions, the use of PIV will determine
the displacement flame speed and provide an explanation of why the low-swirl flame
stabilization method does not exhibit non-linearity in its flame speed correlation. OH-PLIF and
Rayleigh techniques (point or 2D) will be used to study the local and mean burning rates and to
investigate if wrinkled flame structures still exist at high flow rates.

For our study of premixed turbulent flames at high pressures, the initial effort will be focused on
an extensive survey of the effects of high pressure on overall flame features using imaging
methods. Changes in flame size with pressures will provide qualitative information on the mean
combustion intensity and the mean burning rate. The laminar flame thickness decreases with
increasing pressure indicating that the wrinkle flame model will still be valid. The validation of
thin flame structures under high pressures requires detailed measurement of turbulence flowfield
and flame structure. Adapting OH-PLIF and Raylelgh scattering techniques to high pressures will
be one of the major efforts.

If funding is available, we plan to use the improved discrete vortex model and extend the
computations to high turbulence intensities and possible predictions of local extinction. Another
extension would be to treat the problem of flame stabilization by a recirculation region behind a
finite size flameholder. The model would include the effects of shear turbulence produced by the
flame stabilizer and its role in the recirculation zone within the products. Formulation and
exploitation of the model for the stagnation point flame configuration will also be explored.
These new numerical simulation developments would represent a significant and practically
important advance in the prediction of premixed flame behavior by means of vortex dynamics,
but the numerical problems which would have to be overcome are far from trivial. Additional
experiments designed to validate numerical predictions will also be formulated.

We also plan to organize our prior measurements into a database accessible to collaborators. We
routinely receive requests to provide data to support theoretical and numerical development.

Publications

1. Shepherd, I.G. and Cheng, R.K., “The Burning Rate of Premixed Flames in Moderate and
Intense Turbulence,” Combustion and Flame, 127:2066-2075 (2001).

2. Cheng, R.K., Bedat, B., Shepherd I.G. and Talbot, L., “Premixed Turbulent Flame Structures
in Moderate and Intense Isotropic Turbulence,” Combustion Science and Technology,
174(1):29-59, 2002.

3. Shepherd, I.G. and Cheng, R K., “Premixed Flame Front Structure in Intense Turbulence,” to
appear in Proceedings of the Combustion Institute, 39 (2002).

4. Lam, J.S.L., Chan, C.K., Talbot, L. and Shepherd, 1.G., “On the High-Resolution Modeling
of Turbulent Premixed Open V-flame,” submitted to Combustion Theory and Modeling,
(2002).
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Program Scope

This research program has as its objective uncovering of the reaction mechanisms responsible for the
formation of various heteroatom-containing combustion emittants. As such, it holds the promise of guiding
the practitioners of applied science and engineering in their efforts to significantly reduce the pyrolytic
production of carcinogens and other hazardous substances. At the same time, it is slated to test practical
limits of the predictive power of modern quantum-chemical methods and shed light on mechanisms of many
reactions that are commonly employed in organic syntheses.

Our research targets a large number of reaction pathways of relevance to pyrolytic processes involving
heterocyclic compounds that occur during genesis, acquisition, and combustion of fossil fuels. A broad
spectrum of theoretical approaches, ranging from very accurate interpolative schemes such as G3 to
the methods of density functional theory, is invoked. As the result, reliable values of thermodynamic
properties become available for molecules that are not readily amenable to experimental measurements.
New mechanisms of important reactions are revealed and the rules governing thermal fates of heterocyclic
species are discovered.

Recent Progress

A number of research projects were completed in 2001. These projects, which yielded data of much interest
to both experimental and theoretical chemists, required very substantial computer resources.

According to both UB3LYP/6-311G* and UMP2/6-311G* calculations, the lowest-energy conformer of
the Sy radical cation possesses C; symmetry [10]. However, there are three other structures with low
relative energies that do not exceed 6.5 [kcal/mol|. These conformers, which are found to be very prone to
pseudorotation, are predicted to interconvert readily. The fluxional nature of Sg’ is expected to facilitate its
reactions with organic species where a specific conformation is demanded by steric constraints, which may
explain its high reactivity towards PAHs with crowded hydrogen atoms.

Utilizing UB3LYP/6-311G* and UMP2/6-311G* calculations, the S§ homocyclic radical cation exists in
only one conformer of Cy symmetry that undergoes a facile pseudorotation through a C, transition state
[11]. A structure with D34 symmetry is predicted to be the global minimum for the S§ species. This study
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uncovers the gradual transition from the conformational simplicity of smaller homocyclic sulfur cations, for
which the rigidity of the rings apparently translates into a relatively weak influence of electron correlation
effects on their relative energetics and geometries, to the conformational complexity of larger species, for
which significant discrepancies between the predictions of different electronic structure methods are observed.

When calibrated against the available experimental data for didehydrobenzenes, RB3LYP/cc-pVTZ,
QCISD/cc-pVTZ, CCSD(T)/cc-pVTZ, and G3 electronic structure calculations provide reliable predictions
of standard enthalpies and singlet-triplet splittings in all possible isomers of didehydroazines, which (with
a possible exception of 2,6-didehydropyridine) possess singlet ground states [12]. Singlet didehydroazines
with larger numbers of nitrogen atoms turn out to be more prone to ring opening, as indicated by the
fact that out of the 6, 11, 6, and 3 possible didehydropyridines, didehydrodiazines, didehydrotriazines, and
didehydrotetrazines,respectively, 5, 7, 2, and none are actually found. Immediate proximity of the nitrogen
atom to the formally triple carbon-carbon bond confers decreased thermodynamic stabilities and smaller
singlet-triplet splittings on the species of the 1,2-didehydro type. Some of the aza-analogs of singlet 1,3-
didehydrobenzene were as stable as their 1,2-didehydro counterparts. The only existing aza-analog of singlet
1,4-didehydrobenzene is 2,5-didehydropyrazine, which is particularly stable and possesses a large singlet-
triplet splitting, making it a feasible synthetic target. The calculations also indicate that the experimental
standard enthalpies of formation of pyrimidine and pyrazine are in error.

Standard enthalpies of formation, ionization potentials, electron affinities, and band gaps of finite-length
[5,5] armchair and [9,0] zigzag single-walled carbon nanotubes (SWNTs) capped with Csp hemispheres
obtained by halving the Cgg fullerene were computed at the B3LYP /6-311G* level of theory [13]. Properties
of SWNTs were found to depend strongly on the tube length and, in the case of the [9,0] zigzag species, on the
relative orientation of the caps. The metallic character of an uncapped infinite-length [5,5] armchair SWNT
manifests itself in the oscillatory dependence of the properties of capped finite-length tubes on their size.
An infinite-length [9,0] zigzag SWNT is predicted to be a semiconductor rather than a metal irrespective of
the presence of caps. The results underscore the slow convergence of SWNT properties with respect to the
tube length and uncover small but significant radial distortions along the long axes of SWNTs.

Future Plans

In the coming year, our research will focus on the elucidation of the formation of five- and six-membered
heterocycles in pyrolytic reactions. To achieve this end, we are planning to complete the following projects:

The rearrangement of benzyne (1, X=Y=V=Z=CH) to cyclopentadienylidenecarbene (2, X=Y=V=Z=CH)
constitutes the key step in the reaction pathway that connects polycyclic aromatic hydrocarbons with their
cyclopenta-analogs.

X ' X
Y/ Y¢
I — :
\Z \Z
1 2

This transformation is ca. 30 [kcal/mol] endothermic and proceeds through a very late transition state.
Activation and reaction energies of the rearrangements that lead to annelated cyclopentadienylidenecarbenes
can be easily predicted from simple considerations that take into account the disruption of aromatic
conjugation caused by the bond fixation in the five-membered rings of the reaction products. Interestingly,
although such rearrangements have been postulated for many reactions, none of them appears to involve
an azine ring. The possible explanation of this fact may lie in the lability of azynes, several of which are
known to undergo spontaneous ring fissions. Thus, 3 obtained by pyrolysis of pyridine-2,3-dicarboxylic
anhydride at 600 [°C|, opens to form the unsaturated nitrile 4, which rapidly decomposes to HC=C-C=CH
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and HCN. In a similar reaction, 5 yields a 1:1 mixture of nitriles 6 and 7. These fragmentations occur
even at low temperatures, as exemplified by the formation of 4 in matrix photolysis experiments expected
to produce 3. Annelated azynes, such as 8 and 10, also undergo ring fissions that yield, respectively, o-
cyanophenylacetylene (9) and phthalonitrile (10). On the other hand, 3,4-didehydropyridine appears to
be somewhat more stable with respect to fragmentation, not only decomposing unimolecularly to CoH, +
HC=C-CN and HCON + HC=C-C=CH but also dimerizing to diazabiphenylene in the gas phase. In Ar or
N matrices, 3,4-didehydropyridine is persistent enough to have a measurable infrared spectrum.
The aforedescribed experimental observations call for the following theoretical research:

1. Thermochemistry and kinetics of rearrangements of azynes to aza analogs of cyclopentadienylidenecarbene.
The electronic factors affecting the barriers and energetics of the 1 — 2 rearrangement will be investigated
by analyzing the data produced by G3 and CCSD(T) calculations on didehyroazines and the respective
carbene isomers. Stabilities of the latter species with respect to fragmentation will be investigated.

H u H H
O =TT =T =T,
H Ny NC NC CN

3 .

12 13 4
2. Mechanisms and patterns of ring fissions in azynes. Two mechanisms have been proposed for the
ring fission in azynes. The first alternative involves a scission of the triple bond and the formation of a
carbene (12), which undergoes a 1,2-hydrogen shift to isonitrile (13) that in turn thermally rearranges to
the reaction product. This mechanism appears to be unlikely in light of the large C=C bond dissociation

energy and the observed production of the nitrile 4 even at low temperatures. Another possibility is offered
by a concerted process. However, such a process does not seem feasible in the case of annelated azynes 8
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and 10 that afford ring fission products in high yields. In order to resolve these inconsistencies and possibly
uncover a different viable reaction mechanism, detailed high-level electronic structure calculations will be
performed for various bond scissions and rearrangements in 3 and its ring fission products. The feasibility
of the reaction pathways emerging from the sequences of these elementary processes will be assessed from
both thermodynamic and kinetic points of view. Subsequently, analogous studies of fragmentation patterns
of didehydroazines will be carried out. Factors that determine stabilities of individual azynes with respect
to ring fission and/or fragmentation will be deduced from the resulting data. Ring openings in annelated
azynes such as 8 and 10 will also be investigated, albeit at lower levels of theory.

10.

11.

12.

13.
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Program Scope

This research program has continued to focus on studies of the dynamics of hydroxyl radical
reactions and in the last year has been extended to the study of radical species, in particular the
alkynoxy radicals. The dynamics of hydroxyl radical reactions have been studied using negative-
1on photodetachment techniques to prepare energy-selected neutral complexes in configurations
near the transition-state for the corresponding bimolecular reactions. The products and
dissociation dynamics of the nascent neutral complexes are then measured using translational
spectroscopy. We previously applied this technique to both the OH + H,O and OH + OH
reactions and have now extended these experiments to the HCO, radical and the OH + CO —
HOCO — H + CO; reaction. The central goal is to study the reaction dynamics of these species,
providing experimental benchmarks for the evaluation of potential energy surfaces and dynamics
calculations on these important systems. In studies of the energetics and dynamics of
combustion-relevant free-radical species our interests lie in quantification of the anion and
neutral energetics of these species. To support these experimental efforts we have carried out a
number of ab initio and dynamics calculations, and have also established a collaboration with
Professor Joseph Francisco of Purdue University.

Recent Progress

1. Dynamics of Elementary Combustion Reactions
Probing the HOCO potential energy surface by photodetachment of HOCO™ .

The most exciting recent development in our studies of the half-collision dynamics of
elementary combustion reactions has been our success at production of the HOCO™ anion and our
study of the dissociative photodetachment (DPD) of this species. Formed in a pulsed-discharge
1on source containing N,O/CH,4 and CO, this anion has a photoelectron spectrum vastly different
from the previously studied formate anion, HCO;', discussed below. The most interesting aspect
of this anion, however, is the observation that upon photodetachment this species yields stable
radicals and both combustion-relevant product channels, H + CO; + e and OH + CO + ¢

The broad photoelectron spectrum observed for the HOCO™- anion indicates a vertical
detachment energy (VDE) of 2.18 eV. Since the anion has not been previously characterized, we
contacted Prof. Francisco of Purdue University, who carried out high-level (CCSD(T) // 6-
311++G(3df,3pd)) ab initio calculations of the anion and neutral equilibrium geometries and
energetics. Franck-Condon simulations of the observed spectra are most consistent with the
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presence of the trans-HOCQ™ anion in the source, however, the calculations show that the trans-
and cis-HOCQO' anions are nearly 1soenergetic so it is likely that a mixture of these species are
present. The energetics determined from the calculations are in excellent accord with the
experimental data, and indicate an electron affinity (EA) for trans-HOCO of 1.29 eV, and a bond
dissociation energy for HOCO™ — OH™ + CO of 0.8 e¢V. Comparison of the expected Franck-
Condon region in terms of the calculated cis- and trans-anion geometries to the neutral HOCO
potential energy surface of Muckerman and co-workers' shows that these experiments access the
ground state potential on the repulsive wall of the HOCO radical well.

In addition to production of stable HOCO radicals upon photodetachment, both OH + CO
and H + CO, products were observed. The OH + CO channel shows evidence for two distinct
dissociation pathways — one characterized by high-energy photoelectrons and a product
translational energy distribution peaked near 0 €V, and the other channel characterized by a very
broad photoelectron spectrum in coincidence with a large OH + CO product translational energy
release (peaking at 1.6 eV). The latter channel can be understood in terms of excitation from
HOCO' to a repulsive OH + CO curve, consistent with calculations by Li and Francisco on the
excited states of HOCO.? The low-energy channel (peaking at Ernear 0 eV) OH + CO products
are consistent with unimolecular decomposition on the ground HOCO surface after Franck-
Condon excitation into the region of the HOCO well. Similarly, in the H + CO, product channel
a peak translational energy release of 0.53 eV is observed, consistent with unimolecular
decomposition of HOCO. This channel peaks considerably away from 0 eV due to the 1.3 eV
barrier from the H + CO, exit channel transition state to the asymptotic H + CO, products.

This work is nearly ready for submission for publication, and marks the first characterization
of the HOCO™ molecular anion, and more importantly provides new insights into the dynamics
on both ground and electronically excited state HOCO surfaces. Given the attention focused on
the neutral potential energy surface for this system, future dynamics calculations for comparison
with these results should be possible and will be of great interest.

HCO; +hv—>H +CO; + ¢

Prior to our studies of the HOCO™ molecular anion, we studied the DPD of the formate
anions HCO; and DCO," at 258 nm. .In these experiments, we observed photoelectron spectra
consistent with those obtained by Neumark and co-workers,’> and we found that all of the nascent
formyloxyl (HCO,) radicals dissociated to H + CO, products. State-resolved translational energy
distributions were observed correlated with bending excitation in the CO, product, indicating
very low rotational excitation in the products consistent with predissociation of a C;y HCO;
molecule. No evidence was found for dissociation into OH + CO. All three low-lying electronic
states (2A1, ’B, and 2Az) were found to dissociate, but resolved progressions were only observed
from photodetachment to the 2A; and B, states. Photoelectron-photofragment coincidence
spectra for DCO;” show resolved vertical bands and indicate that multiple CO, vibrational states
are accessible from each vibrational level in the predissociating DCO, molecule. The resolved
structure is assigned to vibrational predissociation sequence bands, observable in this DPD
process owing to the dissociation dynamics and the near degeneracy of the vibrational levels in
the 2A, and 2B2 states of HCO, and the bending mode of the CO; products. These results are
described in our publication 9 published in September, 2001.



OH + H,0 - H,0 +OH

Our previous experimental studies of the OH + OH and OH + H2O reactions (publications 1
and 8 below) were in both cases supported by ab initio calculations of relevant regions of the
potential energy surfaces for both the anionic precursor and the neutral products. The most
extensive work we carried out on the simpler OH + H;O — H,0 + OH reaction. The initial goal
in these studies was to calculate the electronic structures of the stationary points in the anion and
neutral consistently and find a method accurate enough for calculation of the potential energy
surface for both the anion and the neutral. To complete these calculations in a reasonable time,
calculations were carried out at the (U)QCISD level of theory with the 6-311++G(d,p) basis set.
The most extensive work was done on the neutral potential energy surface. The energy of the
system was calculated at 60 points (120 by symmetry) for the anion and 120 points (240 by
symmetry) for the neutral, varying the bond distances between the shared H atom and the O
atoms in a collinear O-H-O geometry with overall C;, symmetry in the H-O-H-O-H complex.
The points on both surfaces were fit with an analytic function, allowing two—dimensional time-
dependent wavepacket dynamics simulations of the observed photoelectron spectra, extending
‘the previous one-dimensional calculations of Arnold, et al.* The simulations showed that use of
the ab initio surfaces for the anion and neutral lead to a significant broadening of the simulated
photoelectron spectra, more consistent with the experimental result, and also providing a
measure of the sensitivity of these data to the true potential energy surface governing hydroxyl
radical reactions. This work is nearly ready for submission, and we hope that our theoretical
efforts and observations will encourage further high-level theoretical structure and dynamics
calculations in a larger number of degrees of freedom for this benchmark reaction of hydroxyl
radicals.

2. Energetics of Free Radicals: Photoelectron Spectroscopy and Photodetachment Imaging
of Alkynoxides.

In our efforts to characterize relevant combustion intermediates, we turned our attention in
the last year to-the alkynoxy radicals. Propargyl alcohol, HOCH,CCHj, is the simplest alkynol
and is an energetic species owing to the presence of the acetylenic triple bond. To the best of our
knowledge, however, there have been no prior studies of the energetics and dynamics of the
related alkynoxy radicals. In the current study, the ground and low-lying excited states of the -
alkynoxy radicals were measured. Photoelectron images and spectra of 2-propyn-1-oxide, 2-
butyn-1-oxide and 3-butyn-1-oxide have been obtained at various wavelengths. Photodetachment
to the ground and low-lying excited states of the corresponding neutral radicals was observed.
These experiments constitute the first spectroscopic measurements of energetics and angular
distributions of alkynoxy species. The photoelectron images and spectra provide information
about the structures and stabilities that has been corroborated by high level ab initio and Franck-
Condon factor calculations. The CC triple bond interaction with the oxygen lone pairs in 2-
propyn-1-oxide is shown to give rise to only a small splitting of the lowest A' and A" states of
the radical that are produced by photodetachment from the O lone pairs in the anion. However, a
low-lying excited state has been found for these species that originates from photodetachment
out of the carbon-carbon triple bond. and the effects of methylene insertion and methyl
termination in 3-butyn-1-oxide are discussed.” The adiabatic electron affinity of propynoxy
radical is found to be 2.15 eV, and the carbon-carbon triple bond excited state is 1.05 eV higher
in energy.



Future Plans

In the coming year we plan to begin PPC experiments on the OH+F,C1 and OH+H, reactions.
These systems are simpler than those we have studied to date, and should permit a more direct
comparison with detailed dynamics calculations. We are also currently developing a VUV light
source so we can expand our studies of the energetics and dynamics of combustion radicals
(including vinylidene, allyl and cyclopentadienyl radicals) by implementing VUV
photodetachment methods to reach higher excited states of these species. We hope to establish
new collaborations with groups involved in dynamics calculations and possibly further develop
our own expertise in modeling the transition-state dynamics studied in these dissociative
photodetachment experiments.
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Project Scope

Photoionization mass spectrometry (PIMS), recently applied to the
detection of key reaction intermediates in laboratory flames[1-6], offers significant
advantages over the use of conventional electron-impact mass spectrometry for
the development of kinetic models of combustion. To date flame sampling PIMS
experiments have been limited by the range of photon energies (8.2 to 10.5 eV)
that are easily accessible with tunable VUV laser sources. Because many
chemically interesting flame species have ionization potentials above 10.5 eV,
full implementation of flame sampling PIMS will require higher photon energies.
Synchrotron radiation, tunable over the entire range of photon energies (7 to 16
eV) required for the detection of virtually any species of combustion interest, with
10 meV energy resolution and average photon fluxes 100 times larger than those
produced by tunable VUV laser sources, is currently available at the Advanced
Light Source (ALS) of the Lawrence Berkeley Laboratory.

For these reasons a collaborative flame sampling PIMS experimental
facility has been designed, fabricated, and recently tested on the Chemical
Sciences Beamline at the ALS. The principal project goals are:

* Use synchrotron radiation PIMS to selectively monitor wide classes of
combustion intermediates in hydrocarbon chemistry. Studies of interest
include: the chemistry of alternatives to conventional diesel fuels, of

hydrocarbon flames under near-sooting conditions, and studies of
ethylene/oxygen flames to refine existing models of C4 and C;
hydrocarbon chemistry. i

e Secondly, to develop a one-of-a-kind collaborative research facility for
measurements of flame species concentration profiles needed in
combustion modeling, and for precise measurements of photoionization
cross sections and photoionization thresholds for combustion radicals and
intermediates.

The Flame Facility
The ALS flame-sampling PIMS system incorporates the geometry of the
burner, sampling cone, and skimmer that has been used in the VUV laser PIMS

laboratories at Cornell University and the Sandia Combustion Research Facility
during the past few years. Figure 1 illustrates principal features of the system.
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A pulsed ion extraction approach is used to repetitively sweep ions from the
ionization region at the intersection between the synchrotron light beam and the
molecular beam containing continuously sampled flame species.

/ In-Situ Probe Laser
3

TOF-MS

McKenna

Burner W )
\

~ALS-VUV

Beam

Quartz Probe

Detector —™ El-Quadrupole-MS

Molecular Beam

Skimmer

; \Turbo Pump

Figure 1: The flame-sampling VUV photoionization mass spectrometer
facility. The flat flame burner (McKenna) may be translated along the molecular
beam axis to sample flame species at various distances from the bumer face.
Typical flame pressures are 25 to 50 Torr. The flame sample passes through the
200 u dia. orifice of the quartz probe and expands su ersonically, to free
molecule flow conditions at a pressures of 10 to 10” Torr, before reaching the 2
mm dia. aperture of the molecular beam skimmer. This first stage expansion is
maintained with a 2000 liter/s turbo pump. Additional turbo pumps (not shown)
keep the pressure in the main chamber, downstream of the skimmer, at
pressures below 10° Torr. A vertically aligned TOFMS flight tube (not shown)
provides a flight path of 1.2 m between the ionization region and a multichannel
plate (MCP) detector. (Figure courtesy of Dr. Andy Mecliroy, Sandia Combustion
Research Facility)

Recent Progress

Low-pressure ethylene/oxygen flames are well suited for initial PIMS
studies at the ALS for kinetic model development. Such flames offer reaction
mechanisms of moderate complexity linking a rich assortment of stable and
radical intermediate species. Kinetic models of the combustion of compounds
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containing two carbon atoms are at the state-of-the-art in flame chemistry.
Although the basic mechanisms in these models are well established, many of
the chemical reaction rates are of uncertain accuracy and relatively littie
experimental data are available for comparison.

Recently, Bhargava and Westmoreland [7,8] have measured mole fraction
profiles for numerous stable and radical species for well-documented fuel-rich
and fuel-lean ethylene/oxygen flames using conventional electron-impact mass
spectrometry (EIMS). These measurements present an ideal opportunity for a
direct comparison of the relative merits of PIMS and EIMS.

We have just completed PIMS measurements on 25 Torr CoHs/Oo/Ar
flames operated with fuel/air equivalence ratios in the range 0.75<®<1.9 to test
our apparatus and evaluate the performance capabilities of this approach to
PIMS of flame species. End station 3 of the Chemical Dynamics Beamline
provides a quasi-continuous photon flux of about 5x10" photons/second with an
energy resolution of about 0.01 eV over the range of energies (10, 11, 12, 13,
and 15 eV) of these preliminary tests.

The figure below displays a mass spectrum recorded for the middle of the
luminous zone for a fuel rich ©=1.9 flame at a photon energy of 12 eV. These
data are preliminary and data acquisition and TOFMS parameters need to be
better optimized. The two strongest mass peaks with peak ion counts of 8.5x10*
and 5x10°® for m/z=26 (C,H,) and m/z=28 (C,H,) are off-scale. Other values of
m/z include 15 (CH3), 27 (C2H3), 29 (HCO and/or CzHs), 30 (H,CO and/or C;Hs),
32 (O3), 39 (C3H3), 40 (C3H4), 42 (H2,CCO and/or C3Hs), 50 (C4Hz), and 52
(C4Ha).
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Future Plans

Many questions remain to be investigated in the near future. Two of the
most important are:

1. Will it be possible to obtain reproducible spatial species profiles
throughout the preheat, flame, and post flame zones for both stable and
radical intermediates at mole fractions as low as 10 to 10°°?

2. Can reliable, high S/N, near-threshold photoionization efficiency curves
be generated with photon beam energies scanned over a 1-2 eV range
for reasonable data acquisition times?

These cannot be definitively answered at present, but our preliminary data
offer some encouragement that these issues may be favorably resolved during
our June-July campaign at the ALS.

Ultimately we plan to study the chemistry of a variety of hydrocarbon
flames chosen to assist in the development of useful kinetic models. We also
hope to explore the potential of the new facility for precise measurements of
photoionization cross sections and photoionization thresholds for combustion

radicals and intermediates.
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STATE CONTROLLED PHOTODISSOCIATION OF VIBRATIONALLY EXCITED
MOLECULES AND HYDROGEN BONDED DIMERS

F.F. Crim
Department of Chemistry
University of Wisconsin—Madison
Madison, Wisconsin 53706
terim@chem.wisc.edu

Our research investigates the chemistry of vibrationally excited molecules. The properties and reac-
tivity of vibrationally energized molecules are central to processes occurring in environments as
diverse as combustion, atmospheric reactions, and plasmas and are at the heart of many chemical
reactions. The goal of our work is to unravel the.behavior of vibrationally excited molecules and to
exploit the resulting understanding to determine molecular properties and to control chemical pro-
cesses. A unifying theme is the preparation of a molecule in a specific vibrational state using one of
several excitation techniques and the subsequent photodissociation of that prepared molecule. Be-
cause the initial vibrational excitation often alters the photodissociation process, we refer to our
double resonance photodissociation scheme as vibrationally mediated photodissociation. In the first
step, fundamental or overtone excitation or stimulated Raman scattering prepares a vibrationally
excited molecule and a second photon, the photolysis photon, excites the molecule to an electroni-
cally excited state. Vibrationally mediated photodissociation provides new vibrational spectroscopy,
measures bond strengths with high accuracy, alters dissociation dynamics, and reveals the properties
of and couplings among electronically excited states.

Several recent measurements illustrate the scope of the approach and point to new directions. We
have completed an extensive study of the ground and electronically excited state spectroscopy of
isocyanic acid (HNCO), are in the midst of a new study of the spectroscopy and non-adiabatic disso-
ciation dynamics of ammonia (NH;), and have new results on the vibrationally mediated
photodissociation of methanol (CH3;OH). In each case, the goals are understanding and exploiting
vibrations in the ground electronic state, studying the vibrational structure of the electronically ex-
cited molecule, and probing and controlling the dissociation dynamics of the excited state.

Isocyanic Acid (HNCO)

The three photodissociation pathways of HNCO to produce H + NCO, 3NH+CO, and 'NH+CO pro-
vide a rich structure to explore with vibrationally mediated photodissociation. We have now com-
pleted a study, involving collaborations with other experimentalists and with theorists, of the vibra-
tional spectroscopy and photodissociation dynamics. We have identified couplings in the ground
vibrational state in the region of three, four, and five quanta of the N-H stretching vibrations using
vibrationally mediated photodissociation to obtain action spectra of molecules cooled in a supersonic
expansion. We have also explored the vibrational structure of the electronically excited state, ob-
taining a new measure of the electronic origin, determining the threshold for dissociation in both
spin-allowed channels (producing either H¥NCO or INH+CO), and measuring previously unavailable
excited state vibrational frequencies. A collaboration with Professor Reisler provided an detailed
picture of the excited state spectroscopy and allowed the identification of the modes that promote
internal conversion in the electronically excited molecule. These new measurements of dissociation
thresholds and vibrational frequencies were particularly useful points of comparison with theoretical
calculations of several groups.
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Ammonia (NHj)

Ammonia is a famously well-studied molecule that holds interesting opportunities for vibrationally
mediated photodissociation experiments because it has both an adiabatic dissociation to yield ground
state NH, + H and a nonadiabatic dissociation to form excited state NH,* + H. We have used
vibrationally mediated photodissociation spectroscopy to observe the symmetric N-H stretching
vibration (v;), the antisymmetric N-H stretching vibration (v;), and the first overtone of the bending
vibration (2v4), obtaining simplified spectra originating the lowest few rotational states. In addition,
we have observed combination bands with the umbrella vibration (v,) for each of these states,
(v1+Vva), (vatvs), and (vo+2v,). The action spectra come from- observing the production of the excit-
ed state NH,* from photolysis well above the threshold energy for its formation. (The production of
vibrational excitation wavelengths in the fundamental region is a new experimental capability in our
laboratory.) We observe the first hint of the effect of vibrational excitation on the dissociation
dynamics in these experiments, finding that the relative yield of excited products is /ower for
photodissociation of molecules containing a quantum of the symmetric stretching vibration in the
ground state compared to those with antisymmetric stretching or bending excitation. This differen-
tial dissociation disappears completely upon addition of a quantum of the umbrella vibration in the
ground state.

The electronic spectroscopy available through vibrationally mediated photodissociation is particular-
ly informative. Because the initial vibrational excitation of NH; molecules cooled in a supersonic
expansion selects single rotational states of vibrationally excited molecules, both the Franck-Condon
factors and positions of the transitions change from the one-photon spectra. By using this extra
dimension, we are able for the first time to identify unambiguously the progression in the excited
state bending vibration (v4"), the combination bands between the bending and excited state umbrella
vibration (v,’+v4), and the origin of the excited state symmetric stretch vibration (v,"). The result-
ing new harmonic frequencies and anharmonicities are ;% = 88112 cm-1, xp; = 6+2 cm-!, W40 =
910£23 cm-l, x44 = 9£6 cm-!, g44 = 1627 cm-1, and x4 = 56£13 cm-!. The values for the umbrella
vibration (v;’) agree well with those previously determined by Vaida, and the large off-diagonal
anharmonicity between the umbrella and bending vibrations is consistent with their near degeneracy,
which prevented the direct observation of v4” in the past. Our necessarily less precise estimate of the
origin of the broad excited state symmetric stretch vibration (v;) is % = 2360 cm-!

Information about the excited state structure makes it possible to investigate the dynamics of the
dissociation of the different excited states using resonant enhanced multiphoton ionization to per-
form Doppler spectroscopy on the H atom fragment. In agreement with previous measurements, we
observe both slow and fast components in the distribution of recoil velocities upon excitation of
different excited state umbrella vibrations. The excited state bending vibrations behave similarly with
a slightly larger fraction of fast hydrogen atoms. The dramatic different is in the stretching vibra-
tions, which we can excite unambiguously for the first time. Dissociation from the state containing
one quantum of symmetric stretch (v;”) produces a distribution with both fast and slow components
that are similar to that for the origin. Dissociation from the antisymmetric N-H stretch state (v3°),
however, produces dramatically different results. It forms only slow hydrogen atoms, perhaps reflect-
ing preferential decomposition to make solely the excited state product, a proposition we plan to
test with Rydberg tagging of the hydrogen atoms. ‘
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Methanol (CH;0H)

Our first explorations of the vibrationally mediated photodissociation of methanol allowed us to
obtain vibrational overtone spectra of the second and third overtone of the O-H stretching vibration
in the cooled molecules that agreed well with other measurements. We have also obtained similar
spectra in the fundamental region and made the first measurements of the vibrationally mediated
photodissociation dynamics detecting the H-atom product in order to obtain the ultraviolet spectra
of the vibrationally excited molecules.

FUTURE DIRECTIONS

The two near term goals of the project are to complete the vibrationally mediated photodissociation
studies of ammonia, determining the details of the influence of vibrations on the nonadiabatic path-
ways, and to perform a complete study of the dissociation of vibrationally excited methanol. Both
studies are likely to involve Rydberg atom time-of-flight techniques along with our existing capabili-
ties for laser induced fluorescence and resonant multiphoton ionization detection. The next step is to
investigate the dimers of the same systems to determine how simple complexation influences these
well-understood dissociation dynamics.
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INFRARED ABSORPTION SPECTROSCOPY AND CHEMICAL
KINETICS OF FREE RADICALS
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PROGRAM SCOPE

This research is directed at the detection, monitoring, and study of the
chemical kinetic behavior by infrared absorption spectroscopy of small free radical
species thought to be important intermediates in combustion. In the last year, work
on the jet-cooled infrared CH stretching fundamentals v,, v,, and v,, of allyl radical
has been completed and work on the reactions of O(1D) with acetaldehyde is
progressing.

JET-COOLED CH STRETCHING FUNDAMENTALS OF ALLYL RADICAL

In previous work on the infrared spectrum of allyl radical, we found a very
complex and congested spectrum because many rotational levels of this species are
populated even at 195 K. Supersonic expansion cooling is the way to get more
easily analyzable spectra. To this end, we have acquired the high-resolution
mfrared spectrum of jet-cooled allyl radical (CH,-CH-CH,) in the region 3010-3045
cm’ in a pulsed slit jet expansion. The radicals were produced by both modulated
electrical discharge and excimer laser flash photolysis. We find that the S/N 1s
similar for both approaches with flash photolysis producing perhaps a factor of 3
higher radical concentration and the modulated electrical discharge being capable
of detecting about a factor of three lower probe laser absorption. The spectra
qualitatively look better observed by flash photolysis because the spectrum
obtained by this method has smaller and less numerous baseline fluctuations with
about the same width as absorption lines, as can be seen in Fig. 1 below.

Over 400 transitions were observed and assigned to the v,, v;, and v,, C-H
stretch vibrations. The band or101ns have been determined to be 3033.8745(6),
3023.4605(6), and 3020.32(1) cm™', respectively. Spectral analysis indicates that all
three upper states are perturbed with the perturbations in the v,, upper state so
pervasive as to make least squares analysis difficult. The gas phase frequencies
reveal a somewhat unusual, in comparison with the other bands, matrix shift to the
blue for v,of 18 cm™.

O(1D) REACTION WITH ACETALDEHYDE

Last year we reported that the rate of the reaction between O(1D) and
CH3CHO has been determined by competition. NoO was photolyzed at 193
nm to produce O(!D) which then reacts with or is quenched by N2O and
CH3CHO. Methyl radical is produced by one channel of the reaction with
CH3CHO and was quantitatively measured by observation of the CH stretch of
CHs3. The reaction scheme can be written
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O(ID) + CH3CHO — CH3 + X (1a)
—-OH+ Y (1b)
— other products (1c)

We determined both the overall rate of reaction 1 and the branching ratio into
(1a). Channel (1b) is the H atom abstraction channel producing OH and either
vinoxy or acetoxy radical. OH production is observed, but it is difficult to make a
quantitative estimate of the branching ratio into this channel, because in the
presence of adequate amounts of N,O to give good signals large concentrations of
acetaldehyde must be used to compete with N,O for O('D). In the presence of
high acetaldehyde concentrations, the reaction between OH and acetaldehyde
takes place too rapidly to determine the concentration of OH produced by reaction
1. We have solved this problem by using ozone photolyzed at 248 nm. The high
absorption cross-section of O, at 248 nm allows us to use ozone concentrations as
low as 3x10™ cm™ with a consequent reduction in the acetaldehyde pressure.
Figure 2 illustrates the problem and its solution by comparing the longest OH
decay that we were able to obtain using N,O as the O('D) source with a good S/N
OH decay obtained using O, as the source of O('D). In order to determine the
branching ratio k,,/k,, it is necessary to extrapolate the OH signal back to time O.
Fig. 2 demonstrates that this is possible in the ozone system. In the N,O system,
the OH signal clearly starts disappearing long before it has completed its rise.

After the initial investment of effort in learning how to handle and dispose of
ozone safely, control its flow, and measure its concentration in the photolysis cell,
this work is advancing rapidly. We expect to have a reliable value for the
branching into reaction channel (1b) within the near future.

FUTURE PLANS

Electronically excited O('D) is an extremely reactive reagent that can be used
to abstract H from almost any species containing hydrogen. In this regard, it has
the advantages of fluorine atoms, but unlike F atoms it has other addition reaction
channels providing access to additional species. Furthermore, under our typical
conditions, it disappears from the system either by reaction or quenching to OC’P)
within a few microseconds. Thus it should be a powerful, flexible reagent for the
production of a number of small free radicals. As examples, it is quite possible its
reaction with NH, may produce NH,O + H in addition to NH, and OH, and its
reaction with ethylene may produce CH,CHO (vinoxy) and H in addition to OH +
C,H, (vinyl). In the case of this last example, we are interested in attempting to
determine product branching ratios. We also plan to examine and measure product
branching ratios for the reactions of O(1D) with formaldehyde and acetylene.
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Fig. 1 Allyl CH stretching spectra in a slit jet. Upper trace flash photolysis of
1,5 hexadiene. Lower trace electric discharge modulated at 9.2kHz in
allyl bromide.
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Fig. 2. Comparison of the OH decay rates using photolysis of O, at 248 nm
as the source of O('D) with the best result we could obtain
photolyzing N,O at 193 nm as the O('D) source. The two signals are
not on the same scale.
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Vibrational Spectroscopy and Reactions of Highly Excited Transient Radicals

: Hai-Lung Dai,
Department of Chemistry, University of Pennsylvania, Philadelphia, PA 19104-6323;
dai(@sas.upenn.edu

I. Summary

Toward characterizing the spectroscopy and structure of unknown transient
radicals that are important to energy production and consumption processes, an approach
based on nanosecond time resolved Fourier Transform IR Emission Spectroscopy (TR-
FTIRES) has been developed for investigating unknown radicals. The transient radical
species is produced with high vibrational excitation through UV photolysis of a precursor
molecule. The IR emission from the highly excited species through its IR active
vibrational modes is detected with fast time resolution using the TR-FTIR technique.
Inert gases are used as the ambient background gas for collision relaxation of the excited
radical species, so the latter time spectral emission bands correspond to the fundamental
transitions and rotational band analysis can reveal the structure of the radical.

To eliminate the possibility that emission bands from other excited product
molecules from the photo-dissociation of the precursor, several precursors that may
produce the radical as the common product can be used to ensure the correct
identification of the radical emission bands. Two-dimension correlation technique can
also be applied to reveal the group of emission bands that are from the same emitting
species. :

As a first demonstration of this approach we have detected all nine vibrational
modes of the vinyl radical [J. Chem. Phys., 112, 9209 (2000)], for which only one
vibrational mode was previously reported through experimental work. In the following
we report the progress made in the past year on a couple of nitrogen containing radicals.
These species, cyanovinyl and OCCN, are important to combustion environments where
nitrogen is abundant and also to atmospheric chemistry. Their vibrational spectroscopy is
experimentally characterized for the first time.

This approach also allows the reactions of the excited radical and the
photodisociation reaction of the precursor molecules to be characterized. In the study of
the vinyl radical, the dissociation induced by 193 nm photons of vinyl chloride was
characterized through analyzing the product energy distribution revealed by the time-
resolved IR emission spectra following photodissociation. In particular the dissociation
channel resulting in the products of C,H, and HCI are found to be through a three-
centered transition state resulting in vinylidine and HCI [J. Chem. Phys., 115, 1734
(2001)]. The photodissociation dynamics of acrylonitrile has also been characterized. It is
found that of the four dissociaiton channels at 193 nm, the one leading to molecular
products is also primarily through a four-centered transition state resulting in HNC and
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acetylene. All these observations are fundamentally importance to the understanding of
chemical dynamics as well as the combustion processes.

II. Structure and Vibrational Modes of the Cyanovinyl Radical

The structure and vibrational modes of the cyanovinyl radical have been
characterized by using time-resolved Fourier Transform IR Emission Spectroscopy. The
cyanovinyl radical was generated with internal excitation through photo-dissociation of
acrylonitrile. IR emission, detected with sub-micro second time resolution, from reaction
products following photo-dissociation revealed the vibrational modes. The two
vibrational modes of the cyanovinyl radical with the strongest transition strength have
been identified at their fundamental transition frequencies: the CN stretch mode at 2563
cm™ and the CH, out of plane wag at 965 cm™'. The assignments were made based on
experiments with deuterated acrylonitrile and ab initio calculations. Rotational contour
analysis of the CN emission band is consistent with a bent equilibrium structure that
becomes more linear with vibrational excitation.

III. The OCCN Radical

The OCCN radical is produced through 193 nm photodissociation of carbonyl
cyanide, CO(CN),, pivaloyl cyanide, CO(CN)(CH;);, and methyl cyanoformate,
CO(CN)(OCHj;). The dissociaiton reations leave with the radical and other products
sufficient internal excitation. Infrared and near-infrared emissions from all vibrationally
excited species are detected by the nanosecond Fourier-transform infrared emission
spectroscopy. The time resolved spectra following photodissocaition of carbonyl cyanide
is shown in Fig. 1. The emission features can be assigned to several species. In addition
to frequency and relative intensity, the time dependence of the intensity may also be used
for assignment as it indicates if the emitting species is created immediately following the
dissociation or is a result of secondary reactions.

Since all three precursor molecules supposedly should all result in OCCN as the
only common product in their dissociation, their emission spectra should reveal common
features, appear immediately following photodissociation, that can be assigned to OCCN.
Fig. 2 shows the emission spectra from the three different precursors. Indeed a strong
feature can be identified in all three spectra as the CN stretch of the OCCN radical at
2093 cm™'. This assignment is aided by ab initio calculations that show that for this
radical the strongest vibrational transition, by more than one order of magnitude in
emission intensity, is the CN stretch. ‘

Revealing the weaker emission bands from this radical is much more challenging.
A hetero-spectral correlation two-dimensional scheme, designed to correlate the same
frequency and intensity time-dependence of the common features, is now being tested to
identify these weaker features. Since the frequencies of the features shift with time as the
emitting molecules are quenched by ambient gases, the correlation among the spectra
from the different precursors, instead of among the emission features themselves, is
tested.
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Figure 1: Time resolved emission spectra following the dissociation of carbonyl cyanide, 75
mTorr in a 4-Torr Ar bath, with laser power of 40 mJ/pulse. The feature at 2093 cm’ is present
in very early time slices and is a result of primary dissociation while those features at 1105,
1703, and. 2199 cm’™’ evolve later in time and are the result of secondary reactions.

'\ Methyl Cyanoformate
-4 - \

Pivéloyl Cyanide

2 A / AIXWWWW\JJU \N"\Ammw\f\/vmmﬁm%/’w‘wﬂw\vf\/‘m

Arbitrary Intensity

Carbonyl Cyanide

I I T T T T
1000 1500 2000 2500 3000 3500
Wavenumber cm’")

Figure 2: Emission features at 9.8 psec into the experiment of the three precursors studied:
carbonyl cyanide, pivaloyl cyanide and methyl cyanoformate. A common emission feature
appears at 2093 cm’ in all three precursors. This feature is assigned to the CN stretch of the
OCCN radical.
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IV. Photodissociation of Acrylonitrile: Determination of the Transition State
Structure

Acrylonitrile, also known as vinyl cyanide, is an important molecule whose
photodissocaition reaction following UV irradiation has been intensively studied using
molecular beam techniques by several laboratories. The TR-FTIRES technique in our
laboratory can be used to monitor the identity of the dissociation products as well as their
internal energy content. The IR emission approach is complementary to the Mass
spectrometry detection in molecular beam studies as the latter can discern the atomic
make up of the molecule but the former may reveal its structure. Both advantages have
proven valuable in the study of this dissociation reaction. Based on molecular beam
studies one primary dissociation channel at 193 nm has been found to result in the HCN
and acetylene products. Out time-resolved IR emission study shows that the hydrogen
cyanide product appears primarily in the HNC isomer form. This finding suggests that the
transition state is more likely to be four-centered, which is supported by some recent
theoretical calculations
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Itoh and M. Tasumi (Waseda University Press, Tokyo, Japan, 1999), p. 115-8

L. Letendre, D. K. Liu, C. D. Pibel, J. B. Halpern, and H. L. Dai
Vibrational Spectroscopy of a Transient Species through Time-Resolved Fourier
Transform Emission Spectroscopy: The Vinyl Radical

J. Chem. Phys., [communication], 112, 9209-12 (2000)

Laura Letendre, D-K Liu, Charles D. Pibel, Joshua B. Halpern and Hai-Lung Dai
V-V Energy Transfer from Highly Vibrationally Excited Molecules through Transition
Dipole Coupling: A QuantitativeTest on Energy Transfer from SO; to SFg(3:)

J. Phys. Chem. A, 104, 10460-3 (2000)

Dong Qin, Gregory V. Hartland and Hai-Lung Dai
Collisional Deactivation of Highly Vibrationally Excited SO,: A Time Resolved Fourier
Transform Emission Spectroscopy Study

Z. Phys. Chem., 214, 1501-19 (2000)

D. Qin, G.V. Hartland, C.L. Chen and H.L. Dai
193. nm Photolysis of Vinyl Bromide: Nascent Product Disribution of the C,H3;Br —
CyHz(vinylidene) + HBr Channel

J. Chem. Phys. 115, 1734-41 (2001)
Dean-Kuo Liu, Laura T. Letendre and Hai-Lung Dati
Structure and the CN Stretch Mode of the Cyanovinyl Radical: ‘A Study by Time-
Resolved FTIR Emission Spectroscopy
to appear in J. Phys. Chem.
Laura Letendre and Hai-Lung Dai
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Bimolecular Dynamics of Combustion Reactions

H. Floyd Davis
Department of Chemistry and Chemical Biology
Baker Laboratory, Cornell University, Ithaca NY 14853-1301
hfdl1@cornell.edu

1. Program Scope:

This aim of this project is to better understand the mechanisms and product energy disposal
in bimolecular reactions fundamental to combustion chemistry. Using the crossed molecular
beams method, a molecular beam containing highly reactive free radicals is crossed at right
angles with a second molecular beam. The angular and velocity distributions of the products
from single reactive collisions are measured.

I1. Recent Progress:
a. Oxygen atom Rydberg Time-of-Flight Spectroscopy.

We have extended the hydrogen atom Rydberg time-of-flight (HRTOF) method, used
previously in our laboratory and elsewhere, to the detection of ground state oxygen atoms, O
(°P;). A particular spin-orbit state of oxygen was “tagged” by a doublé-resonance two-photon
excitation to high-n Rydberg states. By selecting appropriate VUV wavelengths near 130 nm,
each of the three O(*Pg, ;) spin orbit levels may be excited to a common O(’S;) state. A second
photon near 304 nm then pumps the excited atoms to a
selected Rydberg level. The Rydberg O atoms fly to a
detector where they are field ionized and collected. 15 . 25p’P O+

We have characterized this method by studying the ﬁ
photodissociation dynamics of NO, and ClO; in the 3s°S*
near ultraviolet.  Our studies demonstrated that
ORTOF is a general way to accurately measure
angular and velocity distributions of individual spin’
orbit states of oxygen (J=0,1,2) from photodissociation 0
or bimolecular reactions. In particular, we have
demonstrated that the lifetimes of oxygen Rydberg 25 20
atoms are long compared to their flight time to the
detector (100us).

We have recently set up our crossed beams 35 5
apparatus to study the bimolecular reaction H + O, — e
OH + OCP)). This reaction is very important in ] l J |
combustion processes, and is known to produce OH 304 305 306 307 308 309
primarily in v = 0 in high rotational levels. By A, (nm)
measuring the O(’P;) velocity distributions using
Rydberg tagging, we expect to learn about the internal Fig. 1- Top: Oxygen atom Rydberg pumping
distribution of the OH counterfragment as a function scheme. Bottom: Rydberg Excitation spectrum
of scattering angle. As indicated in Fig. 2, the obtained by scanning A,

Energy (eV)

<
o
o
—

Counts/1 ()3
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spacings between different levels of the OH product are
H 1000 mfsee sufficiently large that it may be possible to observe
structure corresponding to different OH rotational states.

b. Crossed Beam Reaction Dynamics of Singlet
Methylene ('CH,).

In November 2001, and then again in January 2002,
the PI spent a total of six weeks at beamline 9.0.2 at the
Advanced Light Source, LBNL. In collaboration with
Musa Ahmed and coworkers, we characterized and then
utilized a pulsed molecular beam source of electronically
excited singlet methylene ('CH,) for crossed beam
reactive scattering studies. The source, which was first
developed and characterized at Cornell using
‘ ‘ _ ‘ : fluorescence excitation spectroscopy, employs photolysis
B e P My, Of ketene (CH,CO) at 308 nm at the orifice of a
Circles denote O (*P) velocities for indicated supersonic nozzle.  Although electronically excited
rotational levels of OH (v=0) . singlet methylene is easily quenched to the ground triplet
state through collisions, we found that with careful optimization of the nozzle-laser distance, a
singlet methylene beam could be produced with sufficient intensity to allow reactive scattering
studies. To our knowledge, this is the first time that the reactions of an electronically excited -
polyatomic radical have been studied in crossed molecular beams.

To characterize our source, we first studied the simplest reaction 1
of singlet methylene:

CH, + C,H, = CgH, + H

T M T

20 28° 7
'CH; +H, - CHs;— CH; +H. : 0 g
OBy “Niigioktin
Although our beam contains ground state ‘triplet methylene, it is 20 y
unable to react with H,. The raw undulator radiation near 10.5 eV 10 ]
was used to ionize the CHj products from the above reaction at the o b : '
detector of endstation 1, a universal crossed molecular beams 20¢ 3

—

apparatus. Although the angular and velocity measurements are still
under analysis, the data shows that the reaction mechanism primarily
involves direct insertion of methylene into hydrogen followed by
simple C-H bond fission.

Some preliminary studies of the reaction with acetylene were
also performed:

'CH, + HCCH — C;H; +H. e TR
Flight time, t(us)
This reaction is believed to be initiated by addition across the triple

bond to form cyclopropene, which subsequently undergoes Fig. 3- Time-of-flight
isomerization. to propyne and H atom loss producing propargyl + H. spectra of propargy radical

Representative time-of-flight spectra for the propargyl radical from CH, + C,H, reaction at
indicated laboratory angles.
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products are shown in Fig. 3. The circles are the ' 1CH2+C2H2- CyH, + H
experimental data, and the solid lines are calculated 2500 , r
TOF spectra based on the input translational energy

P(E) and center of mass angular T(®) distributions gj:gﬁ
shown in Fig. 4. The propargyl radical is believed to be so0f
important in soot formation, as it may subsequently o} =< - - -
dimerize to form benzene or react to form other Laboratory Angle, @
aromatic molecules. oaz T
We believe that with some further optimization of = o0l ]
experimental conditions, a number of other interesting & ]
reactions involving 'CH, and 'CD, are feasible. In
particular, reaction with H,O is expected to. involve s w0
. . . . . . . . Trans. Energy, E (kcal/imol)
insertion with formation of highly vibrationally excited
methanol, which subsequently undergoes several 10 LT
competitive unimolecular decomposition processes such Zost ]
as simple bond fission producing OH + CH;, or R B R BT T
molecular elimination with formation of H, + H,CO or CM Angle (6)
H, + HCOH. '
F.ig.v 47 Top: Laboratory langular
c. Progress Towards Studies of OH + D, (v—l) - fd{l:g;bis:;iof: pr;ﬁ?ﬁl}: f_:r?? B(;Egr;
HOD +D : Translational energy P(E) and center of
mass angular distribution T(8) for
During the first year of the funding period, we were propargyl + H product channel.

able to demonstrate mode specific energy disposal in

the OH + D, -» HOD + D reaction (publication 1). In

that case, translational energy was employed to surmount the potentlal energy barrier for
reaction. Very recently, a number of groups have done quantum scattering calculations on the
reaction OH + D; (v=1) > HOD + D. ‘An experimental study in which the HOD product
vibrational distribution is measured as a function of scattering angle would provide an important
test of the PES.

During the past year, we have configured our apparatus to study the title reaction. The D, is
pumped to v = 1 by stimulated Raman pumping using two laser beams. (532 nm and 633 nm,
produced by Raman shifting in D;). Although this method has been demonstrated by several
groups to be very efficient, we have found that we are unable to pump a sufficient fraction of the
D, molecules using our existing Nd:YAG laser, due to its broad linewidth (1 cm™). We have
therefore set this project aside for the moment while we explore ways to acquire an injection-
seeded Nd:YAG laser in order to complete these experiments.

III1. Publications since 2000:

1. Mode Specific Energy Disposal in the 4-atom reaction OH + D, — HOD + D. B. Strazisar,
C. Lin and H.F. Davis, Science 290, 958 (2000).

2. Vibrationally Inelastic Scattering of High-n Rydberg H atoms from N; and O,. B. Strazisar,
C. Lin and H.F. Davis, Physical Review Letters 86,3997 (2001).
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Multiple—time—scale Kinetics
Michael J. Davis

Gas Phase Chemical Dynamics Group, Chemistry Division
Argonne National Laboratory
Argonne, IL 60439
Email: davis@tcg.anl.gov

Research in this program focuses on three interconnected areas. The first involves
the study of intramolecular dynamics, particularly of 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

The study of nonlinear master equations relevant to vibrational relaxation and
association dynamics has continued. Two projects were completed in the last year in this
area. The first is a collaboration with Kiefer to fit results generated by his group, who
also attempted to model the results with a linear master equation, which described only
collisions with a buffer gas. This modeling was generally unsuccessful and led to the
current project. The main type of experimental result is presented as a series of dots in
the first panel of the figure, which show a distinct nonlinearity. The purpose of the
project was to fit the
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experiments with the nonlinear master equation, which is demonstrated to be very good,
as shown by the solid line in the first panel. The nonlinearity of the master equation
results from the inclusion of self-collisions terms, which in the experiments are oxirane-
oxirane collisions, with the oxirane 3.92% dilute in krypton. In addition to self-
collisions, the master equation included a temperature variation which results from the
cooling of the bath as the vibrations of oxirane heat up. An exponential gap law was used

for both self-collisions and buffer gas collisions and AEqywp, for both types of collisions
was assumed to vary linearly with energy. The parameters in this functional form were
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varied to fit the experimental results, as shown by the solid line in the first panel. Two
types of results from our study are shown in the last two panels of the figure. It was

found that AE jowp (dashed line in the middle panel) was much larger for self-collisions
than buffer gas collisions (solid line). Also, the forces for relaxation were generally much
larger for self-collisions than buffer gas collisions, with the ratio of the two shown in the
final panel. Note that the forces from self-collisions can be orders of magnitude larger
than those for buffer gas collisions, despite the dilution of the oxirane.

The dynamics of the master equations were studied further. It was shown (first
panel in figure below) that the systems generally possessed attractive one-dimensional
manifolds which are analogous to the eigenvectors of a linear master equation. The
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one-dimensional manifold is shown as a solid line in the panel. Trajectories (dashed
lines) are attracted to it on the way to equilibrium (large solid dot). The experimental
initial condition is shown as a large x in the panel, and the experimental observation time
(1 =5 us) is shown as two open circles, the first being the one on the right. This panel
demonstrates that total experimental observation occurs under quasi-steady-state
conditions. Because motion is one-dimensional along the manifold it is possible to
-develop a one-dimensional nonlinear rate law in analogy to the typical one-dimensional
linear rate law which is developed for linear master equations along an eigenvector. We
found it possible to fit the motion along the one-dimensional manifolds to a Taylor series

expansions away from the equilibrium point:

dAE i
— = =2 k;(AE),

& = Ik(B)
where AE refers to displacement from equilibrium. The dots in the right panel show a
fifth order rate law fit, which demonstrates excellent agreement with the simulation,

shown as a solid line.
The same sort of analysis can be applied to the nonlinear master equation

describing association kinetics. A collaboration with Klippenstein (Sandia) has led to the
result shown in the figure below. On the left column are shown a series of one-
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dimensional manifolds for methyl recombination at 1350 K for different dilutions of the
reactive species in argon. , :
In the right panel of the figure is shown a fit of the local rate constant to a second-order
rate law:

dpHs CH CH
p — Z an (p 3 - peq 3 ) n
dt n=1
1 doch,
rs - 1)

(ecuy - Poy,) &

with z a progress variable along the one-dimensional manifold.
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The local rate constant can be fit to a line, resulting in a second-order rate law. This rate
law is somewhat different than the typical second-order rate law, because it describes
displacements away from equilibrium, but can be compared term by term to the typical
second-order rate law, as is done in the figure below. In the lefimost panel the
association rate constant is derived (dots) and is compared to the more typical calculation
of the association rate constant which is made near equilibrium (solid line). Good
agreement is
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obtained at a number of dilutions, although there is some discrepancies at higher densities
(compare the solid and dashed lines in the first panel). However the dissociation rate
constant is not always accurately obtained, as demonstrated in the two panels on the right,
where two different ways of generating it are shown. Although there is good agreement
for dilute situations, the rate constant differs greatly from the near-equilibrium case at
higher densities. This indicates that the notion of an equilibrium constant is breaking
down along the one-dimensional manifold away from equilibrium.

In addition to the completed projects, two others have been initiated. The firstis a
collaboration with Kaper (Boston University) and Kaper (Mathematics and Computer
Sciences, ANL) and involves the study of low-dimensional manifolds in reaction-
diffusion equations and simple models of flames. A combination of asymptotic analysis
and numerical simulations have been undertaken and preliminary results have been
generated. A second project with Kellman and Tyng has also been initiated. This
involves the assignment of the eigenstates of acetylene in classically chaotic regions of
* phase space.

Future Plans

Effort in the near term will be two-fold. There will be an increased effort to
understand low-dimensional manifolds in systems with transport, including one—
dimensional models of flames. There will also be an increased effort in studying the
dynamics of nonlinear master equations with multiple wells, including the study of low—
dimensional manifolds in these systems and their implications for extracting rate laws. In
the longer term there will be an expanded effort in studying the geometry of the phase
space of more realistic reactive flow problems.

Publications

M. J. Davis and R. T. Skodje, “Geometric investigation of low-dimensional manifolds in systems
approaching equilibrium”, J. Chem. Phys. 111, 859 (1999).

M. J. Davis and R. T. Skodje, “Geometric approach to multiple-time-scale kinetics: A nonlinear master
equation describing vibration-to-vibration relaxation”, Z. Phys. Chem. 215, 233 (2001).

R. T. Skodje and M. J. Davis, “Geometrical simplification of complex kinetic systems”, J. Phys. Chem. A.
105, 10356 (2001).

M. J. Davis and J. H. Kiefer, “Modeling of nonlinear vibrational relaxation of large molecules in shock
waves with a nonlinear, temperature-varying master equation”, J. Chem. Phys, May 2002.

M. J. Davis, “Dynamics of a nonlinear master equation: Low-dimensional manifolds and the nature of
vibrational relaxation:, J. Chem. Phys., May 2002.

M. J. Davis and S. J. Klippenstein, “Geometric investigation of association/dissociation kinetics with an
application to the master equation for CH; + CH; <> C,Hg”, J. Phys. Chem. A, June 2002.
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COMPREHENSIVE MECHANISMS FOR COMBUSTION CHEMISTRY:
EXPERIMENT, MODELING, AND SENSITIVITY ANALYSIS

Frederick L. Dryer
Department of Mechanical and Aerospace Engineering
Princeton University, Princeton, New Jersey 08544-5263
fldryer@princeton.edu
Grant No. DE-FG02-86ER-13503

Program Scope
The experimental aspects of our work are conducted in a 10 cm-diameter variable pressure flow reactor
(VPFR), at pressures from 0.3 to 20 atm, temperatures from 500 K to 1200 K, and with observed reaction times
from 0.5 x 107 to 2 seconds. Measurements of stable reactant, intermediate, and product species provide a
significantly constrained set of kinetic data for elucidating mechanistic behavior, validating detailed kinetic
mechanisms, and extracting specific rate constant information. Continuing efforts of this program are: (1) utilizing
the perturbations of the H,/O, and CO/H,0/Oxidant reaction systems by the addition of small amounts of other
species to further clarify elementary reaction properties; (2) further elucidating the reaction mechanisms for the
pyrolysis and oxidation of small hydrocarbons (alkanes, olefins) and oxygenates (aldehydes, alcohols, and ethers).
Recent Progress
Recent progress, including selected summaries of published works, those in press, those in review for
publication and some of the efforts currently underway, are presented below.

1. T. Carriere, P.R. Westmoreland, A. Kazakov, Y.S. Stein, and F.L. Dryer, “Modeling Ethylene
Combustion From Low To High Pressure”, 29" Proceedings of the Combustion Institute (to be published)

We have obtained new high-pressure data on ethene oxidation, and in collaboration with the group of Prof.
Westmoreland, we have used these data to evaluate the state of several current ethene oxidation models as well as
one being collabordtively developed. It was found that using the same reaction set, data from two ethylene-oxygen
combustion systems at greatly different pressures could be reproduced satisfactorily. The new data from the VPFR
were for the following conditions: temperature (850-950 K), pressure (5-10 atm), equivalence ratio (¢=2.5). The
second set of data (Bhargava and Westmoreland, Combust. Flame 113:333-347, 1998) were for a low-pressure (20
Torr), laminar premixed fuel-rich flame (¢=1.9).

A key difference between the present mechanism and previous ones lies in the modeling of the complex
C,H;+0; reaction. New rate constants were calculated based on recent findings regarding the potential energy
surface of this system. In particular, the product set CH,CHO+O was found to contribute much less than reported
in earlier studies, and the HCO+CH,0 channel was preferred at temperatures up to 2300 K. The present reaction
set predicted the species profiles in both cases with reasonable accuracy, allowing us to interpret and compare the
reaction pathways over a wide range of conditions.

In the low-pressure flame, C;H, is mainly consumed by abstraction, while in the high-pressure system,
abstraction (mainly by OH instead of H) competes with H-addition that forms C,Hs. [n both cases, abstraction
forms C,H; that reacts with O, to make HCO and CH,0 and eventually CO and CO,. However, higher levels of
C,Hs and HO, at the high-pressure, lower-temperature flow reactor condition drive distinct pathway differences.
The key role of HO, chemistry is particularly emphasized through the reaction CH,O+HO,. Model comparisons
support a lower value of the rate constant for this reaction, consistent with that recommended by Hochgreb and
Dryer (Combust. Flame 91:257-284, 1992).

2. J. Li, A. Kazakov, and F.L. Dryer, “Ethanol Pyrolysis Experiments in a Variable Pressure Flow
Reactor”, Int. J. Chem. Kin. 33:859-867 (2001).

Experimental profiles of stable species concentrations are reported for pyrolysis of ethanol in a variable
pressure flow reactor at initial temperatures near 950 K and at constant pressures ranging from 3 to 12 atm. These
.pyrolysis data represent a unique contribution to the experimental database available for the development of
comprehensive ethanol combustion mechanisms, for there are no other data for the pyrolysis at these temperatures.
The data are particularly relevant in light of the recent work of Marinov (/nt. J. Chem. Kinet., 31:183-220, 1999)
which suggests that the decomposition of ethanol into ethylene and water is a major source of ethylene in the
oxidation of ethanol at flow reactor conditions. We show in the paper that the existence of this decomposition
channel, which produces no radical driven reactions, and its relative rate in comparison to those decomposition
channels which lead to further radical destruction of ethanol, result in reaction phenomena that do not permit
reaction shifting techniques to be used in comparing flow reactor experimental data with computational results.

In the paper, we present a new technique for comparison of model predictions with experimental observations.

Using this new technique, comparison of the experiments with the kinetic model of Marinov shows that the model
underestimates the fuel consumption rate and the yields of H;O and C,H,, the main products of ethanol
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decomposition, as well as CH;HCO and CH,, species related to abstraction channels. Analyses also show the
importance of H abstraction réactions by CH; and H atoms are underestimated at flow reactor conditions.
Improvements in both the decomposition kinetics and abstraction channels will be required to develop mechanism
improvements. Continuing efforts on the ethanol pyrolysis and oxidation reaction systems are discussed further
below.
3. Continuing Work

In addition to the above published works, we have made significant progress on several other topics, briefly
discussed below.

® High Pressure Studies of Formaldehyde Oxidation

In our earlier study of methyl radical reactions (Scire et al., Int. J. Chem. Kin. 33:75-100, 2001), we found that
the uncertainty in the rate constant for the reaction

CHzO'f‘HOZ—)HCO“LHzOz. . (l)

was a major contributor to the uncertainty in the determination of rate constants for the reaction of methyl radicals
with HO,. Experiments have been conducted on the high-pressure oxidation of formaldehyde at pressures from 1.1
to 12.5 atm, covering a temperature range from 777 to 948 K, in order to determine the rate constant and
uncertainty for reaction 1. Formaldehyde was generated through the decomposition of the formaldehyde trimer,
1,3,5-trioxane and delivered to the reactor in a solution with water. As a result of the experimental method,
formaldehyde mole fractions up to only 400 ppm and only reaction temperatures greater than 750K could be
studied. A global technique (Scire et al., /nt. J. Chem. Kin. 33:789-802, 2001) was used to establish rigorous
parametric uncertainties for the results. In the global parametric calculations, each of the rate constants in the
mechanism, excluding the one being determined, was randomized, with the overall rate of the pressure-dependent
reactions being randomized as well. It was found during the initial run of sample points, without importance
sampling, that the weight function did not play a significant role in defining the uncertainty limits. The effective
number of points used in the weight function was therefore set equal to the actual number of data points, and
importance sampling was not used. At each of the reaction temperatures studied, at least 4000 points were used in
the parametric calculations. For each of the experimental uncertainty calculations, at least 1200 points were used.
The rate constant determinations, including their uncertainties are shown in Fig. 1 along with present literature
data (Scire, Ph.D. Thesis, 2002). The datum of Baldwin and Walker (Proc. Combust. Inst. 17:525-533, 1979) is a
factor of 2 lower than that reported by them, based upon a revised rate constant for HO;+HO;—H,0,+0,. Most of
the literature expressions pass close to their originally reported datum. The new determination at 777 K matches
the originally reported datum within uncertainty. Therefore, the new rate constant values also match most of the
literature expressions within uncertainty. More importantly, however, the new determination at 948 K, near the
lower end of Hochgreb’s experimental temperature range, agrees very well with Hochgreb’s expression. The only
experimental data spanning the temperature range covered by our work is that of Vandanyan and coworkers
(Combust. Flame: 17:315-322, 1971). Their expression is inconsistent with the new rate constant values. The
new data substantially disagree with the corrected value of the Baldwin and Walker recommendation, and the
expression of Baulch et al. (/. Phys. Chem. Ref Data 23:847-1033) is also low in comparison to these new
measurements. This work is in preparation for publication and further details can be found in the Ph.D. Thesis of
Scire (2002). '

e  Pyrolysis of Ethanol in the Presence of Toluene

_ Ethanol pyrolysis experiments with toluene as a radical trapper have been performed in the VPFR. During pure
ethanol pyrolysis, the principal radicals CH;, H, and OH produced by ethanol decomposition reactions further react
with ethanol via H-abstraction reactions, making it difficult to extract the contributions of the various
decomposition channels. In the presence of a radical terminator such as tri-methylbenzene or toluene, the radicals
formed in the secondary reactions primarily react with toluene and produce stable species (benzene, ethylbenzene,
etc.). Toluene was chosen as the terminating species in the present work because the mutual solubility with
ethanol simplifies the experimental aspects of the work and the existence of literature mechanisms for both ethanol
and toluene permits numerical assistance in developing the appropriate experiments and in analysis of the resulting
data. Using a combined mechanism from those for ethanol (Marinov /nt. J. Chem. Kinet., 31:183-220, 1999) and
toluene (Emdee J. Phys. Chem., 96:2151-2161, 1992), it appears that at our available experimental conditions,
mole fraction ratios of toluene/ethanol greater than about 1 result in significant radical removal, and as a result,
between 60-75% of the observed ethanol disappearance is produced by

C,H;OH+M—C,H,+H,0 + M )

We performed experiments at 3 atm, 1050 K with 0.12 % ethanol and 0.12 % toluene, and at 1.67 atm, 1068 K
with 0.12 % ethanol and 0.12 % toluene. The combined mode! underestimates the observed ethanol consumption
rate and production rates of H,O and C,Hs, the main decomposition products. Experimentally, the yield of H,O is
slightly higher than that of C;H,, apparently due to some H-abstraction reaction from ethanol by residual quantities
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of OH. However, the model flux analysis for C;H, production suggests that more than 93 % of C,H, results from
the reaction (2). Thus we have estimated the rate for reaction (2) based upon the experimental yield of C;Hs. The
average value over the experimental observation time is about 1.35 s for the experiments at 1050 K, and 2.28 s
for the experiments at 1068 K. Figure 2 shows the comparison of experimental decomposition reaction rate with
available literature data. The new result is in very close agreement with the RRKM calculations of Tsang (2™
Joint Meeting of the US Sections of the Combustion Institute, Paper 92, Oakland, CA, March 2001) and the
expression of Herzler et al. (J. Phys. Chem., 101:5500-5508, 1997) derived from shock tube experiments in which
tri-methylbenzene was used as a radical terminator. The reaction rate constants of Marinov and those recently
suggested by Park et al. (200! Eastern States Section Fall Technical Meeting, Hilton Head Island, S.C., December)
at these conditions are lower by a factor of 1.7 and 2.7-3.5, respectively.

e High-Pressure Propene Oxidation

A series of experiments on propene oxidation were performed in the Variable Pressure Flow Reactor (VPFR)
within the following ranges of conditions: pressures from 3 to 12.5 atm, temperatures from 850 K to 1040 K, and
equivalence ratios of ¢=0.7, $=1.0 and ¢=1.3. Carbon monoxide, ethene, methane, carbon dioxide, formaldehyde,
acetylene, 1-butene, 1,3-butadiene and water were quantitatively detected by FTIR, GC and online analyzers. The
comparison of the experimental data with the model of Davis et al. (Combust. Flame, 119:375-399, 1999), which
was calibrated against the flow reactor data taken at atmospheric conditions, was found to be rather poor. The fuel
consumption rate was severely over-predicted by the model. Another model produced recently by the same authors
(Qin et al., Proc. Combust. Inst., 28:1663-1669, 2000) yielded a much better agreement with experimental data
(Fig. 3). The major species profiles agreed reasonably well. However, the model performance substantially
deteriorates for minor species. We have also performed reactivity experiments on propene oxidation at 12.5 atm
pressure and stoichiometric condition with a residence time of 1.8 s. Although static reactor experiments (Wilk et
al., Combust. Sci. Technol,. 52:39-58, 1987; Combust. Flame 77:145-170, 1989) and recent numerical modeling
work (Heyberger et al., Combust. Flame 126:1780-1802, 2001) suggest the existence of a “negative temperature
coefficient” (NTC) phenomenon for the reaction between 600 and 800 K, we observe no such behavior. From the
recent modeling work of Heyberger et al., it appears that the apparent NTC behavior, if it exists, is mainly due to
the reversibility of the addition of molecular oxygen to C;HgOH radical. We conclude that either the prior
experimental work in static reactors is aberrated by surface effects, or the characteristic reaction times over which
this phenomenon becomes important are too long to be of consequence under combustion conditions. Further
experiments and modeling on these issues is presently underway.

Plans
Reaction systems of present interest over the coming year, in addition to those discussed above, include the
pyrolyses and oxidations of acetaldehyde, methyl formate, dimethoxy methane, and toluene, all over a range of
pressures and temperatures.
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LASER PHOTOELECTRON SPECTROSCOPY OF IONS
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Email: barney@JILA.colorado.edu

1. Methylperoxyl Radical, CH,00.
In addition to our earlier photodetachment spectra of the CH,00™ ion [J. Am.

Chem. Soc.,123, 9585-9596 (2001)], we have studied the matrix infrared spectroscopy of
the methylperoxyl radical. We have used a tandem pair of supersonic nozzles to
produce clean samples of CH,0O0 radicals in cryogenic matrices. One hyperthermal
nozzle decomposes azomethane (CH,NNCH,) to generate intense pulées of CH,
radicals while the second nozzle alternately fires a burst of O,/Ar at the 20 K matrix.
The CH,/0,/20 K Argon radical-sandwich reacts to produce target methylperoxyl
radicals: CH, + O, = CH,00. The absorption spectré of the radicals are monitored with

a Fourier Transform infrared spectrometer. We report 10 of the 12 fundamental

infrared bands of the methylperoxyl radical CH,OO, X 2A”,in an argon matrix at 20 K.
The experimental frequencies (cm”) and polarizations follow; the a’ modes are 3032,
2957, 1448, 1410, 1180, 1109, 902, 492 while the a” modes are 3024 and 1434. We can not
detect the asymmetric CH, rocking mode, v,,, nor the torsion, v,,. The infrared spectra
of CH,"*0"0, ®CH,00, and CD,00 have been measured as well in order to determine
the isotopic shifts. The experimental frequencies, {v}, for the methylperoxyl radicals are
compared to harmonic frequencies, {w}, resulting from a UB3LYP/6-311G(d,p)
electronic structure calculation. Linear dichroism spectra were measured with photo-
oriented radical samples in order to establish the experimental polarizations of most
vibrational bands. The methylperoxyl radical matrix frequencies listed above are within
+ 2 % of the gas phase vibrational frequencies. A final set of vibrational frequencies for

the CH,OO radical are recommended.
2. Hydroperoxyl Radical, HOO

Ruscic et al. recently reported that the heat of formation of hydroxyl radical is
revised from the longstanding value of AH,(OH) = 9.35  0.05 kcal mol? and AH,.,(OH)
= 9.40 = 0.05 kcal mol” down to AH,(OH) = 8.86 + 0.07 kcal mol” and AH,,,(OH) = 8.92 +
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0.07 kcal mol™. []. Phys. Chem. A 2001, 105, 1] The thermochemistry of many radicals has
been measured by chemical cycles that involve OH. An example is the hydroperoxyl
radical which has been studied by C.J. Howard [J. Am. Chem. Soc. 1980, 102, 6937; ].
Chem. Phys. 1984, 81, 4458.]

HOO +NO ——= OH + NO, (1)

OH +C/O —=HOO + ¢ (2)
From eqs 1 and 2 it is clear that a revision of AH,.(OH) has implications for the heat of

formation of hydroperoxyl radical.

We present a determination of AH,(HOO) based upon a negative ion
thermodynamic cycle. The photoelectron spectra of HOO™ and DOO™ were used to

measure the molecular electron affinities (EAs). In a separate experiment a tandem

flowing afterglow-selected ion flow tube (FA-SIFT) was used to measure the forward
and reverse rate constants for HOO™ + HC=CH =—= HOOH + HC=C" ,t 298 X,

which gave a value for A, ;H,,(HOO-H). The experimeﬁts yield the following values:

acid
EA(HOO) = 1.078 £ 0.006 eV; T,(X HOO - A HOO) = 0.872 + 0.007 eV; EA(DOO) =

1.077 £ 0.005 eV; T((X DOO -A DOOQO) = 0.874 £ 0.007 eV; A, 4G,5(HOO-H) = 369.5 +
0.4 kcal mol?; and A, H,,(HOO-H) = 3765 + 0.4 kcal mol’. The acidity/EA
thermochemical cycle yields values for the bond enthalpies DH,,(HOO-H) = 87.8 + 0.5
kcal mol™ and D,(HOO-H) = 86.6 + 0.5 kcal mol”*. We recommend the following values
for the heats of formation of the hydroperokyl radical_: AH,x(HOO) = 3.2 = 0.5 keal
mol*and AH,(HOO) = 3.9 + 0.5 kcal mol”; we recommend that these values supercede

those listed in the current NIST-JANAF thermochemical tables.

The “acidity/EA” value for the heat of formation of the hydroperoxyl radical is
in reasonable agreement with the value recommended in the review article of Shum
and Benson, AH,.,(HOO) = 3.5?01": kcal mol” and with the value derived by Fisher and
Armentrout, AH,,(HOO) = 3.8 + 1.2 kcal mol”. Our new heat of formation falls within
the stated uncertainty of the AH,,,(HOO) = 2.8 + 0.5 kcal mol” value recommended by
Howard and co-workers, and also overlaps with the number chosen for the most
recent Gurvich thermochemical tables, which was based on Howard’s experiments. The

Litorja and Ruscic measurement [J. Electron Spectrosc. Relat. Phenom. 1998, 97, 131] of the
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bond dissociation energy, D,(HOO-H) = 86.7 + 0.8 kcal mol”, is in excellent in
agreement with our value. Since our “acidity/EA” bond energy of HOOH is so close to
the “positive ion” PIMS value, the PIMS extracted heats. of formation of the
hydroperoxy! radical, AH,(HOO) = 4.0 + 0.8 kcal mol™ and AHy,(HOO) = 3.3 + 0.8 keal -

mol?, also agrees closely with our values.
2. Cyanocarbene and isocyanocarbene, HCCN and HCNC

Negative ion photoelectron spectroscopy has been used to study the HCCN-

and HCNC" ions. The electron affinities of cyanocarbene have been measured to be

EA(HCCN X %27 = 2.003 + 0.014 eV and EA(DCCN X %) = 2.009 + 0.020 eV.
Photodetachment of HCCN~shows a 0.4 eV long vibrational progression in vs, the H-
CCN bending mode; the HCCN™ photoelectron spectra reveal excitations up to 10
quanta in v;. The term energies for the excited s'mglet'state are found to be T, (HCCN a
A = 0515 + 0.016 eV and T(DCCN & 'A’) = 0518 = 0.027 eV. For the

isocyanocarbene, the two lowest states switch and HCNC has a singlet ground state
and an excited triplet state. The electron affinities are EA(HCNC X 'A’) = 1.883 + 0.013

eV and EA(X A’ DCNC) = 1.877 = 0.010 eV. The term energy for the excited triplet
state is T,(HCNC a *A”) = 0.050 + 0.028 eV and T, (DCNC & *A”) = 0.063 = 0.030 eV.
Proton transfer kinetics in a flowing afterglow apparatus were used to re-measure the
enthalpy of deprotonation of CH,NC to be A, ;H,,(CH,NC) = 383.6 + 0.6 kcal mol™.
Thevacidity’/EA thermodynamic cycle was used to deduce D, (H-CHCN) = 104 + 2 kcal
mol™ [AH(HCCN) = 110 £ 4 kcal mol’] and D,(H-CHNC) = 106 = 4 kcal mol’
[AH(HCNC) = 133 + 5 kcal mol"]. The top Fig. is the photoelectron spectrum of
HCCN~ where the ion is produced in a flowing afterglow source. The black connected
dots (*) show the spectrum collected with liquid nitrogen cooling of the source, while
the triangulated () spectrum was collected without cooling. Peaks A to G arise from
excitation into the "HCCN while peak a arises from excitation into "HCCN. The bottom
Fig. is an expanded view of the origin of the photoelectron spectrum of HCCN". Semi-
rigid bender (from Prof. R.F. Curl) energies for calculated transitions are shown with
arrows and identities of these are shown in Table 1; the H-CCN bending fundamental,
1vs™ = 128.9079687(40) cm™, reported by Allen et al is marked.
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Project Scope

Gas phase negative ion chemistry methods are employed to determine enthalpies of

_ formation of hydrocarbon radicals that are important in combustion processes and to investigate
the dynamics of ion—molecule reactions. Using guided ion beam tandem mass spectrometry, we
measure collisional threshold energies of endoergic proton transfer and hydrogen atom transfer

- reactions of hydrocarbon molecules with negative reagent ions. The measured reaction threshold
energies for proton transfer yield the relative gas phase acidities. In an alternative methodology,
competitive collision-induced dissociation of proton-bound ion—molecule complexes provides
accurate gas phase acidities relative to a reference acid. Combined with the electron affinity of
the R- radical, the gas phase acidity yields the RH bond dissociation energy of the corresponding
neutral molecule, or equivalently the enthalpy of formation of the R- organic radical. The
threshold energy for hydrogen abstraction from a hydrocarbon molecule yields its hydrogen
atom affinity relative to the reagent anion, providing the RH bond dissociation energy directly.
Electronic structure calculations are used to evaluate the possibility of potential energy barriers
or dynamical constrictions along the reaction path, and as input for RRKM and phase space
theory calculations.

Recent Progress

Polyynyl radical thermochemistry

We have completed experimental work on competitive threshold collision-induced
dissociation of proton-bound complex anions containing C,,H™ species (n = 1-4).! Modeling the
energy-dependent product branching ratios using RRKM theory yields the gas phase acidities of
the polyynes, HC, H, which can be combined with known electron affinities to obtamn the CH
bond dissociation energies. Initial results on 1,3-butadiyne (diacetylene) have been published.?
Rigorous analysis of the data for the larger species requires additional ab initio calculations on
transition states and a major revision of our RRKM modeling code to handle decomposition on
multi-well potentials. This work is continuing. ‘

88



Improved gas-phase acidity scale

Combining experimental and theoretical results, we have evaluated and compiled gas
phase acidities for a set of reference species to anchor gas phase acidity measurements at 0 K.”
The high-precision experimental results include recent revisions of benchmark thermochemical
values in the literature (e.g., D(HO-H)*) and new threshold ion-pair production spectroscopy
measurements.’ An investigation of theoretical calculations of the acidities at 0 K demonstrates
excellent performance at the CCSD(T)/aug-cc-pVTZ//B3LY P/aug-cc-pVTZ level for 16
benchmark acids composed of elements through chlorine, with a mean error of - 0.2 kJ/mol and
a mean absolute error of 1.5 kJ/mol. The improved acidity scale can be employed to reevaluate
experimental relative acidities for systems we and others have measured by gas-phase ion
chemistry methods. For example, improved acidities for small alkanols (methyl to tert-butyl
alcohol) from our laboratory>® combined with recent measurements of the alkoxy radical
electron affinities’ yield their O~ H bond dissociation energies within 3 kJ/mol.

Polycyclic aromatic hydrocarbons

In a step toward our goal of obtaining experimental C-H bond dissociation energies for
polycyclic aromatic hydrocarbons (PAHs), we collaborated with the Lineberger group at the
University of Colorado to measure the electron affinity of naphthyl radical.® This project
included a major upgrade of data analysis software for Franck-Condon fits to negative ion
photoelectron spectra. Preliminary photoelectron spectra were also obtained for coronene and
coronene— C,H, anions. These experiments to obtain electron affinities complement
measurements of gas phase acidities in our laboratory.

Application of statistical rate theory to the kinetic method

As a side project, we have used RRKM theory to model the “kinetic method”, which is a
unimolecular dissociation product branching ratio measurement widely used by mass
spectrometry groups to measure relative ion affinities.® This work takes advantage of code in

software we have developed for modeling our threshold collision-induced dissociation
experiments.®'® The theoretical basis for the thermochemical correlations used in the kinetic
method has sometimes been misinterpreted in the literature; our numerical simulations provide

guidance for mass spectrometrists using the method.
Product kinetic energy release distributions

We have recently modified our guided ion beam tandem mass spectrometer for
measurements of the kinetic energies of products of activated ion—molecule reactions. The
octopole beam guide has been split into two sections, with a reaction cell in the first section and
a time-of-flight region in the second longer section. The ion beam is pulsed by a set a deflectors
following the first mass spectrometer. The times-of-flights of reactant and product ions are
measured and converted into product velocities or kinetic energies in the center-of-mass frame.
Our first kinetic energy release measurements have been performed on the CI” + CH;Br
reaction,'' chosen as an initial system for testing the apparatus because of previous
measurements on kinetic energy release distributions in the decomposition of metastable
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C1"(CH;Br) complex anions.'? We found a remarkable variation in the product velocity
distributions with collision energy for the CICH; + Br™ product channel. At the lowest collision
energies (near thermal), the product velocities have an isotropic, statistical distribution (matching
phase space theory) implying mediation via the ion—molecule complex. At intermediate energies,
CICH, is forward scattered, consistent with a more direct reaction mechanism. At high energies,
there is strong backward scattering, which may be due to an impulsive rebound mechanism.

Future Directions

Our new experimental capability to distinguish reaction mechanisms via product energy
distributions will enhance our understanding of proton transfer and hydrogen atom transfer
reactions related to combustion chemistry. We further plan to use the energy release distributions
for thermochemical measurements; as an adjunct to reaction threshold energy measurements. By
fixing the reactant collision energy and measuring the product energies, we can use energy
balance to determine reaction enthalpies (either directly from the maximum kinetic energy
release or via models of the dynamics). This method should be useful for systems where we have
previously found collision energy barriers in excess of the reaction endothermicity. For example,
the hydrogen transfer reaction S™ + RH - SH™ + R with RH = H, gave a threshold energy
precisely equal to the known reaction endothermicity,'? but when we tried the reaction with
simple hydrocarbons (RH = CH,, C,H,, C,H,, C;H,) we found significant barriers in excess of
the endothermicities, preventing thermochemical determinations of AH(R).!* That behavior is
contrary to the “typical” behavior that ion—-molecule reactions have zero activation energies in
excess of the endothermicities, except for specific situations such as a change of spin state along
the reaction coordinate. We will examine these hydrogen transfer reactions with S” both
experimentally and theoretically to discover the dynamic or energetic reasons for the excess
barriers and to develop the kinetic energy release method for thermochemical measurements.

References

¢)) Shi, Y.; Ervin, K. M. (to be published).

2) Ervin, K. M. Int. J. Mass Spectrom. 2000, 195/196, 271.

(3) DeTuri, V. F.; Ervin, K. M. J. Phys. Chem. A (submitted).

@) Ruscic, B.; Feller, D.; Dixon, D. A_; Peterson, K. A.; Harding, L. B.; Asher, R. L ;
Wagner, A. F. J. Phys. Chem. A 2001, 105, 1.

(5] Martin, J. D. D.; Hepburn, J. W. J. Chem. Phys. 1998, 109, 8139.

(6) DeTuri, V. F.; Ervin, K. M. J. Phys. Chem. A 1999, 103, 6911.

N Ramond, T. M.; Davico, G. E.; Schwartz, R. L.; Lineberger, W. C. J. Chem. Phys. 2000,
112, 1158.

(8 Ervin, K. M.; Ramond, T. M.; Davico, G. E.; Schwartz, R. L.; Casey, S. M.; Lineberger,
W. C. J. Phys. Chem. A. 2001, 105, 10822.

9 Ervin, K. M. J. Am. Soc. Mass Spectrom. 2002, 13, 435.

(10) Rodgers, M. T.; Ervin, K. M.; Armentrout, P. B. J. Chem. Phys. 1997, 106, 4499.

(11)  Angel, L. A.; Ervin, K. M. (to be published).

90



(12) Graul, S. T.; Bowers, M. T. J. Am. Chem. Soc. 1994, 116, 3875.
(13) Rempala, K.; Ervin, K. M. J. Chem. Phys. 2000, 112, 4579.
(14) Rempala, K.; Ervin, K. M. (unpublished).

Publications, 2000-present

“Gas phase acidity and C-H bond energy of diacetylene”, Y. Shi and K. M. Ervin, Chem.
Phys. Lett. 318, 149-154 (2000).

“Microcanonical analysis of the kinetic method. The meaning of the ‘effective
temperature’”, K. M. Ervin, Int. J. Mass Spectrom. 195/196, 271-284 (2000).

“Collisional activation of the endoergic hydrogen atom transfer reaction S”(*P) + H, -
SH™ + H”, K. Rempala and K. M. Ervin, J. Chem. Phys. 112, 4579-4590 (2000).

“Experimental techniques in gas phase ion thermochemistry”, K. M. Ervin, Chem. Rev.
101, 391-444 (2001). Erratum, ibid. 102, 855 (2002). :

“Dynamics of the gas-phase reactions of fluoride ions with chloromethane”, L. A. Angel
and K. M. Ervin, J. Phys. Chem. A, 105, 4042-4051 (2001).

“Naphthyl radical: Negative 1on photoelectron spectroscopy, Franck-Condon simulation,
and thermochemistry”, K. M. Ervin, T. M. Ramond, G. E. Davico, R. L. Schwartz, S. M. Casey,
W. C. Lineberger, J. Phys. Chem. 4,105, 10822-10831 (2001).

“Dynamics of the gas-phase reactions of chloride ions with fluoromethane”, L. A. Angel,
S. P. Garcia, and K. M. Ervin, J. Am. Chem. Soc. 124, 336-345 (2002). -

“Microcanonical analysis of the kinetic method. The meaning of the ‘apparent entropy’”,
K. M. Ervin, J. Am. Soc. Mass Spectrom. 13, 435-452 (2002). .

91



Low Energy Ion-Molecule Reactions: Gases and Interfaces

James M. Farrar
Department of Chemistry
University of Rochester
Rochester, NY 14627
E-mail: farrar@chem.rochester.edu

Program Scope

This objective of this project is to study the dynamics of the interactions of low energy
lons important in combustion with small molecules in the gas phase and with liquid
hydrocarbon surfaces. The first of these topics is a long-standing project in our laboratory
devoted to probing the key features of potential energy surfaces that control chemical
reactivity. The project provides detailed information on the utilization of specific forms of
- incident energy, the role of preferred reactant geometries, and the disposal of total reaction
energy into product degrees of freedom. We employ crossed molecular beam methods under
single collision conditions, at collision energies from below one eV to several eV, to probe

potential surfaces over a broad range of distances and interaction energies. These studies
allow us to test and validate dynamical models describing chemical reactivity. Measurements

~ of energy and angular distributions of the reaction products with vibrational state resolution
provide the key data for these studies. The second project requires us to apply these gas phase
methods to probe interactions of low energy ions with liquid hydrocarbon systems. Asa
particular example, we are probing the interactions of low energy ions with the branched chain .
aliphatic hydrocarbon squalane, C3oHe:.

Recent Progress

. The primary focus of our program, using the experimental methods developed in our
laboratory for crossed beam studies of gas phase reactions, is the relatively unexplored
problem of gas-liquid surface interactions and dynamical processes occurring at such
interfaces. These processes are important in understanding the evaporation of multicomponent
mixtures such as diesel fuels, the degradation of lubricants under harsh combustion
conditions, the stability of polymers and other hydrocarbon-based materials in adverse
environments, and the heating and fuel evaporation stages of droplet combustion. The
collisional processes that lead to fuel heating and evaporation at interfaces are poorly known.
The most straightforward approach to probing these issues is to direct projectiles at the surface
of a hydrocarbon liquid having a very low vapor pressure, such that all collisions occur at the
gas-liquid interface. To meet this objective, we employ the rotating disk source of Nathanson
and collaborators,' in which a polished wheel rotates through a reservoir of the liquid of
interest, allowing a film of thickness 100 p to form. The surface is scraped mechanically just
prior to interaction with the ion beam to remove surface contaminants. The work of
Nathanson and co-workers demonstrates that surfaces prepared in this manner are
uncontaminated by species adsorbed from the gas phase.
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Previous studies of collisional processes at the gas-liquid interface have been
concerned with probing the kinetic and/or internal energies of species that enter the gas.phase
following interaction with the surface. For example, the work of Nathanson has shown that
the interactions of rare gas atoms and both polar and non-polar molecules with liquid surfaces
near room temperature can be divided into direct inelastic scattering processes and trapping-
desorption phenomena. In the former case, the scattered species suffer elastic or weakly
inelastic collisions. The latter interactions, which occur as a result of a significant residence
time on the liquid surface, are characterized by large energy transfers. The desorbed product
distributions are qualitatively consistent with accommodation of kinetic energy by the liquid
surface. However, work on the “soft landing” of ions on liquid surfaces’ has shown that the
sticking coefficients for polyatomic ions on a variety of surfaces can be very close to unity,
leading to very low reflected fluxes. Initial results from our lab for the kinetic energy
distributions of scattered particles were consistent with high degrees of charge trapping at the
liquid surface. The development of significant amounts of surface charge made reproducible
determination of scattered ion distributions quite difficult. Thus, it was necessary for us to
carry out a series of measurements on the nature of reflected ions as a function of incident
energy.-

The results of this study have been surprising. Owing to the long range attractive
potential of the ion with the polarizable hydrocarbon surface, we expected the reflection
coefficient to decrease with decreasing collision energy — i.e., sticking should increase with
decreasing collision energy. We also expected the ions that actually did leave the surface
would have experienced significant energy transfer to the surface, i.e., the collisions should be
“sticky”. In fact, we see very different results. In the case of He" incident on the squalane
surface at a collision energy of 5 eV, the data presented in the left panel below show that
fewer than one percent of the ions reflect, but the reflected fraction increases to almost 20% at
one eV collision energy. The right panel, portraying the kinetic energy distribution for ions
scattered at the non-specular angle of 25° at an incident energy of 2 €V, shows that these
events, which we would expect to show the greatest inelasticity, are remarkably elastic.
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There is some trailing of the distribution to lower kinetic energies, but the majority of
the scattered events are elastic. In addition, the experimental data for He™ on squalane show
that the angular distributions of scattered ions are essentially isotropic. This last observation
1s consistent with the pattern expected for trapping-desorption events, but the energy
distributions and the reflection coefficients are not compatible with this picture. We expect
that large scale molecular dynamics simulations will be necessary to understand the details of
these interactions. Initially, to gain a qualitative understanding of the data, we are setting up
simulations with a simple potential in which the liquid is represented as a Lennard-Jones
fluid® and the long range interaction of the ions with LJ spheres is modeled with a polarization
interaction.

Another goal of this project is to observe and characterize reactive processes at the
liquid interface. At this point, we have not yet observed reactive collisions. For the incident
ion OH", the principal reactive processes that we would expect to occur at the surface of a
liquid aliphatic hydrocarbon are charge transfer and hydrogen atom transfer. Direct
observation of the former process cannot be accomplished (a neutral particle leaves the
surface). In order to better characterize the latter process, that of hydrogen atom abstraction,
and to understand the kinematics of similar collision processes with isolated molecular

species, we have begun gas phase crossed beam studies of the reactions of OH" with C,H,.
Early studies have indicated appreciable rates for charge transfer and hydrogen atom transfer:

OH" + C,H, —  OH + GH,' AH = -261 kJ mol™

- H,0" + C,H; AH = -92 kJ mol™

Experimental differential cross sections for these two reactions are currently being
measured over the collision energy range from 0.5 eV to 3 eV.

Futl_lre Plans

We plan to continue our studies on inelastic processes at liquid hydrocarbon surfaces
by measuring reflection coefficients for additional liquids (e. g., perfluoropolyphenyl ethers
and glycerol) and over a range of temperatures. /» situ monitoring of the surface charge build-
. up will require the use of Kelvin probes, and we hope to implement that phase of the project
in the next renewal period. We will proceed with molecular dynamics simulations as
described above. We also expect to complete reactive scattering studies in the gas phase that
will serve as precursor studies to reactive etching measurement on the liquid surface.
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Nonlinear Raman spectroscopy of jet-cooled
organic radicals and radical complexes

Peter M. Felker
Box 951569, Department of Chemistry, University of California
Los Angeles, CA 90095-1569
email: felker@chem.ucla.edu

Program Scope:

The DoE-sponsored project in this laboratory involves (a) the development of non-
linear spectroscopic methods for use in characterizing the geometries, level structures and
dynamics of species in sparse, gaseous samples and (b) the application of such techniques
to the study of species, including organic free radicals and radical complexes, in cold,
"molecular beams. '

Recent Progress:

In the past year we have advanced in the following areas: (1) We have made progress
in the application of mass-selective, ionization-detected stimulated Raman spectroscopy

(IDSRS) to the study of organic free radicals. (2) We have made significant strides in
relating the information available from the vibrational and rotational spectroscopic meth-
ods employed in our laboratory to the intermolecular forces and dynamics that pertain to
weakly bound molecular complexes and clusters.

1. Nonlinear Raman spectroscopy of organic free radicals

For several years we have been using mass-selective IDSRS to make species-selecti;\/e
measurements of the Raman spectra of molecules and molecular clusters at 0.03 cm ™! res-
olution (e.g., Refs. 1-3). A primary focus of the present DoE project is to extend such
measurements to organic radicals and complexes thereof. In this regard we have made some
progress, though there is certainly much more to do. Specifically, we have been successful
'in measuring intramolecular Raman spectra at 0.03 cm™?! resolution of the benzyl radical
in a seeded supersonic molecular beam. The radical was generated by discharge-induced
electrolysis of benzyl chloride. Mass-selective IDSRS was implemented with a photoion-
ization probe involving two-color, resonantly-enhanced two-photon ionization (R2PI) via
the vibronic band system of the species near 22,000 cm™!.% Initial measurements have
pertained to the vq fundamental (a CC stretch) of the species, which has been observed
as a narrow, polarization-sensitive band near 988 cm™!. The observation of other Raman
bands has also been made. This study has given us a very good idea of the stringent
requirements that must be met if one wishes to make routine measurements of nonlinear
Raman spectra for jet-cooled radicals. We shall make use of this knowledge in future
studies.
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2. Studies of intermolecular forces and intermolecular dynamics

We have used mass-selective IDSRS and rotational coherence spectroscopy (RCS) to
obtain a considerable body of data pertaining to the intermolecular level structures and
geometries of weakly bound clusters, including clusters composed of molecules directly
relevant to combustion processes. In principle, such results can be very informative as to
intermolecular potential-energy surfaces (IPS’s) and intermolecular dynamics. In practice,
one often has significant difficulty in realizing this promise because the highly-coupled,
large-amplitude nature of intermolecular motions complicates the interpretation of spec-
troscopic results. What one requires is close coupling between experiment and theoretical
studies directed toward (a) the computation of IPS parameters and, subsequently, (b) the
quantitative solution of the Schrédinger equation relevant to the intermolecular rotational-
vibrational-tunneling states of a given species. Our group has made significant progress
in the latter area.>® Specifically, we have developed and tested computer code applicable
to a variety of types of cluster species (atom-molecule, linear molecule-nonlinear molecule,
etc.) and to the calculation of properties such as transition moments, rotational constants,
etc. Recently, we have also developed collaborations with Dr. Berta Ferndndez of the Uni-
versity of Sanitago Compostela and co-workers and with Prof. Samuel Leutwyler’s group
at the University of Bern to address the need for high-quality IPS computations. The
upshot is that we are in an excellent position to begin to extract useful information about
intermolecular forces and dynamics from experimental results relating to intermolecular
transitions and cluster geometries.

The benzene-N, complex is the first species to which we have applied this compre-
hensive approach.” The results of high-level ab initio calculations of IPS points from Dr.
Fernandez’s group were fit to an analytic function, which was then used in dynamically-
exact five-dimensional (rigid monomer) calculations of J = 0 intermolecular states for
several benzene-N, isotopomers. Rotational constants and Raman-scattering coefficients
for the intermolecular states were also computed. The computational results relating to
rotational constants are in excellent agreement with experimental results obtained by oth-
ers for the zero-point level of the ground electronic state. More significant, the computed
J = 0 intermolecular energies and Raman scattering coefficients have greatly facilitated the
assignment of intermolecular Raman spectra (0 to 100 cm™!) measured for the perproto-
nated and perdeuterated species. Indeed, the major Raman features are reproduced in the
computational results with a frequency accuracy of about 1 cm™! and with qualitatively
correct relative intensities. The upshot is that we have obtained considerable understand-
ing of the nature of, and dynamics on, the low-energy portion of the 5-D benzene-Ny IPS.
Further, we have contributed to the assessment of the quality of ab initio calculations re-
quired to yield IPS results suitable for quantitative interpretation of spectroscopic results
on weakly bound species.

The 1-naphthol-(ammonia), cluster is a species on which we have used RCS to measure
rotational constants at ~MHz resolution. The species is of interest in large part because
of the cluster-size dependence of excited-state proton-transfer dynamics that character-
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izes the 1-naphthol-(ammonia), cluster series. Translating our RCS results into structural
information on the cluster has been difficult owing to the species’ twelve intermolecular
degrees of freedom. Collaboration with the Leutwyler group, who have performed elec-
- tronic structure calculations leading to minimum-energy geometries for the cluster, has
significantly narrowed the range of likely geometries of the species to ones involving es-
sentially a hydrogen-bonded ring.® With this geometrical information now in hand, one
is in a much stronger position to interpret results that we have obtained pertaining to
the inter- and intramolecular Raman spectroscopy of the cluster. Further, one has bet-
ter handle on interpeting RCS results relating to the structures of larger clusters in the
I-naphthol-(ammonia), series.

In addition to the two cluster species mentioned specifically above, IDSRS results on
intermolecular transitions have been obtained for a number of other species in the present
project period. These species include benzene-He, which is important for the information
that its study can reveal about molecule-helium interactions, interactions whose character-
ization has become increasingly important given the marked increase in interest in doped
helium clusters. They also include benzene-ammonia, whose study is relevant to an under-
standing of hydrogen bonding to w-electron proton acceptors. The results of these studies
will be written up soon.

Future Work:

Our future work under the auspices of the DoE will be aimed largely toward measuring
the ground-state vibrational spectra of organic free radicals involved in combustion systems
and of complexes and clusters containing such radicals. These studies will involve excimer-
laser photolysis generation, as well as pulsed-discharge generation of radicals in supersonic
expansions. In addition, we also hope set up a thermolysis source of jet-cooled radicals,
like the ones employed by the groups of Chen® and Ellison,!© for example. We will focus
initial attention on benzyl radical and complexes containing that species. Species targeted
for subsequent Raman studies include the allyl, C4H, and CgH radicals.'*~!3 The interest
will be to characterize the vibrational level structures of these species in spectral regions
difficult to access by other means. In regard to the experiments on complexes we hope
to help in the effort to characterize the interactions between open-shell species and other
molecules via intermolecular vibrational spectroscopy.

In addition to vibrational spectroscopic studies of organic radicals, we plan to continue
to apply the combined experimental /computational approach that was described above for
benzene-N; toward the characterization of intermolecular forces and dynamics in molecular
complexes and clusters. In this area, there are numerous candidate species involving
three, five, and six intermolecular degrees of freedom. We also plan to focus attention
on the measurement and interpretation of intermolecular Raman spectra and rotational
spectroscopic results on trimers and larger clusters. As part of this effort we shall make
use of rigid-body diffusion Monte-Carlo methods!'4 to try to get a handle on zero-point-
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averaged cluster structures.
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Spectroscopic and Dynamical Studies of Highly Energized Small Polyatomic Molecules

Robert W. Field and Robert J. Silbey
Massachusetts Institute of Technology
Cambridge, MA 02139
rwiield@mit.edu

Program Definition: Our research program is centered on the development and application of experimental
and theoretical methods for studying the dynamics (Intramolecular Vibrational Redistribution and Isomer-
ization) and kinetics of combustion species. The primary focus is the dynamics of acetylene at internal
energies above the acetylene—vinylidene isomerization barrier in the Sy X state and the cis « trans barrier
in the S; A state.

Recent Progress

It is rare that a molecule permits direct spectroscopic characterization of a potential energy surface iso-
merization barrier region. Our effort to illuminate spectroscopically the acetylene « vinylidene isomerization
barrier on the Sg X 123 potential energy surface has taken a dramatic detour. In order to gain systematic
access to the isomerization barrier region on one potential surface, it is necessary to characterize and exploit
the barrier region on another potential surface. Spectroscopic perturbations (anharmonic, Coriolis, spin-
orbit) can provide spectroscopic access to classes of states to which access is nominally prohibited by the
usual spectroscopic selection and propensity (Franck-Condon) rules. Our immediate goal is to more com-
pletely characterize the anharmonic and Coriolis perturbations on the §, Al A, surface, particularly those
involving the three bending modes (v} trans-bend, v torsion, and v§ asymmetric in-plane bend). This spec-
troscopic and dynamical information will provide a basis for systematic study of the Sy state barrier region
by “perturbation-facilitated transition state spectroscopy.” Eigenstates that embody large amplitude motion
along the Sy state minimum energy isomerization path will be selectively illuminated and interrogated.

Our recent studies of the acetylene S; state have been focused by our previous studies of the structure
and dynamics on the Sy state potential surface. Previous studies of the S; — Sy Dispersed Fluorescence
spectrum have established that, from the acetylene side, the minimum energy isomerization path involves
almost exclusively a local-bender motion of one CCH and that this local-bender motion becomes increasingly
decoupled from other vibrational modes as one approaches the transition state. Thus, in order to illuminate
spectroscopically the transition state, one needs a “local-bender pluck”. Such a pluck cannot be achieved
- based on the Franck-Condon active normal modes. However, by exploiting spectroscopic perturbations
between Franck-Condon bright and dark normal modes, nominally forbidden S; «— S; excitation transitions
borrow sufficient intensity to provide an experimental basis for the necessary and elusive local-bender pluck.

Our studies of the acetylene S, state have also been aided by our previous analysis of the DF spectrum and
calculation of §; —.Sp Franck-Condon factors. The Sy state polyad model, derived from effective Hamiltonian
fits to our DF spectra, provides unique spectroscopic signatures for each of the possible perturbers in the
S, state. These signatures are predicted patterns in the DF spectrum, computed from a combination of
Franck-Condon transition amplitudes and Hes eigenvectors. There are several kinds of patterns. The
global low-energy:high-energy intensity ratio provides a measure of the number of Franck-Condon bright v4
(trans-bend) quanta in the S; state. The intrapolyad intensity pattern determines the number of quanta of
non-totally-symmetric modes (v} +vg) in the S; state. Intrapolyad interference effects among the states that
contain different combinations of the vibrational angular momenta associated with the trans-bend (I§) and
cis-bend (I¥) that yield the same value of the total vibrational angular momentum (li;,) distinguish between
the various members of S state bending polyads [e.g. the N, = v4+v§ = 4 polyad contains anharmonically
interacting (v, v5) = (4,0),(2,2), and (0,4) basis states]. What might appear as indescribable complexity
in the DF spectrum is in fact the unique fingerprint for every eigenstate on the S state potential surface.

An enormous amount of spectroscopic detective work must be done in order to characterize all of the
relevant anharmonic and Coriolis perturbations on the Sy state potential surface. We have initiated col-
laborations with several research groups with complementary expertise (and experimental data). Professor
Soji Tsuchiya and Ms. Nami Yamakita (Japan Women’s University and Waseda University) have recorded
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Sy — Sg UV-only and IR-UV double resonance fluorescence excitation spectra. Professor F. Fleming Crim
and Dr. Sarah Henton (University of Wisconsin) have also recorded IR-UV double resonance fluorescence
spectra. Professor Anthony Merer's (University of British Columbia) analyses of spectroscopic perturba-
tions have redefined the limits of spectroscopic detective work. Finally, Professor John Stanton (University
of Texas) has computed a state-of-the-art acetylene S)-state potential energy surface.

John Stanton’s calculations of anharmonic and Coriolis coupling terms on the acetylene S, state are
proving crucial to our analyses of the complex web of spectroscopic perturbations and have identified and
quantified the dominant mechanisms for intensity borrowing by nominally Franck-Condon dark states. Most
notable among these are overtones of the antisymmetric in-plane-bend (), which will provide a local-bender
pluck of the Sy acetylene « vinylidene transition state. The near-degeneracy of v§ with v}, the torsional
mode, has made the exploitation of this pluck more challenging.

Starting with the extraordinary dynamic range of the supersonic jet UV-only LIF and IR-UV-LIF spectra
from the Tsuchiya group, Anthony Merer has identified the vibrational bands which hold the keys to the
analysis of the S; state perturbations. Some of those bands have been subjected to more detailed analysis
at MIT by static gas cell Differential Temperature Laser Induced Fluorescence (DT-LIF) Spectroscopy,
supplemented by Dispersed Fluorescence (DF) Speétroscopy. Figure 1 compares the JWU and MIT data in
a 30-cm~!-wide region about the V*K? band center (where V' corresponds to v in the Sp state and v} in
the S state). The initial DT-LIF spectra were recorded during a three-month visit by Ms. Yamakita to
MIT. In DT-LIF, two LIF spectra are recorded simultaneously at two significantly different temperatures.
Using the eXtended Cross Correlation (XCC) pattern-recognition algorithm, we are able to separate hot
and cold bands based on their drastically distinct temperature-dependent intensities. The MIT spectra are
recorded at higher resolution (0.05 vs. 1 cm~!) and higher temperatures (350 and 250 K vs. 5 K) than the
JWU spectra, and the DT-LIF scheme permitted overlapping hot and cold bands to be disentangled.
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Figure 1: A comparison of MIT and JWU data. The MIT spectrum has superior resolution (0.05 vs. 1 cm™1!).
The JWU spectrum has appreciable intensity only near the band center resulting from the low rotational
temperature in the supersonic jet.

One central question in the analysis of new bands in the acetylene S; — Sy spectra is which bands
involve non-totally-symmetric bending modes, vy and vg, and which do not. This is answered by the K-
structure, which is irregular for the bending overtones and combinations, owing to extremely strong and
pervasive a-type Coriolis interactions. DF spectra also distinguish between assignment possibilities, both in
the relative intensities of low- and high-energy regions of the spectrum and in details of the intra-polyad
intensity patterns. Another challenging question addresses energy ordering within polyads. Owing to the
nearly identical harmonic frequencies of the torsion and the asymmetric-in-plane-bend normal modes, the
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non-totally-symmetric bending states form polyads, and it is necessary to determine the energy rank of
each observed member of each bend polyad. The subset of observed states cannot be arranged into polyads
without some spectroscopic clues as to which polyad the state belongs as well as the energy rank within
that polyad. This is accomplished mostly by trial and error, but knowledge of the intensity borrowing
mechanisms, primarily via cubic anharmonic coupling terms, from Franck-Condon bright states narrows the
assignment possibilities. Based on tentative assignments (mostly due to Merer) of the global data set, a
nearly complete set of v; and z;; vibrational constants has been determined for the S; state. In addition,
the cubic anharmonicity constants responsible for illuminating members of the Franck-Condon dark non-
totally-symmetric bending polyads have been tentatively determined, and a few complete bend polyads have
been observed and will soon yield an experimental value for the key Darling-Dennison quartic anharmonic
coupling parameter, Ky46s.

The IR-UV double resonance spectra recorded by Sarah Henton in the Crim group sample the high energy
region of the S; state. The density of observed vibrational states is comparable to the computed density of
symmetry-accessible vibrational states. Anharmonic and Coriolis coupling have become so pervasive that all
traces of Franck-Condon selectivity have vanished. Our ongoing analysis of the lower-energy portion of the
spectrum, in particular the intensity-borrowing mechanisms based on Stanton’s ab initio cubic anharmonic
constants, is prerequisite to any plausible assignment of the Henton-Crim spectra. Those spectra will in turn
provide stringent tests for our model of the S; state in the region where the in-plane cis-trans isomerization
barrier is strongly sampled.

Future Directions

The identification of nii,, 4 polyads in the S A state of acetylene unambiguously illuminates a new
set of bright states in the Sy X state. A systematic series of DF and SEP experiments on ‘2CoH; will be
performed to take advantage of this source of local-bender pluck brightness.

We also plan to record LIF, DF, and SEP spectra of 13C,H, using the 1§ local-bend pluck. The permuta-
tion doublets observable in the DF and SEP spectra will provide a unique class of spectroscopic information
about the location of the small number of vibrational levels localized on the vinylidene side of the Sy
state isomerization barrier and the strength of the coupling of those levels with the very sparse manifold
of acetylene-localized pure local-bender eigenstates that are uniquely capable of sampling the isomerization
barrier at its lowest and thinnest region.
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Figure 2: DF spectra recorded via three rotational lines (Q(8), a Q(8) perturber, and P(4)) in 4v3. The
buildup of intensity at high energy in the spectrum of the perturber demonstrates access to states with only
1 quantum of excitation in vj. .
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Laser Studies of Chemical Reaction and Collision Processes

George Flynn, Department of Chemistry, Columbia University
Mail Stop 3109, 3000 Broadway, New York, New York 10027
flynn @chem.columbia.edu

Introduction and Overview

Our work involves the study of energy transfer during collisions between molecules. We have
focussed our attention on what we believe is the most important energy transfer problem in
current studies of chemical and collision dynamics: the collisional cooling of molecules with
“chemically significant” amounts of vibrational energy. A molecule with “chemically
significant” energy is one that is sufficiently energetic to undergo chemical reaction or bond
rupture. Our efforts are aimed at determining both a qualitative and quantitative picture of these
collision processes. The qualitative picture constitutes the “mechanism” that controls relaxation
for these high energy collision events. By mechanism we mean the quantum state resolved
picture of the quenching process, which in turn provides insight into the relative effectiveness
of short and long range forces in mediating the energy transfer. The quantitative measure of
these collision events is contained in the energy transfer probability distribution function,
P(E,E'), which gives the Probability for transferring an amount of donor internal energ
AE=E-E' during a collision.""® A key result of our efforts over the past few years has been the
development of a method to invert our data and obtain directly significant portions of this
distribution function. P(E,E") is the sine qua non for meaningful comparisons between
experimental data and theoretical calculations. Despite its close connection to theoretical
descriptions of energy transfer processes, this function is also of enormous practical
significance since kinetic models of unimolecular reactions employing master equation
techniques require P(E,E") as input. We have had some notable successes in determining both
the qualitative, mechanistic energy transfer picture for these high energy collision events and
the quantitative shape and magnitude of P(E,E'). These results have left a number of well
posed, unanswered questions about energy transfer for molecules with chemically significant
amounts of energy that we plan to investigate over the next year. We hope through these
experiments to improve our basic understanding of photochemical and photophysical
phenomena and to provide dynamical and mechanistic data of fundamental interest for
combustion and atmospheric reaction processes.

Our effort to understand and develop a quantum state resolved picture of the quenching of
unimolecular reactions is one aspect of the more general field of vibrational energy transfer, the
process by which molecules transfer their internal vibrational energy during collisions. The
high energy of the quenched species distinguishes the present experimental studies from those
vibrationally quantum state resolved investigations involving donors with only a few quanta of
internal vibrational energy, carried out in the 1960’s and 1970’s at the dawn of the laser/energy
transfer era. Similarly, the truly remarkable spectral resolution of the present experiments,
providing as it does deep physical insight into the quenching process for these high energy
molecules, distinguishes these investigations from most of the unimolecular reaction quenching
studies carried out from roughly 1925 through 1990.

Experimental Approach

Our success in obtaining new levels of understanding about these high energy collision events
has been based on the use of infrared diode lasers to probe the post collision quantum state
population distributions of one of the collision partners."'*'® The application of infrared diode
lasers to study time-dependent dynamic events was developed in our laboratory under D.O.E.
sponsorship. The technique as applied to studies of dynamic molecular processes in our
laboratory is by now well established. In brief, in the experimental approach that we are using
to study these energy transfer processes, substrates (S) of essentially arbitrary complexity are
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produced with high energy by laser pumping methods. The collision processes that relax these
highly excited S* molecules are investigated by probing the quantum states of the bath
molecules B' produced by the interaction between S* and B. By using relatively simple bath

molecules and sophisticated laser probe methods to follow the quantum states of B’, the nature

of the mechanism for energy loss by S* can be "seen" through the behavior of the (small)
energy acceptor molecule, B. To fully analyze the deactivation process for such highly
vibrationally excited molecules as S*, however, the level of excitation, rotational profiles and
translational recoils of different vibrational modes of the bath acceptor B' are required.

Furthermore, the amount of energy transferred to the rotational and translational degrees of
freedom of the ground (vibrationless) state of the bath molecules is also of interest. Our
technique is capable of supplying all of this extremely valuable information.

Results: Probing Soft Collision Mediated Energy Transfer

The present molecular system that we are studying consists of highly excited pyrazine donor
molecules, which have about 5 eV of internal vibrational energy, colliding with cold (roughly
room temperaure) CO molecules. In these kinds of experiments, CO is a particularly appealing
bath acceptor for a number of reasons. Among these is the transition moment. for the CO
(v=0->1) vibrational transition, which is relatively small, especially compared to the CO,
molecule, a bath species that we have studied extensively. This transition moment is expected
to be the controlling factor determining the energy transfer efficiency between highly excited
donors such as pyrazine and room temperature CO for those collisions that produce
vibrationally excited CO (v=1) in a vibration-vibration energy transfer process such as:

C.N,H® + CO (v=0;J) - C,N,H,*® + CO (v=1;]) [V-V Transfer] [1]

For this process we find that the dominant channels are those with J’-J=AJ=%1, reminiscent of
energy transfer by a long range, soft collision mechanism, mediated by the CO (v=0-1)
transition moment. The data from this study are now complete with the energy transfer process
(1) having been investigated over a range of final (v=1; J) states in CO at a number of initial,
ambient temperatures. The probability for excitation of the v=1 vibrationally excited state is
temperature dependent and ranges from a factor of 4-10 smaller than the probability for
excitation of the analogous state in CO, (00°1) in collisions with highly excited pyrazine. These
results are consistent with the fact that the transition moment for the CO, (00°0—00°1)
transition is 10 times larger than that for CO (v=0—1); however, the temperature dependence
for this process with CO as an acceptor is noticeably different from the temperature dependence
for the same process with CO, as an acceptor. This may be related to the presence of a small
permanent dipole moment for CO and/or to the differences in mean velocity for CO and CO, at
a given temperature. In both cases the absolute probability for the occurrence of an energy
transfer process such as (1) is quite small, about 1% gas kinetic for CO, and about 0.1% gas
kinetic for CO."

Results: Probing Angular Momentum Constraints for Impulsive Collisions
The picture for collisions that leave CO in the v=0 state but cause a change in angular
momentum J is completely different. This process can be described by the equation:

C,N,H,® + CO (v=0; J’,V’) - C,N,H,®*® + CO (v=0;],V) [Quench] [2]

V is CO velocity. Here J'-] = AJ>>x1, and the line width for transitions such as CO
(v=0;J-v=1;J%1) is found to be well above room temperature, indicating that the CO
(v=0;J;V) produced by equation [2] is translationally hot. These are characteristics of hard,
impulsive collisions in which the CO directly strikes one of the vibrating atoms on. the highly
excited pyrazine. The data from this study are now complete with the energy transfer process
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(2) having been investigated over a range of final (v=0; J) states in CO at a number of initial,
ambient temperatures. In these impulsive collisions we find a direct, linear correlation between
the velocity recoil of a CO bath molecule and its rotational angular momentum quantum
number. The maximum final J state observed in these experiments is roughly 40. Both of these
features of the energy transfer process have also been confirmed in trajectory calculations.'®
We now have all the data needed to construct the P(E,E") energy transfer distribution function
for hot pyrazine/CO collisions of the type described by equation (2)."

Present and Future Experimental Program
We plan to continue to use the high resolution, high speed mfrared diode laser probe technique
to determine final vibrational, rotatronal and translational energy distributions for bath product
species formed as the result of a collision event. In particular quantum state and velocity
distributions will be determined for acetylene recoiling from high energy donor molecules.
Acetylene provides an excellent probe molecule to investigate the importance of angular
momentum constraints on the energy transfer process. The center of mass is in the middle of
the C=C triple bond making the maximum impact length, b, roughly the length of a C-H bond
plus half a C=C triple bond [a total length of -1.66 A] Experiments to test for angular
momentum constraints in this system can be descrrbed by the following equations

C,N,H, + hv (248 nm) e C,N, H ) [Excitation]

C N ,H, ‘® +C8H (0000°0°,J° ) - C N,H, 5P+ C %H (0000°0°,J,V) [Quench]

C HZ(OOOO %% J,V)+hv(13.7um) — C H2(000001 ,J,V) [Diode Laser Probing]
For acetylene the mean J at room temperature is roughly 13 and we expect the mean AJ for this
molecule to be approximately (1.66/1.23)60=80. (1.23 A is the length of the C=O bond in
CO, and 60 is the mean change in J for CO, undergoing collisions with highly excited
pyrazine.) Thus, we predict a maximum AJ for these experiments to be around 93, noticeably
higher than than for CO, and much larger than that found for CO (AJ = 20). These experiments
require a complete change of optics for our experimental system in order to operate in the 12-14
um infrared spectral region. The necessary optics have been purchased and are being tested.
The model trajectory calculations carried out during the past year will be continued in order to
determine the. dependence of the shape and magnitude of the energy transfer distribution
function, P(E,E"), on initial collision excitation energy, E, on angular momentum, and on the
initial quantum state of the bath molecule.
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Program Scope

The goal of this research is the understanding of elementary chemical reactions important in the
combustion of fossil fuels. Interest centers on reactions of short-lived chemical intermediates,
which are investigated by using broadband mass spectrometric as well as molecule specific high-
resolution laser absorption methods.

Recent Progress

Time resolved time-of-flight mass spectrometry (TOFMS): We measured the temperature and
pressure dependence of the rate constant of the methyl-methyl recombmatlon reaction with He as
bath gas using our TOFMS apparatus:
CH; +CH; + M — C,Hg + M. H
This study was motivated by an earlier investigation of the reaction of 3CH, with CHj, in which a
fairly substantial difference in the rate constant of reaction (1) was found between the literature
and our results. Methyl radicals were produced by the 193-nm laser photolysis of acetone. In the
observed temperature (300 — 700 K) and pressure (0.5 — 10 Torr) ranges the rate constant exhib-
" i its a negative temperature dependence and fall-off
behavior typical of that for recombination reac-
N o ) ot ] tions. Time dependent profiles of methyl radicals
%{ Piia R (m/e = 15) and ethane molecules (m/e = 28 and

6}

30) were analyzed according to second-order
kinetics. While the reaction rates obtained from
the methyl profiles show a linear relationship with
- 500 2 4  the initial methyl radical concentration, the pro-
S 1 duction rate for ethane exhibits a peculiar drop off
% g . at larger methyl concentrations. However, the

70'9-" ,4" 900 final ethane concentration does not appear to be
390- | affected by the kinetics and has been determined
A . to be exactly half the initial methyl concentration.
ool b oo viw o] While the recombination rate constant at 300 K -
10° 10; T 10° 107 was again found to be higher than previously

Fig. 1. Plots of the pressu':e dec::ndence of the rate measured by other groups, the agreement between
constants, k), for He as bath gas at 300 K: O this the literature and our data at higher temperatures
work, @ ref. 1, © ref. 2,473 K: W ref. 3, 500 K: O i5 good. To check for systematic errors, we meas-
gg(s) \Izorg ?z frezfj 36;012_%?efth;sl,whzrﬁ;sﬁﬁ?n;; ured the rate constant for this reaction with Ar (1
are global fit resdlts using Troe’s ec.;uation. Torr) as bath gas at 300 K. The measured rate
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constant agrees very well with the literature. Interestingly, the rate constant obtained from ethane
production is about 50% smaller than the value determined from the methyl decay. The ethane
yield, however, is consistent with the initial methyl concentration.

In addition, rate constants were calculated theoretically using variable reaction coordinate
transition state theory (TST) with a new potential energy surface built from high-level ab initio
calculations. The ab initio and TST calculations were performed with the MOLPRO and
VARIFLEX programs, respectively.”” The calculated high-pressure rate constants were fitted to
a generalized Arrhenius expression giving: £ (T) = 9.31x10"" (77298 K)'O‘925 1P T om?
molecule” s™'. The pressure dependence of the recombination rate constant was calculated using
the master equation formalism with a simple exponential model for the collisional energy
transfer employing a set of energy transfer parameters, <AE down). By comparing the calculated
and experimental fall-off curves, we found that at room temperature, He and H; are more
efficient colliders than Ar. With increasing temperature, the difference in <AEdown> between He
and Ar becomes negligible. Troe’s equation was fitted to a set of data comprised of rate
constants determined here and found in the literature. With £..(7) set to be the high-pressure-limit
rate constant calculated here, the two remaining parameters can be given by ko(7) = 5.36x102¢
(77298 K)‘z‘65 e KT cmS molecule™ s'l, and Feen(T) = g 749K (see Fig. 1).

We have begun studying the products and yields from the 193-nm photolysis of oxalyl chloride
and propargyl chloride.

(CICO); =2 Cl+2CO )
C3H3C1 - Cl+ C3H3 (33)
— HCl + C3H2 (3b)

Chlorine atoms were scavenged by the reaction with ethane or H, giving HCI as well as ethyl
radicals or hydrogen atoms, respectively, at temperatures higher than 500 K. The drop in the
precursor species was then compared to the production of HC! and CO. The observed increase at
m/e = 28 is consistent with a (95 £ 5)% yield of two CO molecules for each oxalyl chloride
photolyzed. However, we find that only about half of the corresponding HCI molecules expected
are generated initially. Moreover, there is no obvious correlation between HCI yield and H,
concentration, which would have indicated that the loss of Cl atoms is caused by other, e.g,
heterogeneous, reactions in the reactor. Further investigations into this mystery are underway.

The motivation for this study is to find optimum conditions to produce hydrogen atoms and
propargyl radicals, and to study their reaction kinetics:

H+ C;H; — C3Hy i 4)
Preliminary experiments (photolysis of propargyl chloride in H; at 500 K) show indeed the pro-
duction of a species at m/e = 40. However, the main product under these conditions was CgHs.
Interestingly, we clearly see C3H;Cl, as an intermediate species.

Tunable Diode Laser Absorption Spectroscopy (TDLAS): We previously measureéd the CO yield
from the reaction of CH; and O atoms at room temperature using TDLAS. We separated CO
produced by the radical-radical reaction from that generated by the 193-nm fhotolysis of the
precursor substance, acetone, by using isotopicalllz labeled acetone, 13CH3] C(O)bCHg, and

observing absorption™ lines from Bc®0 and '“C'°0. We also showed that under our
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experimental conditions, isotopic scrambling
could be ignored. The measured yield was in
excellent agreement with a calculation from the
ANL group.® Prompted by the same group’s
prediction of the CO yield from the reaction of
CD3; and O atoms, we have now measured this
yield using the same method. In this case, the
distinction between the two CO sources was made
by using CD;C(**0)CD; and $'%0, (99.5 ®0
atom %) and observing absorptions of 2c'80 and
12¢1%0. The CO yield was determined to be 0.12
% 0.01 (20), once again in excellent agreement 008

with the ANL group’s prediction (see Fig. 2). In o 10 20 _ 30 4 50
the course of this. work we confirmed the loca- ., i Laser Puises

) ) . ) ig. 2: C "O product yield vs. excimer laser pulses
tions of several absorption lines of CD;O in the for five separate experiments. The line is a linear fit

~2000 cm”’ range of our CO diode that may be to all data points shown as open circles. Points not
useful in the future. fitted include very }ow and high CO concentrations

. where the CO signal was comparable to the
- uncertainty in the measurement and where the
We investigated the use of a 3000 cm laser influence of secondary chemistry begins to distort

diode for detection of C-H and H-X stretches and the CO concentrations.

confirmed our ability to detect HCl v =0 — v = 1 absorptions. By operating this diode together
with a 2070 cm™ laser diode, we will examine the photolysis of oxalyl chloride separately from
the TOFMS investigation in order to precisely determine the yields of CO and chlorine atoms,
which will be converted to HCI in the reaction with H; (see above). To study, e.g., the kinetics of
reaction (4), the concentration of H atoms can be directly determined from the concentration of

HCI.

40 o=
deo &>
L, 4 e omy

112 x [C"*0]/ [C™°0]

Future Plans

After completion of the investigation of the C;H; + H reaction we will revisit the CH; + OH
reaction. The main complication regarding the study of this reaction has been our inability to
observe hydroxyl radicals so far. Since fragmentation is a serious problem using Ne (Av > 16 €V)
in the discharge lamp, we have to use H; instead (many lines with the main line atAv = 10.2 eV),
which, however, limits our sensitivity toward OH radicals (IP = 13 eV) and H,O (IP = 12.6 V).
Choosing a larger diameter for the orifice: 1| mm instead of the 0.5 mm currently in use should
give us a four times better signal. We will also examine the photolysis of hydrogen peroxide at
193 nm as a potential source for OH, which has a yield of = 1.5. Beyond this research, we plan to
use our experience in the photolysis of oxalyl chloride to generate CH,OH and HO, from Cl +
CH;0H — CH,0H + HCIl and CH,0OH + O, — HO; + CH,0, and to study selected reactions of
these radicals.

As part of the ongoing study of the kinetics of propargyl radicals with H atoms, we will use
tunable diode laser spectroscopy to study the yield and kinetics of allene, CsHy, from this
reaction. Propargyl radicals and H atoms will be produced as above from propargyl chloride,
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oxalyl chloride, and H, for 193-nm photolysis; studies using 248-nm photolysis will use
propargyl bromide as the source for propargyl radicals. We have obtained a very intense, single-
mode diode that permits observation of the very strong C-H bends in allene near 1955 cm . We
have already located numerous allene absorption lines in this region. Since the internal degrees
of freedom of allene produced in this reaction are likely to be equilibrated, we should be able to
measure real-time allene kinetics during reaction in order to corroborate the TOFMS studies.
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Program Scope

The primary objective of this project is the development and application of laser-based imaging
diagnostics for studying reacting flows. Imaging diagnostics provide temporally and spatially
resolved measurements of species, temperature, and velocity distributions over a wide range of
length scales. Multi-dimensional measurements are necessary to determine spatial correlations,
scalar and velocity gradients, flame orientation, curvature, and connectivity. Our current efforts
focus on planar laser-induced fluorescence (PLIF) and Rayleigh scattering techniques for
probing the detailed structure of both isolated flow-flame interactions and turbulent flames. The
investigation of flow-flame interactions is of fundamental importance in understanding the
coupling between turbulence and chemistry in turbulent flames. These studies require the
development of a new suite of imaging diagnostics to measure key species in the hydrocarbon-
chemistry mechanism as well as to image rates of reaction and scalar dissipation.

Recent Progress

Recent research has continued to emphasize the development of diagnostics for probing the
detailed structure of reaction zones during flow-flame interactions. The coupling of
measurements with simulations also remains an essential element of this program. Research
activities have included the following: 1) Reaction-rate imaging with CO and OH PLIF in vortex-
flame 1interactions and turbulent jet flames 1) A demonstration of simultaneous 2-D
measurements of mixture fraction, temperature, and reaction-rate in turbulent jet flames. iii) An
initial study of a new imaging diagnostic for vinyl (C;Hs3) and acetylene (C,H;) to provide
insight into the C, branch of reaction pathways in rich premixed flames. iv) Investigation of
vortex-flame interactions with a focus on the effects of stoichiometry and flow configuration.

Reaction-rate Imaging Joint CO/OH PLIF imaging was used to perform 2-D measurements of
the forward reaction rate. of the reaction CO+OH = CO; + H in both repeatable flow-flame
interactions and turbulent jet flames. The diagnostic technique uses simultaneous CO and OH
PLIF to derive an image of the forward rate of the reaction CO + OH = CO, + H. This reaction
represents the primary pathway for the formation of CO; in a methane-air flame. The basic
concept of the diagnostic involves using the product of simultaneous OH and CO PLIF
measurements to obtain a signal that is proportional to the reaction rate. Recently, we
demonstrated instantaneous CO/OH reaction-rate imaging in turbulent partially premixed
CHa/air jet flames with varying levels of local extinction. In the flames with little extinction, the
~ reaction-rate diagnostic was coupled with the mixture-fraction/temperature imaging technique
described below. These measurements will allow us to analyze the instantaneous structure of the
reaction-rate field and should provide insight into turbulence-chemistry interactions.
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Mixture Fraction and Temperature Imaging We performed an initial demonstration of a three-
scalar technique for 2-D measurements of mixture fraction (£) and temperature in partially
premixed flames using a combination of polarized and depolarized Rayleigh scattering and CO
LIF. Mixture fraction is a fundamental quantity of interest in nonpremixed and partially
premixed combustion. Scalar dissipation (y = 2D|VE) is a metric for the rate of molecular
mixing, which is a critical parameter in nonpremixed and partially premixed flames. To
" determine scalar dissipation requires a measurement of mixture fraction gradients. Mixture
fraction imaging in a single plane provides two components of the gradient. Mixture fraction can
be determined by measuring all major species. However, it is impractical to do this in two
dimensions. Mixture fraction imaging thus requires the identification of a subset of
measurements that can provide an accurate measure of mixture fraction with enough signal for 2-
D measurements. Previous efforts have focused on a two-scalar approach that combines
Rayleigh scattering and fuel concentration measurements. A fundamental difficulty with this
approach is that it is not very sensitive near stoichiometric conditions where the fuel signal
disappears and the Rayleigh signal does not vary greatly as a function of mixture fraction.
Methods for obtaining fuel concentration have included laser-induced fluorescence of fuel
tracers and Raman scattering from fuel. However, the pyrolysis of fluorescent tracers results in
signal loss well on the rich side of the reaction zone. Fuel Raman imaging yields quite modest
signal levels because Raman scattering cross-sections are very weak. A more promising
technique, which we are investigating in collaboration with Prof. Marshall Long at Yale
University, uses depolarized and polarized Rayleigh scattering to measure fuel concentration. To
further improve sensitivity of the mixture fraction measurement near stoichiometric, we are
exploring the use of CO LIF, which provides a signal that is a relatively strong function of
mixture fraction near stoichiometric conditions. In our initial investigations, we have
demonstrated single-shot measurements in laminar and turbulent jet flames.

Development of C,-Species Imaging Diagnostic We have completed the first stage of an
investigation into a new imaging diagnostic tool for probing C; chemical reaction pathways in
premixed flames. Current chemical reaction mechanisms for hydrocarbon combustion have
significant uncertainties with regard to C, chemistry. Consequently, computations of the effects
of flow-flame interactions on C, reactions have considerable limitations, and experimental
measurements are needed. However, there is a lack of diagnostic techniques for imaging C,
species. We are investigating a novel imaging technique using Swan-band emission from laser-
generated C,* in premixed methane-air flames. The first stage of the study has identified multi-
photon laser-induced fragmentation fluorescence (LIFF) from vinyl (C;Hs) and acetylene (C,H,)
as the two possible sources of laser-generated C,* emission. We performed measurements of
laser-generated C,* emission with excitation wavelengths near 230 nm in a low-pressure cell and
considered seven different absorbing species: C,H,, C;H;, CyHy, C:Hg, C3Hs, CsHg, and CHs.
Results showed that photolysis of C,Hj3 is between 200 and 1300 times more efficient at
generating C,* emission than is photolysis of C;H;. The relative efficiency depends on the
initial internal excitation of the vinyl radical, which was produced by 193-nm photolysis of
methyl vinyl ketone (CH;COC;H3). The possible mechanisms for C,H3 LIFF include competing
two-photon and three-photon processes. For lower initial internal excitation, the three-photon
process dominates. Acetylene LIFF occurs via a three-photon process. Vinyl photolysis is
considerably more efficient than acetylene because the initial H-atom abstraction is a single-
photon process for vinyl and a two-photon process for acetylene. These initial studies indicate
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that it may be possible to obtain single-pulse PLIF images of vinyl radical that would offer
unique information about the flux of carbon through C, pathways. Further experiments are
needed to verify the technique at the elevated temperatures in flames.

Study of OH in Flame-Vortex Interaction Efforts to resolve observed differences between
experimental and computational studies of flame-vortex interactions have included a series of

measurements in both V-flames and counterflow flames. Recently, an axisymmetric counterflow
burner was built to study the response of strained premixed flames to a toroidal vortex ring. This
burner operates over a broad range of flame-vortex conditions, and its optical access allows the
use of a variety of imaging diagnostics. In initial studies using OH PLIF, the response of the
counterflow flame to a toroidal vortex was compared with that of a V-flame to a line vortex pair.
Dramatic differences were observed in the two configurations for rich (¢=1.2) premixed flames
with N; dilution. The abrupt burst in OH that occurred as the line-vortex pair propagated into the
V-flame was not observed in the counterflow flame. Instead, the OH level along the centerline
of the toroidal vortex decreased by approximately a factor of 3.8 relative to the steady
unperturbed flame. Similar results were obtained for a range of vortex strengths. Further
experiments in the counterflow burner showed the following trends: In richer flames, the OH
decrease along the centerline was less dramatic, and an OH increase was observed along the
sides of the vortex wake. As the flame pinched off a pocket of unburned reactants, we observed

a sudden increase in the OH level. In a lean flame (¢=0.6), the OH levels were not significantly
affected by the toroidal vortex. Differences in the evolution of the OH field for the two burner

configurations indicates the sensitivity of transient flame response to the dynamics of the flow.
Future Plans

In the near term, we will continue to expand our suite of novel laser-based imaging diagnostics
and apply these techniques to the study of flow-flame interactions in highly reproducible,
building-block flames. We will investigate the extension of diagnostics to single-shot
measurements in turbulent flames. This represents a first step towards our long-term goal of
using imaging diagnostics to apply our understanding of building-block flames to turbulent flow-
flame interactions. In all of these endeavors, we will strive to couple our experimental
measurements with simulation and modeling efforts.

Reaction-rate Imaging We plan to continue the development and application of diagnostics that
provide imaging measurements of reaction-rates. In the near future, our primary emphasis will
be further developing the simultaneous CO/OH measurement technique to obtain the spatial
distribution of the forward reaction rate of the CO + OH = CO, + H reaction in both
reproducible flow-flame interactions and turbulent flames.

Mixture Fraction We will expand our initial demonstration of simultaneous 2-D mixture-fraction
and temperature measurements by implementing the technique in a wider range of turbulent jet
flames and repeatable flow-flame interactions. The diagnostic technique will be further evaluated
using comparisons with results from multiscalar point and line measurements performed in
collaboration with R. Barlow. Further developments are needed to accurately determine scalar
dissipation rates and to extend the technique to flames having localized extinction. We will
consider issues of spatial resolution in determining gradients of mixture fraction.
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Cy-Species Diagnostic We will extend our understanding of laser-induced fragmentation
fluorescence (LIFF) of vinyl (C;H3) and acetylene (C,H,) to a flame environment by combining
measurements from LIFF and a photoionization mass spectrometer in a low pressure flame. The
mass spectrometer will provide quantitative measurements of the vinyl and acetylene profiles in
the flame. These profiles will be compared with the 2-D LIFF measurements to gain an
understanding of the LIFF photophysics .and verify the diagnostic technique at flame
temperatures. The mass spectrometer requires a vuv photo-ionization source that can span the
ionization potentials of both vinyl and acetylene. Consequently, the experiments will be
conducted at Lawrence Berkeley Laboratory’s Advanced Light Source. This research will be
performed in collaboration with A. Mcllroy and D. Osborn.

Flame-Vortex Interactions In the near future, studies on flame-vortex interactions will focus
on understanding differences between interactions of the V-flame with a line vortex and the
counterflow flame with a toroidal vortex. The local stretch rate of the vortex will be measured
using simultaneous OH PLIF and particle image velocimetry (PIV). We will map out the
response of the counterflow flame to a toroidal vortex over a range of stoichiometries, dilution
levels, strain rates, and vortex sizes. We will couple experiments with computations by H. Najm.
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MECHANISM AND DETAILED MODELING OF SOOT FORMATION

Principal Investigator: Michael Frenklach

Department of Mechanical Engineering
The University of California
Berkeley, CA 94720-1740

Phone: (510) 643-1676; E-mail: myf@me.berkeley.edu

Project Scope: Soot formation is one of the key environmental problems associated with
operation of practical combustion devices. Mechanistic understanding of the phenomenon has
advanced significantly in recent years, shifting the focus of discussion from conceptual
possibilities to specifics of reaction kinetics. However, along with the success of initial models
comes the realization of their shortcomings. This project focuses on fundamental aspects of
physical and chemical phenomena critical to the development of predictive models of -soot
formation in the combustion of hydrocarbon fuels, as well as on computational techniques for the
development of predictive reaction models and their economical application to CFD simulations.
The work includes theoretical and numerical studies of gas-phase chemistry of gaseous soot
particle precursors, soot particle surface processes, particle aggregation into fractal objects, and
development of economical numerical approaches to reaction kinetics.

Recent Progress:

A Quantum Monte Carlo Study of Energy Differences in C4H; and C4Hs Radicals (with -
X. Krokidis, N. W. Moriarty, and W. A. Lester, Jr.)

Elucidation of reaction pathways and associated rates for the formation of aromatics in high-
temperature pyrolysis and oxidation of hydrocarbons is currently one of the most active areas of
research in gas-phase chemical kinetics. The primary focus is on the formation of the first
aromatic ring from small aliphatics, because this step is perceived to be the rate-limiting step in
the reaction sequence to larger aromatics and eventually soot. Arguments revolve around several
possibilities. Among these are the even-carbon-atom pathways that involve the addition of
acetylene to n-C4Hs and n-C4Hs, ‘

n-CsH; + C;H, — -phenyl E (D
n-C4H5 + Csz — benzene + H (2)

The former, reaction 1, was suggested to play a key role in the formation of the first aromatic
ring on the basis of detailed kinetic simulations of shock-tube acetylene pyrolysis,' the result
reiterated in subsequent kinetic studies. These numerical simulations also identified reaction 2,
suggested by Bittner and Howard,? as playing a role at lower temperatures.” »
Reactions 1 and 2 were dismissed by Miller and Melius,® who suggested that n-C4H; and
n-C4Hs could not be present in sufficiently high concentrations because these radicals transform
rapidly to their corresponding resonantly stabilized isomers, i-C4Hj; and i-C4Hs. Past numerical
analysis revealed that Miller and Melius’ conclusion on the C4H; and CsHs abundances
originated, primarily, from the much lower stabilities  predicted by BAC-MP4 for the n forms
relative to the corresponding i forms of these radicals, which is especially pronounced in the case
of the C4H; isomers. The BAC-MP4 predictions for standard enthalpy differences between the n
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and i forms are 12 kcal/mol for the C4H;s isomers and 19 kcal/mol for the C4Hs isomers.* In
contrast, the enthalpy differences in the initial kinetics studies' were assumed to be about 8
kcal/mol, based on estimates of Benson. The 8 kcal/mol difference was incorporated into the
group-additivity scheme of Stephen Stein, which served as a consistent thermodynamic set for
the initial kinetic modeling.

Recent quantum-mechanical studies report differences in the range of 7-14 kcal/mol for the
n-C4Hs isomers, and raised the standard enthalpy of formation of the n-C4H; radical to 134
kecal/mol, as compared to the previous estimates of 127 and 130 kcal/mol (for a complete list of
references see Ref. 7 from the Publication list below).

We employed several ab initio quantum techniques, but mostly focused on the Diffusion
Monte Carlo (DMC) method, which offers high accuracy. The latter resulted in enthalpies of
formation of 126.0, 119.4, 83.4, and 76.2 kcal/mol for n-C4Hs, i-C4Hs, n-C4Hs, and i-C4Hs,
respectively, all with one standard deviation of 0.6 kcal/mol. These results translate into
enthalpy differences of 6.6%1.2 kcal/mol for C4Hj;, and 7.2+1.2 kcal/mol for C4Hs radicals,
which are substantially lower than the prior theoretical predictions. The DMC results suggest
higher stability for the » radicals, bringing the difference between the » and i isomers essentially
back to the Benson estimates. The higher stability of n-C4H; and n-C4Hs predicted by DMC
“restores” the importance of reactions 1 and 2.

Carlo Simulation of Soot Particle Aggregation with Simultaneous Surface Growth (with
P. Mitchell)

Mature soot particles appear as fractal-like aggregates randomly formed by branched chains of
nearly spherical primary particles. Soot particle formation is initiated by homogeneous
nucleation of precursors in the gas phase. Condensed phase material coalesces, leading to the
formation of the first recognizable primary particles. The earliest visible particles are typically
on order of 1-2 nm. After this initial stage, there is a transition from purely coalescent growth to
aggregation. Aggregation is the process whereby emerging particles floc together forming the
larger, more complex particle agglomerates. Particles also grow due to surface deposition. Gas-
phase species, such as acetylene, “attach” themselves to the surface of the growing particles
during both the coalescent and aggregation stages of coagulation. Surface growth adds a layer of
mass on the soot particle surface thereby generating most of the solid-phase material. This
growth mechanism encourages a rounder, more uniform shape, countering a portion of the
geometric randomness added by aggregation, and in the extreme forming perfectly spheroidal
particles. Formation of primary particles precedes that of aggregates. However, the transition
between the two modes of growth is not well understood. :

We investigated this transition using dynamic Monte-Carlo simulations. The simulations
construct soot particles via ensemble-averaged collisions between small, geometrically perfect
spheres. Simultaneously with the collisions, the particle sphere surfaces grow at a prescribed
rate. The-result is a union of overlapping spheres. A point sampling algorithm was implemented
to compute partlcle center of mass, volume, surface area, fractal dimension, and radius of
gyration.

Examination of the transition necessitated the development of shape descriptors to quantify
the geometric differences between particles. The descriptors, that we call & and A, were
developed to accomplish this task. Descriptor & was used to quantify a particle’s geometric
proximity to either a perfectly round ball or a chain-like aggregate. For a given shape, A was
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used to quantify a particle’s rate of geometric change. Using this approach, we developed a
working definition of the transition between coalescent coagulation and fractal aggregation. The
developed theory was tested on several examples. -

Nucleation of Soot: Molecular Dynamics Simulations of Pyrene Dimerization (with
C. A. Schuetz)

Experimental and numerical studies indicate that particle coagulation plays an important role in
soot formation. However, to date, neither method has been able to conclusively determine the
stage at which chemical precursors begin to coalesce. In the present study, molecular dynamics
(MD) with “on-the-fly” quantum forces was used to investigate binary collisions between pyrene
molecules. In the present study, the semiempirical PM3 Hamiltonian was used as the
interatomic multi-body potential. At each time step of MD simulation, self-consistent-field
(SCF) convergence of the PM3 wave function was achieved, providing the potential energy and
the interatomic forces of the system. The numerical integration was performed using the
predictor of Beeman'’s predictor-corrector method. By using a simulation time-step of 0.5 fs, the
total energy of the system was maintained constant to within ~1 kcal/mol per 10 ps of simulation
time.

Most of the runs were performed at 1600 K, within the temperature window of soot
nucleation in flames. The MD simulations were successful in producing dimers with substantial
collisional frequency and lifetimes far exceeding the equilibrium-based predictions, thus
demonstrating that pyrene dimerization is physically realistic in flame environments. The
principal finding of the present study is the development of internal rotors by colliding pyrene
molecules. This phenomenon is responsible for stabilization of the forming dimer. Analysis of
the MD results shows that the mechanism of stabilization is rooted in the pattern of energy
transfer. The translational energy of the individual colliding molecules is “trapped” in internal
rotors that emerge upon collision, and in the vibrational modes of the dimer, including the van
der Waals bond established between the pyrene molecules. This model extends the view of
stabilization of aromatic species dimerization, with the implication that aromatic dimers of
species as small as pyrene can survive long enough to evolve into soot nuclei.

Reference: :

1. M. Frenklach, D. W. Clary; W. C. Gardinér, Jr, and S. E. Stein, Proc. Combust. Inst. 20, 887 (1985).
2. J. D. Bittner and J. D.; Howard, Proc. Combust. Inst. 18, 1105 (1981).

3. M. Frenklach and J. Wamatz, Combust. Sci. Technol. 51, 265 (1987).

4. J. A. Miller and C. F. Melius, Combust. Flame 91, 21 (1992).

Future Plans

1. Soot Chemistry: In collaboration with William Lester’s group we will continue ab initio
quantum-chemical analysis of reactions that are critical to the development of kinetic models
of aromatic growth. It is planned to continue the careful study of small aliphatic unsaturated
radicals of combustion interest for which alternative methods have provided heats of
formation and atomization energies of uncertain accuracy. For this effort, it is essential that
the saturated parents of the radicals be computed to serve as benchmarks for accuracy
assessment. It is planned to complete studies of C4 systems and to follow with the study of
selected Cs species.
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One aspect of the procedures followed in DMC molecular computations that must be
carefully addressed is the specification of geometries at critical points of the potential energy
surface. For example, the usual procedure is to obtain the equilibrium geometry from non-
QMC approaches such as second-order Moller-Plesset perturbation theory (MP2) or a
generalized gradient approximation density functional method such as B3LYP. Although
much success has been achieved for the systems studied to date, for the radicals and novel
bonding systems that are contemplated for study, it is important to have a technique that is
not dependent on other methods. We plan to apply the design matrix method and assess its
usefulness for this purpose.

Particle Aggregation: As the fundamental parameters controlling the transition from
coalescent coagulation to fractal aggregation are now established, our next objective is to
develop a model that captures the essential physics of the original Monte Carlo model but in
a numerical form amenable to incorporation into the method of moments used in our soot
model. We will test then the new soot model in a series of actual flame simulations.

Homogeneous Nucleation of Carbon Nanoparticles. We will continue molecular dynamics
simulations with “on-the-fly” quantum forces, exploring wider ranges of initial conditions.
Our next objective is to investigate collisions of different-size aromatics.

Publications

1.

10.

“Kinetic Modeling of Soot Formation with Detailed Chemistry and Physics: Laminar
Premixed Flames of C; Hydrocarbons,” J. Appel, H. Bockhorn, and M. Frenklach, Combust.
Flame 121, 122-136 (2000). ‘

“Scaling and Efficiency of PRISM in Adaptive Simulations of Turbulent Premixed Flames,”
J. B. Bell, N. J. Brown, M. S. Day, M. Frenklach, J. F. Grear, R. M. Propp, and S. R. Tonse,
Proc. Combust. Inst. 28, 107-113 (2000).

“On Unimolecular Decomposition of Phenyl Radical,” H. Wang, A. Laskin, N. W. Moriarty,
and M. Frenklach, Proc. Combust. Inst. 28, 1545-1555 (2000).

“The Dependence of Chemistry on the Fuel Inlet Equivalence Ratio in Vortex-Flame
Interactions,” J. B. Bell, N. J. Brown, M. S. Day, M. Frenklach, J. F. Grear, and S. R. Tonse,
Proc. Combust. Inst. 28, 1933-1939 (2000).
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“A Quantum Monte Carlo Study of Energy Differences in C4H;z and C4Hs Isomers,”
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808-820 (2001).

“Reaction Mechanism of Soot Formation in Flames,” Phys. Chem. Chem. Phys., in press.
“Method of Moments with Interpolative Closure,” Chem. Eng. Sci., in press.

“Nucleation of Soot: Molecular Dynamics Simulations of Pyrene Dimerization,”
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Multiresonant Spectroscopy and the High-Resolution Threshold
Photoionization of Combustion Free Radicals

Edward R. Grant
Department of Chemistry
Purdue University
West Lafayette, IN 47907
edgrant@purdue.edu

Program Definition/Scope

In this research we apply methods of multiresonant spectroscopy and rotationally resolved
threshold photoionization to characterize the structure, thermochemistry and intramolecular
dynamics of excited neutrals and cations derived from combustion free radicals. The objectives of
this work are: (1) To measure ionization potentials with wavenumber accuracy for a broad set of
polyatomic molecules of relevance to combustion and combustion modeling; (2) To determine
vibrational structure for cations as yet uncharacterized by ion absorption and fluorescence
spectroscopy, including the study of anharmonic coupling and intramolecular vibrational relaxation
at energies approaching thresholds for isomerization; (3) By threshold photoionization scans,
referenced in double resonance to specific cation rovibrational states, to obtain information on
originating-state level structure useful for the development of neutral-species diagnostics; (4) To
measure rotationally detailed state-to-state photoionization cross sections for comparison with
theory; and (5) To spectroscopically study near-threshold electron-cation scattering dynamics of
relevance, for example, to plasma processes such as dissociative recombination, by acquiring and -
analyzing rotationally resolved high-Rydberg spectra.

Recent Progress

Bend-Stretch Fermi Resonance in DCO”

Perturbations-in the positions of higher vibrational states of polyatomic molecules confer
information on the anharmonic properties of vibrational potentials that permit energy to flow
between zeroth-order normal modes. Such details represent a challenge to theory in efforts to
predict rates from ab initio calculations. Before our studies, there were no measurements on the
positions of higher vibrationally excited states of either HCO® or DCO", but conjectures on
anharmonicity were possible based on perturbations in rotational constants.

Now, with double-resonant Rydberg extrapolations that rotationally resolve limits associated
with the bending-excited levels (030) and (040), we have direct information on the structure of the
bend. Analysis of the rovibrational structure derived from the positions of the (030) thresholds fits
with a simple parameterization extended from lower vibrational levels. For (040), however, we find
that the vibrational angular momentum components (04°0) and (04°0) are inverted in energy, with
the (04°0) component displaced approximately 20 cm™ to a position above that of (04°0). We
interpret this perturbation to support a conjecture by Hirota that the vibrational structure of DCO™ is
perturbed by a 4:1 bend-stretch Fermi resonance. Extending the pattern by which vibrational
angular momentum components are split in (020) and (030), we can establish the unperturbed

120



position of (04°0), from which we estimate the matrix element for bend-stretch coupling. ~ Analysis
yields a moderate Fermi matrix element, W .00 0%, of 32.43 cm’', which is about two-thirds the
magnitude of coupling found in the systems, CO, and NO,’, where bend-stretch mixing
significantly affects the character of higher vibrationally excited states.

Ion-dip absorption spectroscopy of the A *A" State of HCO

Double-resonance spectroscopy has provided us with a great deal of information about the
structure and thermochemistry of the formyl radical and its cation. The convergence of
rovibrationally resolved Rydberg series isolated in transitions from single photoselected
intermediate states determine state-to-state ionization energies of the radical as well as anharmonic
properties of the vibrational potential of the formyl cation, including the characterization of a
relatively strong quintic bend-stretch Fermi resonance in DCO™.

We can gain much more information on the anharmonic coupling of vibrational modes in
HCO*/DCO" if we extend our spectroscopic measurements to higher excted states. In principle, the
way to achieve this is clear: In order to resolve series that converge to any vibrational limit of the
formyl cation we need only to prepare the corresponding gateway level of the 3pn *I1 intermediate
Rydberg state. The main obstacle we face is a practical one. Levels above 3pm *I1 (030) in HCO
and (040) in DCO lie beyond the wavelength limit of simple frequency doubling. Access to a
subset of these states is further challenged by poor Franck-Condon factors for bent-to-linear
transitions: No levels excited in v, have been observed in the 3pn spectrum of either HCO or
DCO. The CO-stretch fundamental is weak in HCO and unobserved for DCO. Shorter
wavelengths can be prepared by sum-frequency mixing, and we are currently pursuing this strategy.
However, higher first-photon energy does not help to overcome unfavorable Franck-Condon
factors. '

We have embarked on a more general approach. Our goal is to open a wide new range of
higher excited states, within which we will be able to measure levels that will challenge the power of
contemporary theory to capture essential details in the properties of anharmonic vibrational
potentials. NO, provides a good model. First-photon absorption in the B ’B, <= X ?A, system of
this molecule selects a single rotational level in an intermediate state of strongly mixed vibronic
character. From each such photoselected state, there exists a very broad Franck-Condon envelope
for transitions to the linear 3pc *Z * Rydberg state extending from (000) to higher levels of
vibrational excitation in all three normal coordinates.

The same opportunity exists to span a broad range of bent-to-linear transitions for HCO
and DCO. In analogy with NO,, the low-lying A A" electronic state of the formyl radical forms a
Renner-Teller pair with the X *A' ground state. We plan to test the feasibility of executing double
resonance transitions to stretching and higher excited bending levels of the 3pm *I1 Rydberg state in
this system as the first steps of an ultimate three-color triple-resonance strategy for isolating high-
Rydberg series that converge to corresponding levels of the cation.

We have begun experiments to establish 2A" levels suitable for double resonance.
Promising candidates have been observed in laser-induced fluorescence. This system has been well
studied by a variety of other spectroscopic techniques, including four-wave mixing and
photofragment excitation, as well as optogalvanic spectroscopy. All levels accessed in visible
absorption predissociate with lifetimes varying from tens of picoseconds to hundreds of
femtoseconds. '
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Figure 5 Ion dip spectra of the A *A" (0110)
« X *A' transition in HCO for a series of

selected initial rotational states from N" = 1-6

To identify A A" « X ?A' transitions in
our apparatus, we have performed ion-dip
experiments. Tuning an ionization laser to
transitions in the 3pm 2T (030) « X A’ system,
we dip the ion signal by pumping transitions
from the selected X ?A’ level to the A *A" state.
Figure 1 to the right shows a sequence of scans
over A ?A" (0 11°0) « X A' (000) for 3pm 1
(030) « X A’ resonant ionization transitions
fixed on initial rotational quantum numbers N"
from 0 to 9. These lines associated with an odd
bending level of the ‘A" state appear
comparatively sharp because predissociation to
the underlying A’ continuum requires indirect K-
type and Coriolis coupling. Lifetimes determined

" by high-resolution observations lie in the range

of tens of picoseconds. By comparison, Figure 2
below shows a spectrum of the A *A" (0 10' 0)
«X 2A' (000) band recorded from the N"=1 level
of the ground state. The simulations represent
Lorentzians reflecting lifetimes of 150 fs.

Double resonance with the A ?A" (0 11 0)
state offers a feasible means to populate higher
bending excited levels of the 3prn I1 state. From
the measured lifetime, we can estimate that
temporally overlapped 5 ns lasers will effect
population transfers within a factor of 100 as
large as those that could be achieved by one-
photon excitation. Favorable Franck-Condon
factors could well improve the effectiveness of
this spectroscopic route, as will the reduction in
non-resonant background that can be expected
using longer wavelength light sources. In
practice, however, our preliminary experiments
have shown that required - second photon
frequencies produce background signal from
ionization of our acetaldehyde precursor. The
use of H,CO should yield no such contaminating
signal. We are developing a novel H-atom
abstraction source to use as a means for
efficiently generating HCO radicals from this
precursor.
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Figure 2 Ion dip spectra of the A
ZA" (0120) « X %A’ transition in
N HCO for an initial rotational
4 states, N" = 6. Simulations use (0
11 0) rotational constants with
Lorentizian widths corresponding
1 to lifetimes of 150 fs.
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123



CHEMICAL DYNAMICS IN THE GAS PHASE:
QUANTUM MECHANICS OF CHEMICAL REACTIONS

Stephen K. Gray
Gas Phase Chemical Dynamics Group, Chemistry Division

Argonne National Laboratory
Argonne, IL 60439

- E-mail: gray@tcg.anl.gov

PROGRAM SCOPE

This work emphasizes the development and application of accurate quantum mechanical
approaches for chemical reaction dynamics. Much of the work involves time-dependent or
iterative quantum methods that, in addition to computational simplifications, can yield
mechanistic insight. Applications to gas phase systems of current experimental interest, and of
relevance to combustion, are emphasized. The calculations also allow one to assess the quality
of the underlying potential energy surfaces and the reliability of approximate theoretical
approaches such as classical trajectories and transition state theory.

RECENT PROGRESS

Accurate quantum dynamics calculations often involve representing the wavefunction or wave
packet on a configuration space grid. The evaluation of the action of the Hamiltonian operator
on the wavefunction, which is carried out many times in a typical calculation, is the major
computational bottleneck to obtaining reaction probabilities and rate constants. The kinetic
energy contribution to this action, which generally involves second derivatives, should be as
efficient as possible. Simple finite difference (FD) methods are quite efficient for estimating the
kinetic energy contribution, scaling linearly with the number of grid points. Moreover, FD
methods are also very amenable to the high performance, parallel computing environment,
suggesting that difficult, four-atom and larger systems might be more readily tackled from this
perspective. Unfortunately, very small grid spacings are often required to achieve acceptable
accuracy, which tends to nullify the potential advantages. As a consequence, most applications
have involved either the fast Fourier transform (FFT) method, or related pseuodospectral or
discrete variable representations (DVRs) to provide approximations to the kinetic energy
operator action.  These approaches are highly accurate and can often be very efficiently
implemented in traditional (one-processor) computing environments. However, they are not as
amenable to parallelization. In collaboration with Goldfield, a new approach to finite difference
approximation, called the dispersion fitted finite difference (DFFD) method, was developed [1].
It retains all the simplicity and ease of parallelization of ordinary FD methods, but improves
- (often by orders of magnitude) the accuracy of the underlying kinetic energy operator
approximation. The idea is to consider the momentum (or Fourier) representation of the FD
second derivative approximation, and design the coefficients of the method such that this
momentum representation is a good approximation, to some pre-specified accuracy, of the
correct one. The resulting DFFD methods are just like ordinary FD ones, except that the
coefficients in the derivative approximations are different. It was demonstrated that these
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methods can be of comparable accuracy and efficiency to ‘the FFT method, and that they are
much more efficient (for comparable accuracy) than most other DVR methods.

The real wave packet (RWP) method [2] was applied to understand the dynamics of several
triatomic systems. The nature of unimolecular resonances in H,O was explored with Goldfield

[3]. The O(1D) +HCl — OCl + H/ OH + Cl reaction was examined with a high quality ab initio
surface in work with Balint-Kurti and co-workers [4]. These calculations represent the first
state-to-state quantum reactive scattering calculations for this atmospherically important
chemical system. Branching ratios for the OCl vs OH product channels were obtained and
agreed reasonably well with experimental results.  The calculated vibrational state product
distributions were also in reasonable accord with experiment, indicating an inverted OH
vibrational state distribution. The first three-dimensional, fully quantum mechanical study the
N(4S) + 0y(Zg) — NO(?I1) + O(3P) reaction, important in both combustion and atmospheric
chemistry, was carried out with Petrongolo and co-workers [5]. Reactant state resolved reaction
probabilities and cross sections, as well as thermal rate constants, were estimated. The reaction
mechanism, which involves short-lived NOO intermediates, was explicitly mapped out by
inspection of the evolving wave packet. The calculations also serve to confirm a previously
proposed mixed quantum/classical model for the reaction, and indicate that variational transition
state theory can exhibit significant errors for temperatures less than SO0K.

- The RWP approach [2], coupled with the use of DFFD approximations [1] and certain angular
grid representations [6] allowed the construction of an efficient four-atom reactive scattering
code [7]. As a non-trivial illustration, Goldfield and I also carried out extensive wave packet
calculations on the Hy + OH — H,0 + H reaction, with the recent, ab initio based potential

surface of Wu and co-workers [8]. Rate constants were obtained and compared with experiment
and transition state theory.

FUTURE PLANS

Our future work will focus on more challenging, four-atom and larger chemical reaction systems,
extending the preliminary work we have already accomplished on the H, + OH reaction [7]. In
terms of methodology, we will develop efficient, parallel versions of our wave packet codes that
will allow us to study the quantum dynamics of such systems. We will also work on hybrid or
more approximate techniques for obtaining quantum mechanical information about the reaction
dynamics.

We will begin to assess the role of entrance channel complexes on the OH + CO — CO, + H

reaction using our new four-atom scattering code [8], high performance parallel computing
techniques [6], and a recent potential energy function that includes the entrance channel wells
[9]. We hope to obtain accurate, quantum mechanical rate constants for this important
combustion reaction. We also plan to analyze aspects of the entrance channel complexes and
correlate with recent experiment and theory of Lester and co-workers [10]. We will also
continue to examine important triatomic systems, including aspects of the H + O and N + O,

reactions with our wave packet methodologies.



References

S. K. Gray and E. M. Goldfield, J. Chem. Phys. 115, 8331 (2001).

S. K. Gray and G. G. Balint-Kurti, J. Chem. Phys. 108, 950 (1998).

S. K. Gray and E. M. Goldfield, J. Phys. Chem. A 105, 2634 (2001).

V. Piermarini, G. G. Balint-Kurti, S. K. Gray, F. Gogtas, A. Lagana* and M. L.
Hernandez, J. Phys. Chem. A 105, 5743-5750 (2001). :

P. Defazio, C. Petrongolo, S. K. Gray, and C. Oliva, J. Chem. Phys. 115, 3208-3214 (2001).

E. M. Goldfield, Comput. Phys. Comm. 128, 178 (2000).

E. M. Goldfield and S. K. Gray, J. Chem. Phys., submitted (2002).

G. Wu, G. C. Schatz, G. Lendvay, D.-C. Fang, and L. B. Harding, J. Chem. Phys. 113, 3150

(2000). :
D. Troya, M. J. Lakin, G. C. Schatz, and M. Gonzalez, J. Chem. Phys., submitted (2002).

[10] M. I. Lester, B. V. Pond, D. T. Anderson, L. B. Harding, and A. F. Wagner, J. Chem. Phys.

113,9889 (2000).

PUBLICATIONS, S. K. Gray (2000-2002)

l.

K. M. Forsythe and S. K. Gray, A transition state real wavepacket approach for obtaining
the cumulative reaction probability, J. Chem. Phys. 112, 2623 -2633 (2000).

S. Nanbu, S. K. Gray, T. Kinoshita and M. Aoyagi, Theoretical study of the poténtial
energy surfaces and bound states of HCP, J. Chem. Phys., 112, 5866-5876 (2000).

S. Skokov, T. Tsuchida, S. Nanbu, J. M. Bowman, and S. K. Gray, A comparative study
of the quantum dynamics and rate constants of the O(3P) + HCl reaction described by two
potential surfaces, J. Chem. Phys. 113, 227- 236 (2000).

S. K. lGray, G. G. Balint-Kurti, G.C. Schatz, J. J. Lin, X. Liu, S. Harich, and X. Yang,
Probing the effect of H, rotational state in O(!D) + Hy —OH + H : Theoretical dynamics

including nonadiabatic effects and a crossed molecular beam study, J. Chem. Phys. 113,
7330-7344 (2000).

M. Hankel, G. G. Balint-Kurti, and S. K. Gray, Quantum mechanical calculation of product
state distributions for the O(ID) + H, — OH + H reaction on the ground electronic state

surface, J. Chem. Phys. 113, 9658-9667(2000).
S. K. Gray, B. G. Sumpter, D. W. Noid, and M. D. Barnes, Qliantum mechanical model of

localized electrons on the surface of polymer nanospheres, Chem. Phys. Lett. 333, 308-313
(2001).

126



7.

10.

11

12.

13.

M. Hankel, G.G. Balint-Kurti, and S. K. Gray , Quantum mechanical calculation of reaction
probabilities and branching ratios for the O(!D) + HD — OH(OD) + D(H) reaction on the
1A' and 1A" adiabatic potential energy surfaces, J. Phys. Chem. A. 105, 2330-2339 (2001).

S. K. Gray and E. M. Goldfield, Highly excited bound and iowrlying resonance states of
H,0, I. Phys. Chem. A 105, 2634-2641 (2001).

V. Piermarini , G. G. Balint-Kurti, S. K. Gray, F. Gogtas, A. Lagana* and M. L.
Hernandez, Wave packet calculation of cross sections, product state distributions, and
branching ratios for the O(!D) + HCl reaction, J. Phys. Chem. A 105, 5743-5750 (2001).

K. M. Forsythe, S. K. Gray, S. J. Klippenstein, and G. E. Hall, An ab initio molecular
dynamics study of S ketene fragmentation, J. Chem. Phys. 115, 2134-2145 (2001).

P. Defazio, C. Petrongolo; S. K. Gray, and C. Oliva, Wave packet dynamics of the N(4S) +
0, — NO + O reaction on the X2A' potential energy surface, J. Chem. Phys. 115, 3208-

3214 (2001). | ~

S. K. Gray and E. M. Goldfield, Dispersion fitted finite difference method with applications
to molecular quantum mechanics, J. Chem. Phys. 115, 8331-8344 (2001).

M. Hankel, G. G. Balint-Kurti, and S. K. Gray, Sinc wavepackets: A new form of
wavepacket for time-dependent quantum mechanical reactive scattering calculations, Int. J.
Quant. Chem., in press (2002).

SKG was supported by the Office of Basic Energy Sciences, Division of Chemical Sciences,
Geosciences, and Biosciences, U.S. Department of Energy under Contract No. W-31-109-
ENG-38

127




‘Computer-Aided Construction of Chemical Kinetic Models
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Project Scope

The combustion chemistry of even simple fuels can be extremely complex,
involving hundreds or thousands of kinetically significant species. The most reasonable
way to deal with this complexity is to use a computer not only to numerically solve the
kinetic model, but also to construct the kinetic model in the first place. We are
developing the methods needed to make computer-construction of accurate combustion
models practical, as well as tools to make it feasible to handle and solve the resulting
large kinetic models.

Our work during this grant period has focused on: 1) development of improved
rapid reaction rate estimation techniques suitable for systems involving many large
molecules, 2) methods for automating k(T,P) calculations while building mechanisms
with a computer, 3) development of a new “Adaptive Chemistry” method for coupling
complex chemical kinetics into flame simulations, and 4) “Valid Range Analysis”, i.e.
methods for identifying the range of reaction conditions over which a kinetic model is
valid.

Recent Progress

1. TS Group Additivity for Reaction Rate Estimates

Often the accuracy of combustion simulations is constrained primarily by the
accuracy of the high-pressure-limit rate parameters employed. It is unlikely that either
experiment or high-quality quantum calculations will be able to provide the very large
number of rate constants needed. Instead, we are generalizing from a limited number of
quantum calculations and experimental data, using the concept of functional groups.
Benson’s group additivity scheme very accurately describes thermochemical properties
for stable species; we are extending this approach to predict the transition state properties
(e.g. the free-energy of activation, needed to compute reaction rates). Our- group
additivity predictions are within 40%- of the dozens of individual quantum (CBS-Q,
canonical TST, Wigner tunneling) rates we have tested over the whole T range. One
advantage of our approach over the more conventional linear free-energy relationship
(LFER) approach is that group-additivity naturally predicts Arrhenius plot curvature. Our
quantum-based group additivity estimates for H-abstraction reactions are generally within
a factor of 5 of the best literature rates above 500 K.

We have published a few dozen transition-state group values for alkanes, and
have developed non-nearest-neighbor corrections which allow this method to be accurate
for reactions with polar and unsaturated substituents. We have summarized this work in
three recent articles [8,9,12], and have submitted a fourth article to Theoretical Chemistry
Accounts.

2. Automated k(T,P) Calculations
We have continued to develop computer algorithms and software for rapidly and
accurately computing k(T,P) during computerized model construction.[1,6,7] This

128




involves using an accurate screening technique to compute only the isomerizations and
dissociation channels which are numerically significant. We applied these techniques to a
variety reactions through chemically activated cycloalkyl! radicals, where hundreds of
wells and product channels were energetically accessible, and where experimental data
was available for detailed comparison. We recently completed the integration of these
screened k(T,P) calculations into kinetic model generation software, and are now
constructing hydrocarbon combustion models which for the first time account for the
pressure-dependence effects on all the reactions.

Most of our k(T,P) software development was done in collaboration with Jeff
Grenda and Tony Dean of ExxonMobil, with financial support from a DOE Academic-
Industrial partnership award. (Tony Dean is now at Colorado School of Mines.)
Applications of these k(T,P) calculation methods to aromatic hydrocarbon reactions [2-5]
were done in collaboration with Jack Howard.

3. Adaptive Chemistry & Numerics for Reacting Flow Simulations

Reacting flow simulations are most valuable for reactors/combustors with large
concentration or temperature gradients, where one expects the chemistry to be
dramatically different in different spatial regions (or at different times in a dynamic
simulation). However, currently most reacting flow simulations are performed using the
same chemistry model at all mesh positions and at all times. These calculations typically
require a very large amount of CPU time and computer memory, limiting most reacting-
flow simulations of hydrocarbon combustion to oversimplified chemical kinetic models.

Computational efficiency without sacrificing chemical accuracy is possible by
‘adapting’ the chemistry model to the local reaction conditions in much the same way
that modern simulations use adaptive time-steps and adaptive mesh refinement. The idea
in all three cases is to use a lot of detail when it is necessary, but to use a less-detailed
description whenever possible without sacrificing accuracy. Our Adaptive Chemistry [11]
approach of ignoring chemical species where they are insignificant is very advantageous,
since the best available methods for solving the kinetic equations and for computing the
multicomponent diffusion coefficients both scale super-linearly with the number of
chemical species considered. A paper detailing the methodology and presenting several
applications has recently been submitted to Combustion and Flame.

In our quest to reduce the CPU time required to solve large combustion models,
we have also developed a numerical method taking advantage of advances in sparse
linear algebra and automatic differentiation technology. This approach reduces the CPU
time required to solve the LLNL n-heptane model by a factor of 60, making it practical to
use this type of very detailed model in rather complex simulations.[10]

4. Valid Range Analysis and Model Reduction

In any method that uses or generates multiple kinetic models, one is faced with
the problem of identifying which kinetic model is valid for which reaction conditions. We
have submitted the first paper that identifies a valid range for an arbitrary kinetic model
to Chemical Engineering Science. We have also developed a computer program which
identifies the smallest valid reduced model for a set of user-specified reaction conditions
that it is possible to obtain by eliminating reactions, and used this to develop a reduced
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model library for use in Adaptive Chemistry simulations. This work on optlmal model
reduction has recently been submitted to Combustion and Flame.

Future Plans

We will publish a database of high-pressure-limit reaction-family rate estimation
rules. For kinetic models with thousands of reactions, it is more reasonable to compare
these rules than to try to compare each reaction rate individually. Many of these rate
estimates will be derived from the TS group additivity approach described above.
Comparisons will be made with rate estimation rules already in the literature. We will
also develop new thermochemical groups as required using high-level quantum chemistry
and advanced models for hindered internal rotation.

We will also take existing large combustion mechanisms, and compute their
pressure-dependencies and their valid ranges, so that users will know where these models
can be used reliably. As part of this work, we will develop criteria to determine when a
large-molecule reaction will be in the high-pressure-limit, and when a k(T,P) calculation
1s necessary.

The rate estimation rules and automated k(T,P) calculations will be coupled with
computerized model-generation software to construct new combustion chemistry models,
with larger valid ranges than existing models. :

We will also develop the “Adaptive Chemistry” technique into a flexible software
library which can be called by a variety of computational fluid dynamics codes. This
software will include automated model reduction and valid range analysis tools, and
software to facilitate control of model-truncation error.
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