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Foreword

This abstract booklet provides a record of the thirtieth U.S. Department of Energy
contractors’ meeting focused on gas-phase chemical physics. 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 objective of this meeting is to provide a fruitful environment in which researchers
with common interests will present and exchange information about their activities, will build
collaborations among research groups with mutually reinforcing strengths, will identify needs
of the research community, and will uncover opportunities for future research directions. The
agenda consists of an invited keynote talk, oral presentations by program Pls and for the first
time invited poster presentations from junior level researchers in an effort to increase the
awareness of the Gas Phase Chemical Physics program. Approximately one third of the PIs in
the program speak each year in rotation. With ample time for discussion and interactions, we
emphasize that this is an informal meeting for exchange of information and building of
collaborations; it is not a review of researchers’ achievements or a forum to define the future
direction of the program.

We appreciate the privilege of serving in the management of this research program. In
carrying out these tasks, we learn from the achievements and share the excitement of the
research of the many sponsored scientists and students whose work is summarized in the
abstracts published on the following pages.

We thank all of the researchers whose dedication and innovation have advanced DOE
BES research and made this meeting possible and productive. We hope that this conference will
help you will build on your successes and we look forward to our assembly next year for our
31 annual meeting.

We thank Diane Marceau of the Chemical Sciences, Geosciences and Biosciences
Division, and Margaret Lyday and Connie Lansdon of the Oak Ridge Institute for Science and
Education for their important contributions to the technical and logistical features of this
meeting.

Michael Casassa
Larry A. Rahn
Wade Sisk
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Combustion chemistry diagnostics
Katharina Kohse-Hoinghaus
Chemistry Department, Bielefeld University, Germany

The need for clean energy drives many recent studies in combustion research and applications.
Use of alternative fuels with different chemical functions, restrictions on harmful emissions,
and introduction of novel combustion strategies stimulate an increasing demand for informa-
tion on combustion chemistry. Details of the reaction networks, of important pathways, of
sensitivities to specific conditions are crucial for the formation of certain intermediates and of
undesired products.

The presentation is planned to stimulate discussion by providing selected recent results in five
areas where diagnostics can be used to obtain insight into the combustion chemistry.

Some specific features in the combustion of oxygenate fuels and hydrocarbon/oxygenate
blends will be highlighted. Still far from assembling a complete picture, important contri-
butions have been made by many groups in the US and overseas to establish a basis for
predictive modeling of the combustion of esters, ethers, alcohols and their blends with
conventional hydrocarbon fuels. A more general approach for estimating structure-product
relations from chemically complex fuel molecules would be desirable.

Diagnostic tools that have been used in the context of oxygenate fuels, including espe-
cially mass spectrometric techniques, have also been applied to study the chemistry of
fuel-bound nitrogen when burning model alternative fuel compounds with, for example,
amine functions. Such nitrogen-containing compounds may originate from pyrolysis of
plant matter, such as wood bark, or from other biological waste. The combustion chemis-
try of such fuel components must be considered as largely unstudied.

When analyzing the intermediate and product species pool in combustion processes, espe-
cially in situations where the available information is incomplete, mass spectrometry — al-
though intrusive — is indispensable, and mechanisms are validated by such techniques.
Following earlier investigations of molecular beam sampling with probes, accurate laser
measurements today offer the potential to revisit such perturbation effects. Some recent
results will be highlighted to discuss useful strategies.

Sensing and controlling the combustion status under practical conditions will potentially
have to rely on optical information. Laser tools offer a broad wavelength range and many
options for the detection of radicals, and alternative fuels may warrant tolook at different
species than would be measured when addressing conventional hydrocarbon flames. Also,
chemiluminescence is widely advocated as an intrinsic combustion sensor, and some as-
pects will be presented of using this information quantitatively.

Finally, combustion regimes are becoming attractive where high efficiency and low emis-
sion might be beneficially combined. As one of these approaches, low-temperature com-
bustion will be addressed using both a novel burner and a homogeneous or catalytic flow
reactor, and issues for analysis of the combustion chemistry under such conditions will be
discussed.






Two- and three-state conical intersections in molecular systems

Spiridoula Matsika
Department of Chemistry
Temple University
Philadelphia, PA 19122
smatsika@temple. edu

Conical intersections between two and three states of the same symmetry have been
found to play a key role in nonadiabatic processes. Two-state conical intersections have
been known for a while and their importance is now widely recognized. Three-state conical
intersections, actual degeneracies between three electronic states that are not imposed by
symmetry, are less known, but they have been shown in recent years to be present in many
polyatomic molecules. These features may exist when there are at least five degrees of
freedom present in the molecule. Their importance and effect on nonadiabatic dynamics
are not well understood.

The importance of conical intersections is being investigated in a variety of photoiniti-
ated processes. Large scale ab initio multireference configuration interaction methods are
being used to locate and characterize conical intersections and examine how they influence
the excited state properties of molecular systems. We will present studies on biologically
relevant systems, and particularly the nucleobases and their analogs, where we have found
many seams of two- or three-state conical intersections that can complicate the potential
energy surfaces and dynamics of these systems.!™ It is shown that the accessibility of
conical intersections is a key factor in determining their fluorescence properties. Implicit
effects of three-state conical intersections are investigated by calculating nonadiabatic cou-
pling terms, and it is demonstrated how the phase of the nonadiabatic coupling terms can
be a diagnostic for the presence and location of additional seams.*

The topography of the conical intersection region that couples the electronically excited
and ground state potential energy surfaces can affect the product distributions of photoini-
tiated reactions. We will demonstrate this in collisional quenching of electronically excited
OH A%X* by Ny or Hy. The rotational excitation of the OH X?II products and branching
fraction are found to be dynamical signatures of nonadiabatic passage through the conical
intersection region.’

1. “Radiationless Decay of Excited States of Uracil through Conical Intersections”, S. Matsika, J. Phys.
Chem. A, 108, 7584-7590, (2004)

2. “Three-State Conical Intersections in Nucleic Acid Bases”, S. Matsika, J. Phys. Chem. A, 109,
7538 - 7545, (2005)

3. “Radiationless Decay Mechanism of Cytosine: An Ab Initio Study with Comparisons to the Fluo-
rescent Analogue 5-Methyl-2-Pyrimidinone”, K. A. Kistler and S. Matsika, J. Phys. Chem. A, 111,
2650-2661, (2007)

4. “Three-State Conical Intersections in Cytosine and Pyrimidinone Bases”, K. A. Kistler and S.
Matsika, J. Chem. Phys., 128, 215102, (2008)

5. “State-resolved distribution of OH XZ2II; products arising from electronic quenching of OH A?%+
by No”, L. P. Dempsey, T. D. Sechler, C. Murray, M. Lester, and S. Matsika J. Chem. Phys., 130,
104307, (2009)






The Ignition of Jet Fuel Relevant Hydrocarbons at Engine Conditions

Matthew A. Oehlschlaeger
Rensselaer Polytechnic Institute, Troy, NY
oehlsm@rpi.edu

Overview

This AFOSR sponsored project is aimed at understanding the oxidation and ignition kinetics for
jet fuels through shock tube studies. Our group has recently constructed a heated shock tube
facility capable of elevated pressure homogenous gas-phase kinetic measurements of the ignition
and oxidation characteristics of low vapor pressure hydrocarbon compounds such as those found
in current (gasoline, diesel, and jet fuels) and future transportation fuels (Fischer-Tropsch fuels,
biofuels, oil sands fuels, and others). Shock tube measurements of the ignition delay times of
individual hydrocarbons found in and representative of those found in jet fuels at conditions of
relevance to aero-propulsion devices are in progress. To date, a large range of compounds have
been studies from the various classes of hydrocarbons found in high concentrations in jet fuels
(n-alkanes, iso-alkanes, cyclo-alkanes, and aromatics). These measurements provide: 1) kinetic
targets for the development and assessment of oxidation mechanisms for many compounds for
which targets are sparse or do not exist in the literature, 2) an assessment of the influence of
organic structure on reactivity, and 3) data needed for the development of surrogate mixtures for
jet fuels and their detailed kinetic mechanisms.

Recent Progress

New Shock Tube: A new shock tube has been designed and constructed for the investigation of
fuel chemistry at elevated pressures (reflected shock pressures up to 200 atm). The stainless steel
shock tube has a 5.7 cm inner diameter, a 4.1 m long driven section, and a 2.6 m long driver. The
shock tube, mixing vessel, and filling manifold can be heated with an electronically controlled
electrical resistance heating system to temperatures up to 180 °C. Measurements of temperature
on the inner wall of the shock tube indicate that the temperature is uniform within £2 °C, the
thermocouple measurement uncertainty. This facility allows the investigation of low vapor
pressure fuels, for which limited Kinetic targets are available, at pressures and mixture
compositions (fuel and air mixtures) relevant to aero-propulsion and internal combustion
engines. The shock tube has been fully characterized and uncertainties in post-shock temperature
and pressure are estimated at 1-1.5%. Ignition measurements were made for iso-octane mixtures
at a wide range of conditions for comparison to previous well established literature data from the
groups at Aachen, Fieweger et al. (1997) [1], and Stanford, Davidson et al. (2005) [2], for
validation of the shock tube and measurement techniques.

Ignition of jet fuel relevant compounds: Ignition delay time studies have been carried out for a
large number of individual hydrocarbon compounds in reflected shock experiments for
conditions that range from 750-1500 K, 7-60 atm, and ® = 0.25-1.5 in air. The focus of our work
thus far has been on ignition measurements for individual hydrocarbon compounds from a
variety of organic classifications that are found in relatively high concentrations in jet fuels or
are representative of compounds found in jet fuels. Some of the compounds investigated have
been the subject of previous shock tube and/or rapid compression machine ignition studies.
However, for many of the compounds these ignition studies represent the first measurements or



the first measurements at conditions relevant to aero-
propulsion and internal combustion engines.
Measurements have been completed for the following:
C7-Cy4 n-alkanes, iso-octane (2,2,4-trimethylpentane, a
reference fuel for octane number), iso-cetane
(2,2,4,4,6,8,8- heptamethylnonane, a reference fuel for
cetane  number),  cyclopentane, cyclohexane,
methylcyclohexane, ethylcyclohexane, decalin,
toluene, the three xylene isomers, ethylbenzene, and a-
methylnaphthalene. Ignition delay times for these
compounds have been made using simultaneous
pressure and electronically excited OH emission
measurements near the shock tube end wall; see Fig. 1
for an example ignition time measurement.

N-Alkanes: As an example of our work on
hydrocarbon ignition, a brief description of the major
kinetic conclusions from of our work on n-alkanes is
given. Figure 2 shows a comparison of ignition time
measurements made near 12 atm for stoichiometric n-
alkane/air mixtures. The graph includes data for n-
heptane, n-decane, n-dodecane, and n-tetradecane
ignition measurements obtained in our heated shock
tube facility and results from other shock tube and
rapid compression machine studies for these
compounds. This comparison and comparisons made
at other conditions (pressures and equivalence ratio)
show experimentally, for the first time, that the
reactivity of n-alkane/air mixtures for C; and larger n-
alkanes vary little with n-alkane chain length, for
mixtures with approximately common carbon content
at elevated pressure conditions. The similarity in
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Fig. 1. Example ignition time measurement.
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Fig. 2. Measured ignition times for ® = 1.0 n-
alkane/air mixtures at 40 atm.

reactivity for n-alkanes observed experimentally is in good agreement with the recent predictions
of LLNL (Westbrook et al., 2009 [3]) and Milano (Ranzi et al., 2005 [4]) kinetic modeling
studies but is in disagreement with the kinetic modeling of the Nancy group (Biet et al., 2008
[5]). Hence, this data has cleared up, to some degree, disagreement within the kinetic modeling
community as to influence of n-alkane length on reactivity. The similarity in reactivity for long
n-alkanes can be explained by examining the primary reaction pathways and intermediates,

which obviously vary significantly with temperature.

For shock tube experiments at temperatures below 1400 K the n-alkanes are primarily consumed
via H-atom abstraction by small radicals (O, H, OH, HO,, CHjs, and others) to produce alkyl
radicals; at T > 1400 K n-alkane thermal decomposition competes. At higher temperatures (T >
900-1000 K) these alkyl radicals primarily decompose, which can be proceeded by isomerization
(H-atom transfer), to produce olefins, most of which are ethylene and propene for all n-alkanes
regardless of chain length. Therefore, at higher temperatures the intermediate olefin pool for all



n-alkanes is very similar, provided that the mixtures are of common carbon content, and
therefore the ignition times are very similar.

At moderate to lower temperatures the explanation for the similarity in reactivity is different. At
lower temperatures (T < 900-1000 K) alkyl radicals can add directly to O, to form alkylperoxy
radicals (RO2) which can dissociate back to alkyl and O, or isomerize to form hydroperoxy alkyl
radicals (QOOH). The QOOH can add an additional O, to form hydroperoxy peroxy
(OOQOOH) which can quickly isomerize to a ketohydroperoxide and an OH radical. The
ketohydroperoxide can decompose to form a second OH radical and another radical. In total, this
reaction sequence produces three radicals from the original alkyl radical and thus chain low-
temperature radical branching. At moderate temperatures (700-1000 K) this low-temperature
branching reaction pathway competes with the dissociation of QOOH to form different products:
olefins and HO,, cyclic ethers and OH, and B-scission products and alkyl radicals. This moderate
temperature pathway results in no radical branching and thus lower reactivity is observed in the
moderate-temperature  negative-temperature-coefficient (NTC) regime than at lower
temperatures where QOOH + O is faster than QOOH decomposition.

The similarity of the measured ignition times in all the experimental studies shown in Fig. 2 for
temperatures less than 1000 K implies that the moderate- and low- temperature reaction
pathways, described above, and rate coefficients are not strongly influenced by n-alkane chain
length for C; and larger n-alkanes. In particular, reactions involving internal isomerization (RO,
— QOOH and OOQOOH — OH + ketohydroperoxide), the rates of which are dependent on the
length of R for smaller molecules, must not be strongly dependent on length, for C; and larger
alkyls. This conclusion is consistent with the premise that reactions proceeding through cyclic
transition states typically proceed through 5-8 member rings and in the case of larger alkanes the
addition of chain length does not add probable isomerization pathways.

Future Work

Future work will expand our ignition time measurements to multi-component hydrocarbon
mixtures to provide insight into the influence of fuel-fuel interactions on reactivity. We will also
begin evaluating surrogate mixtures and distillate jet fuels (Jet A and JP-8) to determine which
surrogates suitably mimic the reactivity characteristics of commercial and military use jet fuels.
Additionally, we have recently developed a ppm-sensitive mid-IR quantum cascade laser
absorption sensor for carbon monoxide which will be used to study both high- and low-
temperature fuel oxidation in shock tubes.
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Practical Explicitly Correlated Many-Body Methods

Edward F. Valeev
Department of Chemistry, Virginia Tech, Blacksburg, VA 24061

Abstract

Predictive computation of energy differences and properties related to them (equilibrium constants,
reaction rates, rovibrational spectra) demand convergent series of high-level wave function models in
combination with specially-designed basis set sequences. Unfortunately, the use of practical basis sets
results in unacceptably-large basis set errors. For example, the mean absolute and maximum basis
set error of heats of formations of small closed and open-shell molecules in the HEAT testset! are
9.1 and 25.2 kJ/mol when using the correlation-consistent triple-zeta basis set. Reliable predictions
of chemical accuracy (defined as 1 kcal/mol = 4.2 kJ/mol) clearly requires more extensive basis sets
and computational costs increased by orders of magnitude. The cause of the large basis set errors
is fundamental: the qualitatively incorrect behavior of the standard wave functions when electrons
approach each other closely. Although carefully designed basis set sequences allow to reduce the basis
set error of molecular energies by empirical extrapolation, such approaches are often not reliable and
cannot be easily extended to properties.

To account for the basis set challenge from first principles we employ explicitly correlated R12
wave function methods. In R12 methods®3 the two-electron basis includes products f(ri2)|ij), where
f(ri2) is an appropriate function of the interelectronic distances known as the correlation factor. The
many-electron integrals that appear in explicitly correlated methods are simplified by systematic approx-
imations*5 based on the resolution of the identity (RI).% At the MP2 level the use of R12 approach
allows to reduce the basis set error by an order of magnitude, with a disproportionately-small increase
in computational cost.

Here we will discuss our recent progress in extension of R12 approach to the highly-accurate coupled-
cluster (CC) methods for ground and excited states using the rigorous and perturbative routes. The
rigorous R12 extension of the CC method is formally straightforward but the resulting equations are
immensely complex and are not suited for manual implementation. To derive, manipulate, and imple-
ment these equations we employed an automated compiler that can handle the more general algebraic
structure of the CC-R12 equations, isolate the special R12 intermediates, factorize the resulting ten-
sor expressions, and generate efficient computer codes. Evaluation of the nonstandard two-electron
integrals is also carried out by a high-performance computer code generated by a specialized compiler.
These developments have allowed us for the first time to investigate a range of unprecedented ground-
state CC-R12 methods through CCSDTQ-R12. Application of these novel methods to small polyatomic
molecules results in absolute electronic energies of chemical accuracy and without any extrapolation.’
The work is underway to develop excited state and response CC-R12 capabilities.®

A more practical approach to R12 coupled-cluster methods is to introduce explicit correlation by
perturbation theory. We have developed a family of CC-R12 methods that treat geminal terms alone
(CCSD(2)Rr12),% 19 or in conjunction with triple excitations (CCSD(T)gr12),!! in a manner similar the
workings of the “gold standard” CCSD(T) method. The advantage of the perturbative route is that
the standard CC equations are not modified, and technical changes to the MP2-R12 code are minor.
We demonstrate that the CCSD(T)r12 method is a practical R12 variant of the CCSD(T) method with
performance similar to the rigorous CCSD(T)-R12 counterpart. For the aforementioned HEAT example,



the use of the CCSD(T)r12 method allows to reduce the basis set error to 2.8 kJ/mol in mean absolute
sense and to 7.2 kJ/mol at most, all with the same triple-zeta basis set. Thus, the CCSD(T )r12 method
with only a triple-zeta basis set seems to reach chemical accuracy on average.

We will finally investigate how the R12 approach can be applied in a universal fashion to any

electronic structure model (wave function or density-based).}> Our approach is formally similar to the
perturbative CC route described above. We hope to apply such universal correction in conjunction with
multireference CC or Cl models to quanitatively describe potential energies of bond breaking processes,
in ground and excited states, and other phenomena involving near-degenerate electronic structures.

References

[1]

2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

A. Tajti, P. G. Szalay, A. G. Csaszar, M. Killay, J. Gauss, E. F. Valeev, B. A. Flowers, J. Vazquez,
and J. F. Stanton, J. Chem. Phys., 121, 11599 (2004). HEAT: High Accuracy Extrapolated Ab
Initio Thermochemistry.

W. Kutzelnigg, Theor. Chim. Acta, 68, 445 (1985). ri>-Dependent terms in the wave function as
closed sums of partial wave amplitudes for large /.

W. Klopper, F. R. Manby, S. Ten-no, and E. F. Valeev, Int. Rev. Phys. Chem., 25, 427 (2006).
R12 methods in explicitly correlated molecular electronic structure theory.

A. J. May, E. Valeev, R. Polly, and F. R. Manby, Phys. Chem. Chem. Phys., 7, 2710 (2005).
Analysis of the errors in explicitly correlated electronic structure theory.

S. KedZuch, M. Milko, and J. Noga, Int. J. Quantum Chem., 105, 929 (2005). Alternative formu-
lation of the matrix elements in MP2-R12 theory.

E. F. Valeev, Chem. Phys. Lett., 395, 190 (2004). Improving on the resolution of the identity in
linear R12 ab initio theories.

T. Shiozaki, M. Kamiya, S. Hirata, and E. F. Valeev, J. Chem. Phys., 130, 054101 (2009). Higher-
order explicitly correlated coupled-cluster methods.

T. Shiozaki, M. Kamiya, S. Hirata, and E. F. Valeev, Phys. Chem. Chem. Phys., 10, 3358 (2008).
Equations of explicitly-correlated coupled-cluster methods.

E. F. Valeev, Phys. Chem. Chem. Phys., 10, 106 (2008). Coupled cluster methods with perturbative
inclusion of explicitly correlated terms: A preliminary investigation.

M. Torheyden and E. F. Valeev, Phys. Chem. Chem. Phys., 10, 3410 (2008). Variational formulation
of perturbative explicitly correlated coupled-cluster methods.

E. F. Valeev and T. D. Crawford, J. Chem. Phys., 128, 244113 (2008). Simple coupled-cluster
singles and doubles method with perturbative inclusion of triples and explicitly correlated geminals:

M. Torheyden and E. F. Valeev, in preparation. Universal perturbative explicitly-correlated basis
set incompleteness correction.

10



Multiscale simulations of nanoparticle formation in high temperature
conditions

Angela Violi
Departments of Mechanical Engineering, Chemical Engineering and Biomedical Engineering
University of Michigan
Ann Arbor, MI, USA

Abstract

The process of combustion is the dominant pathway through which mankind continuously injects
particulate matter into the atmosphere. These combustion-generated particles are present not only
in very large amounts, but they are produced, at the smallest scale, in the form of clusters with
nanometric dimensions. Although the total mass of particulate emissions has been significantly
reduced with improvement of combustion efficiency and emissions control systems, the very small
nanoparticles are exceedingly difficult to control by the emission systems typically installed on
vehicles. In addition, the current emissions regulations are mass-based and do not address the
presence of nanoparticles. Predictive models of nanoparticle formation and oxidation that provide
detailed chemical structures of the particles currently do not exist, a fact that greatly limits our
ability to control this important chemical process.

The objectives of this work are focused on gaining a clear understanding of the chemical and
physical processes occurring during the formation of carbon nanoparticles in combustion
conditions and their fate in the environment. Starting from the chemistry of novel fuels, including
esters, the primary focus is to provide a detailed multi-scale characterization of nanoparticle
formation in combustion environments, through the use of novel simulation methodologies
operating across disparate (spatial/temporal) regimes. The use of ab initio simulations to describe
the reaction pathways for the breakdown of the fuel molecules, together with atomistic models,
such as Molecular Dynamics simulations, provides information on the reaction pathways from fuel
decomposition to nanoparticle formation in a chemically specific way. This approach establishes a
connection between the various time scales in the nanoparticle self-assembly problem, together
with an unprecedented opportunity for the understanding of the atomistic interactions underlying
carbonaceous nanoparticle structures and growth.
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Vibrational Autodetachment —
A New Experimental Approach to Intramolecular Vibrational Relaxation

J. Mathias Weber
JILA, NIST, and Department of Chemistry and Biochemistry, University of Colorado,
Boulder, Colorado 80309, USA

Abstract

The distribution and relaxation of vibrational energy through molecules is a
process that is very important in many chemical phenomena. Consequently,
understanding internal vibrational redistribution / relaxation (IVR) of energy is critical
for obtaining predictive power in modeling of processes in complex chemical
environments. In this work, we use vibrational autodetachment (VAD) as a new
experimental approach to studying IVR.

If the binding energy of an excess electron to a molecule is less than the energy of
a certain vibrationally excited state, excitation into that state can lead to VAD. If the
lifetime of the excited anion with respect to VAD is short compared to the experimental
timescale, the absorption of a photon leads to the formation of neutral products and free
electrons with near unit efficiency.

Unless there is a direct coupling mechanism between the excited vibrational state
and the detaching mode(s), VAD relies to a large extent on IVR, resulting in the
excitation of vibrational modes that couple the anionic and neutral potential energy
surfaces. In the context of IVR, the situation of vibrational autodetachment (VAD) is
similar to the use of vibrational predissociation in that the initially excited zero-order
bright state is embedded in a continuum of dark states (the dissociation continuum and
the electron emission continuum, respectively). For VAD from polyatomic anions, an
excited vibrational mode is often not directly coupled to electron emission, and energy
needs to be redistributed into a mode that is.

Our model systems in this study are nitroalkanes, which have electron affinities of
about 1400 cm™ [1], well below the excitation energies for CH stretching modes, with the
excess charge localized mostly on the nitro group. The low electron binding energy
facilitates VAD as well as direct photodetachment in the energy region of the CH
stretching fundamentals (2700 — 3000 cm™). The absorption bands of the CH stretching
vibrations in the hydrocarbon are the zero-order bright states, while the nitro group serves
as a localized energy acceptor, as the most important vibrational modes coupling the
anionic and neutral potential energy surfaces are the NO, wagging modes.
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The coupling of vibrational energy to electronic motion manifests itself in
macroscopic systems e.g. as thermionic emission. In a molecular description, the
coupling of vibrational and electronic motion constitutes a breakdown of the Born-
Oppenheimer approximation. Ro-vibrational autodetachment (AD) has first been reported
by Lineberger and coworkers [2], where the excess electron on NH™ was ejected after ro-
vibrational excitation of the anion. The VAD approach has not been widely used for
spectroscopic purposes, and the only time it has been employed with a (partial) focus on
IVR was a few years ago by Johnson and coworkers, in the case of bare and Ar solvated
nitromethane anions [3].

In the present work, VAD spectra are compared to Ar-predissociation spectra of
Ar solvated nitroalkane anions [4]. In addition, low-energy velocity map photoelectron
imaging results for nitromethane anions without and with vibrational excitation are
shown. The “regular” photoelectron spectrum is interpreted with the aid of ab initio
theory and Franck—Condon factor calculations [1]. From photoelectron spectra resulting
from electron loss after vibrational excitation and comparison to the calculated density of
states of the neutral and the anion, we can draw conclusions on how vibrational energy is
coupled into the electron loss channel.

1. C.L. Adams, H. Schneider, K.M. Ervin, and J.M. Weber, "Low-energy
photoelectron imaging spectroscopy of nitromethane anions: Electron affinity,
vibrational features, anisotropies and the dipole-bound state,” J. Chem. Phys. 130,
074307-1 - 10 (2008).
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Spectrum and Autodetachment Dynamics of NH"," Journal of Chemical Physics
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Chem. Phys. 115, 10718-10723 (2001).
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"Vibrational spectroscopy of nitroalkane chains using electron detachment and Ar
predissociation,” J. Phys. Chem. A 112, 7498-7506 (2008).
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Threshold Photoelectron Photoion Coincidence (TPEPICO) Studies:
The Road to + 0.1 kJ/mol Thermochemistry

Tomas Baer (baer@unc.edu)
Department of Chemistry
University of North Carolina
Chapel Hill, NC 27599-3290
DOE Grant DE-FG02-97ER 14776

Program Scope

The threshold photoelectron photoion coincidence (TPEPICO) technique is utilized to
investigate the dissociation dynamics and thermochemistry of energy selected medium to large
organic molecular ions. The reactions include parallel and consecutive steps that are modeled
with the statistical theory in order to extract dissociation onsets for multiple dissociation paths.
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, free radicals, and stable molecules. 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 TPEPICO data.

The TPEPICO Experiment

The threshold photoelectron photoion coincidence (TPEPICO) experiment in Chapel Hill
is carried out with a laboratory H, discharge light source. Threshold electrons are collected by
velocity focusing them into a 1.5 mm hole on a mask located at the end of the 12 cm drift tube.
Some hot electrons pass through a 2x5 mm opening located next to the central 1.5 mm hole. In
this fashion, two TPEPICO spectra are simultaneously collected, one for threshold and one for
hot electrons. Hot electron free data are obtained by subtracting a fraction of the hot from the
threshold TPEPICO data. The ion TOF is either a linear version or a reflectron for studying H
loss processes. The electrons provide the start signal for measuring the ion time of flight
distribution. When 1ons 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 with a molecular beam source and an
electron imaging detector at the Swiss Light Source (SLS) has been constructed and has been
collecting data since August, 2008. Because of the high photon flux, we have implemented the
first multi-start multi-stop coincidence scheme using a master clock as the time base. The
maximum photon resolution and flux have not yet been achieved due to some alignment issues.

However, 2 meV resolution has been demonstrated, which will yield onset energies accurate to
0.2 kJ/mol.

Recent Results

The Heats of Formation of HCCl;, HCCIL,Br, HCCIBr;, HCBr3, and Their Fragment Ions
Studied by Threshold Photoelectron Photoion Coincidence: The parallel onsets for Cl and Br
loss were measured for the following mixed tri-halide ions, HCCl;, HCCIl,Br, HCCIBr;, and
HCBr3 by threshold photoelectron photoion coincidence (TPEPICO) in order to establish the
heats of formation of the mixed halides as well as the following fragment ions: HCCI,",
HCCIBr', HCBr,". The first zero Kelvin onsets were measured with a precision of 10 meV.
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The second onsets, which are in competition with the lower energy onsets, were established with
a precision of 60 meV. Because both the chloroform and bromoform have relatively well
established heats of formation, these measurements provide a route for establishing the heats of
formation of the mixed halomethanes within uncertainties of less than 5 kJ mol™. A particular
effort was made to establish believable error limits in second onset energies (see figure below).

CHCIl,*

Specific Rate Constants K(E) of the Dissociation of the Halobenzene Ions: Analysis by
Statistical Unimolecular Rate Theories Specific rate constants K(E) of the dissociation of the
halobenzene ions C¢HsX ™ — C¢Hs™ + X (X =Cl, Br, and I) were measured over a range of 10° to
10" s' by threshold photoelectron-photoion coincidence (TPEPICO) spectroscopy. The
experimental data were analyzed by various statistical unimolecular rate theories in order to
derive the threshold energies Eq. Although rigid activated complex RRKM theory fits the data in
the experimentally measured energy range, it significantly underestimates Eqo for chloro- and
bromobenzene. Phase space theory (PST) does not fit the experimentally measured rates. A
parameterized version of the variational transition state theory (VTST) as well as a simplified
version of the statistical adiabatic channel model (SSACM) incorporating an energy dependent
rigidity factor provide excellent fits to the experimental data and predict the correct dissociation
energies. Although both approaches have just two adjustable parameters, one of which is Eo,
SSACM is effective and particularly simple to apply.

8 : : : : — This is an important study for us because
- it clearly demonstrates the necessity of

" ] using theories more sophisticated than
RRKM to extrapolate the measured rate
constants down to the 0 K dissociation
limit.  The Chapel Hill opinion of
SSACM is that it is simply a first order
correction to PST and thus ideally suited
for ionic dissociations. There does not
. appear to be much physical meaning to
Y ’ : - - - - RRKM | the adjustable parameter, though. The

27 I oo PsT 1 VTST is intuitively more appealing, but
the fitting parameters are difficult to

lon Internal Energy (eV)

Log(K(E)) (")
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Progress at the Swiss Light Source (SLS)
The VUV beamline at the SLS is rapidly becoming a smoothly running facility.

TPES and total ion scans in an Ar
beam below the Ar IE (15.760 eV).
Ar, TPES TPES was obtained in coincidence
with Ar,” ions. The TPES peaks are
about 7 meV wide. Electron velocity
map images at each photon energy
reveal the autoionziation paths of the
Lkl Ar, Rydberg states. This scan was run
overnight on autopilot.

Ion/ZKE signal (arb. units)

Ar, PIE

Below is the breakdown diagram of
SiCl," between 17 and 26 eV obtained
at the SLS.

14.40 14.55 14.70 14.85 15.00 15.15 15.30 15.45 15.60 15.75

hv/ev
The best photon resolution obtained so far

has been 2 meV, which should also be the
best electron resolution. More work is
required to reduce Stark broadening of
electron peaks due to the 40 V/cm extraction
field. The machine runs on autopilot so that
2 people can work 24/7 for two weeks
without wearing themselves out. So far, the
focus has been on collecting breakdown
diagrams for molecular ions that sequentially
loose ligands, e.g. SiCl,", until we see the
bare Si" ion above 25 eV. The loss of Cl T

from SiCly” at 10 eV is not shown. By 17 18 19 20 21 22 23 24 25 26 27 28
modeling the energy partitioning in the various sequential dissociation steps, we can semi-
quantitatively reproduce the entire breakdown diagram (solid lines). The only adjustable
parameters are the onset energies. The slopes of the lines are given by the statistical energy
partitioning. We have similar data for SnCly, GeCls, and BBr3;. Deviations of the data from the
statistical model probably reflect non-statistical energy partitioning, which needs investigating.

Work in Progress and Future Plans

Some papers in progress include an accurate and reliable measurement of the t-butyl ion heat of
formation. This is being done with variable temperature TPEPICO apparatus in Chapel Hill
using CH3 loss from neopentane ions as the precurosor. The challange is to extract an accurate
onset for the methyl loss channel in the presence of a slightly lower energy CH4 loss onset.
With this in hand, we can determine the heats of formation of t-butyl iodide, and t-butyl
peroxide, both of which yield the t-butyl ion as an ionic product. Another study involves the
determination of the t-butyl-OO radical heat of formation by photoionzation of di-t-butyl
peroxide. This reaction is very metastable and its analysis has shown that simple RRKM and
SSACM vyield different onset energies. Our calculatiosn suggest that the SSACM onset is the
correct one. This study depends on the accurate t-butyl ion heat of formation obtained from the
neopentane study. A third paper in progress involves the heat of formation of the C;Hs" ion.
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The challange here is that H loss from propene involves a slow reaction, whose rates must be
measured. Because of the small mass loss, the data analysis is challenging.

Future plans include further testing of the VIST and SSACM models for ionic reactions that
involve the loss of dipolar species. These are ones that have non-spherical potentials, which
often require special care. But, there are not many examples of such reactions. A study of
Ce¢HsNO™ > C¢Hs" + NO is in progress. In addition, we will continue our study of peroxides in
order to obtain heats of formation of other peroxy radicals.
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Program Scope

This program is directed toward achieving a more complete understanding of turbulence-
chemistry interactions in flames and providing detailed measurements for validation of
combustion models. In the Turbulent Combustion Laboratory (TCL) at the CRF, simultaneous
line imaging of spontaneous Raman scattering, Rayleigh scattering, and two-photon laser-
induced fluorescence (LIF) of CO is applied to obtain spatially and temporally resolved
measurements of temperature, the concentrations of all major species, mixture fraction, and
reaction progress, as well as gradients in these quantities in hydrocarbon flames. The
instantaneous three-dimensional orientation of the turbulent reaction zone is also measured by
imaging of OH LIF in two crossed planes, which intersect along the laser axis for the multiscalar
measurements. These combined data characterize both the thermo-chemical state and the
instantaneous flame structure, such that the influence of turbulent mixing on flame chemistry
may be quantified. Our experimental work is closely coupled with international collaborative
efforts to develop and validate predictive models for turbulent combustion. This is accomplished
through our visitor program and through the TNF Workshop series. Although the past emphasis
has been on nonpremixed combustion, the workshop and this program are in the process of
expanding their scope to address a broad range of combustion regimes, including premixed and
stratified flames. We are also working to extend our quantitative multiscalar diagnostics to more
complex fuels by implementing a polarization separation technique for single shot
measurements. Within the CRF we collaborate with Joe Oefelein to use highly-resolved large-
eddy simulations (LES) of our experimental flames in order to gain greater fundamental
understanding of the dynamics of multi-scale flow-chemistry interactions. We also collaborate
with Tom Settersten and Jonathan Frank to refine our quantitative LIF methods and to apply
complementary imaging diagnostics to selected turbulent flames.

Recent Progress

Work during the past year has focused on four areas closely linked to the new directions of the
TNF Workshop: 1) stratified flame experiments and data analysis (collaboration with
Cambridge University, UK), 2) development of a new processing approach for processing
Raman scattering data from hydrocarbon flames (collaboration with the Technical University of
Darmstadt, Germany) 3) exploratory measurements in laminar and turbulent flames of ethane,
ethylene, propane, and dimethyl ether (DME), and 4) buildup of collection optics and detection
hardware for polarized/depolarized Raman measurements and for improved OH PLIF imaging.

Stratified Flame Experiments and Data Analysis

In stratified combustion a turbulent flame propagates through a nonuniform mixture of fuel and
oxidizer. This mode of combustion is common on practical systems but is not well understood at
a fundamental level, and it represents an important challenge for combustion models. Stratified
combustion is also challenging for laser diagnostics because high precision in the measurement
of the local equivalence ratio, ¢, is required and thin reaction zones demand high spatial
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resolution. In collaboration with Prof. Simone Hochgreb and Mr. Mark Sweeney of Cambridge,
we investigated two stratified burners using line-imaged Raman/Rayleigh/CO-LIF in
combination with crossed planar LIF imaging of OH. The first burner (Fig. 1a) uses parallel
slots and mesh to create a turbulent mixing layer between two streams to different equivalence
ratio. Data from this burner have been analyzed to extract statistics on the instantaneous
dissipation of reaction progress variable, which is an important quantity for some modeling
approaches and which had not previously been measured in any turbulent stratified flame.
Statistics of the flame surface density, curvature, and orientation have also been reported. We
recently conducted experiments on a new stratified burner (Fig. 1c) that operates at significantly
higher turbulence levels than the slot burner. This burner is intended as a target for validation of
RANS and LES combustion models. It has a central bluff body for flame stabilization and two
annular flow passages. Variable swirl may be applied to the outer annular flow. This swirl
burner was designed to complement a burner from TU Darmstadt. (See abstract by J. Frank.)

a) b) c)

Figure 1. a) Cambridge stratified slot burner diagram and example image combining acetone and OH
imaging [1]; b) measured results for 3D (angle corrected) scalar dissipation y. plotted vs. instantaneous
progress variable ¢ with color indicating mixture fraction Z [2]; and c) photograph of the new annular
burner for investigation of stratified flames at higher turbulence levels.

‘Hybrid’ Processing of Raman Measurements

We collaborated with the group of Prof. Andreas Dreizler at TU Darmstadt, Germany to develop
a method of analysis of Raman scattering measurements that combines the best aspects of the
separate methods used by the two groups. This ‘hybrid” method applies a matrix inversion
approach but uses lookup tables based on integration of regions of theoretically calculated
Raman spectra instead of polynomial curves based upon extensive calibration. The new method
offers significant advantages for processing of data from our low f-number transmission
spectrometer because the effects of optical bowing of the line image and beam steering within
turbulent flames can be corrected automatically.

Flames of Ethane, Propane, Ethylene, and DME

In order to evaluate the potential for extending high-quality multiscalar measurements to
turbulent flames burning more complex fuels, we measured Raman scattering spectra in heated
flows (up to ~850K) and in laminar partially-premixed jet flames of ethane, propane, ethylene,
and DME. Measurements were conducted in collaboration with TU Darmstadt during a visit by
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PhD student, Frederik Fuest (Jan-Feb 2009), and they included both high-resolution spectra and
spectrally binned (on-chip) data separated into two polarization components. The high
resolution results will be used to develop synthetic spectral libraries, which will subsequently be
used to extend the ‘hybrid’ Raman processing method to address these fuels. Some exploratory
measurements were also obtained in piloted turbulent jet flames of each fuel, so that relative
levels of fluorescence interference may be evaluated.

Enhancement of Measurement Capabilities

We are in the process of duplicating (in mirror image) the complete three-camera
(Raman/Rayleigh/CO-LIF) detection system that was brought on line in June 2007. The second
system will allow simultaneous detection of the separate polarization components of signal from
the test section, so that fluorescence interference and flame luminosity may be subtracted from
the Raman scattering signal. Implementation of this polarization separation technique as a
quantitative, single-shot method for turbulent flames is the critical path toward extending model
validation experiments to more complex fuels, including some alternative transportation fuels.
We have also upgraded the UV imaging optics for our crossed OH PLIF measurements. Light
collection has been increased by an order of magnitude, yielding significant improvement in
spatial resolution and accuracy of measurements of flame curvature in premixed and stratified
flames.

Future Plans

Research plans are closely aligned with two of the major priorities identified at the TNF9
Workshop (Montreal, August 2008). The first is to extend our work on stratified combustion to
flames with higher levels of turbulence. This is being done in collaboration with the University
of Cambridge (UK) and the Technical University of Darmstadt (Germany). In both cases, burner
designs emphasize well-defined boundary conditions for turbulent combustion models, such that
unambiguous comparisons of measured and modeled results may be achieved. Strong coupling
of the experimental and computational work on stratified combustion at Cambridge, TU
Darmstadt, and Sandia will be facilitated by funding from the Leverhulme Trust (UK) for
establishment of a research network. This three year grant to Prof. Hochgreb allows for research
exchanges (travel expenses) and annual workshops. The intent is to accelerate progress in this
research area and feed the larger (and less focused) model validation framework of TNF series.

Our second thrust will be to extent multiscalar measurements to turbulent flames of more
complex fuels. We expect to complete construction and installation of our second three-camera
detection system during the coming year. In parallel, we will work with TU Darmstadt to
develop synthetic libraries representing the temperature dependence of Raman scattering spectra
for methane, ethane, propane, ethylene, and DME, so that the hybrid processing method may
also be applied to fuels. It is hoped that detailed multiscalar results on the first turbulent flames
of the new fuels will be available within the next year.

[1] P. Anselmo-Filho, S. Hochgreb, R.S. Barlow, R.S. Cant, “Experimental Measurements of Geometric
Properties of Turbulent Stratified Flames,” Proc. Combust. Inst. 32, 1763-1770 (2009).

[2] M.S. Sweeney, O.R. Darbyshire, S. Hochgreb, R.S. Barlow, “Experiments on the Structure of
Stratified Flames in Low Turbulence,” US National Combustion Mtg., Ann Arbor, May 2009.
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Program Scope

The research program supported by this Department of Energy grant centers on
developing rigorous, predictive and insightful computational methods to model the
basic dynamics of chemical and physical processes of importance in gas-phase
combustion. We have focused in recent years on developing full-dimensional global
ab initio-based potential energy surfaces (PESs) that describe complex unimolecular
and bimolecular reactions. These PESs are fits to tens of thousands or more of ab
initio energies using special polynomial bases that are manifestly invariant with
respect to all permutations of like nuclei. Dynamics calculations using these
potentials, which may contain multiple minima and saddle points, can be done for
long times and can reveal new pathways and mechanisms of chemical reactions. The
choice of reaction system to study is always motivated by experiments that challenge
and ultimately advance basic understanding of combustion reaction dynamics.
Recent Progress in “Roaming” Dynamics

H2CO photodissociation

We have extended our studies of the so-called "roaming dynamics" in H,CO
photodissociation by explicit consideration of aspects of the interaction between the

Schematic of the H,CO T,/S, Reaction Profile the Ti and So electronic states in a

120 - collaboration with the groups of
100 | = " /1 Anna Krylov and Keiji Morokuma,
i 1 who used using different electronic

8Of So 1 structure methods to characterized
g2 60} D «— 1 these intersections.’! (Note: "Pn"
E 20 b { refers to publication no. n in list "
- 1 PUBLICATIONS SUPPORTED BY THE

20 r 1 DOE (2007-present)." The lowest
oF 1 energy intersections between T; and

a0 b ] So, determined by these groups, are

located in the hydromethylene region
of the potential energy surface as indicated in the schematic figure shown above.
The configurations of these intersections are close to the geometry of the cis/trans-
HOCO isomerization saddle point. We performed extensive quasiclassical trajectory
(QCT) calculations initiated at these intersection geometries using an updated global
potential energy surface. The new PES contains a high-energy saddle point
connecting the molecular channel H2+CO to the HOCO region of the PES. (At the
energies of relevance to present photodissociation experiments this channel is
classically closed; however, configurations near this saddle point are sampled in the
dynamics calculations.) The QCT calculations find that isomerization occurs from the
HOCO region of the PES to the H,CO (as indicated in the figure), which then proceeds
to the molecular products by both the conventional molecular saddle-point pathway
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and the roaming pathway. The results of these new calculations, i.e., the Hz and CO
ro-vibrational distributions, are virtually identical to those obtained from
trajectories initiated at the So global minimum, which were reported recently.1.P2-P>
The roaming mechanism, first uncovered by running QCTs from the global minimum
continues to apply to the trajectories initiated from the T1/SO crossing
configurations.
CH3CHO Photodissociation
We reported a global PES for CH3CHO based on roughly 130 000 CCSD(T)/cc-pVTZ
electronic energies in the single-reference regions of the potential and augmenting
those energies with accurate CCSD(T)/cc-pVTZ and aug-cc-pVTZ energies for many
fragments, e.g.,, CH4++CO, CH3+HCO, CH2CO+Hz2, C2H2+H20, etc.P® This potential was
used in QCT calculations of the
- 1 photodissociation of CH3CHO, which
£Q Dynamics initially were done at a total energy
T TS DrectDynamcs corresponding to the 308 nm
experiment of Houston and Kable.2 New
calculations were done as part of a
collaboration with the groups of Scott
|/ 1 Kable and David Osborn, who measured
ad the IR emission from the vibrationally
very hot CHi product, shown in the
figure to the left?” QCT calculations

10 -~ ]

08

Distribution

04 -

02 -

ol l | | | | N were performed on the global PES and
' 0 5000 10000 15000 20000 25000 30000 35000 initiated at the CH3CHO equilibrium (EQ)
CH, Vibrational Energy (cm’) geometry. In addition “Direct-Dynamics”

QCT calculations were performed at the
MP2/ccpVDZ level of theory and basis. These were initiated at the conventional
molecular saddle-point transition state corresponding to the dissociation of
acetaldehyde to the CH4+CO products. As seen in the figure there is good agreement
between the measured CHs vibrational energy distribution and QCT trajectories
initiated at the equilibrium configuration, denoted "EQ Dynamics”, but poor
agreement with trajectories initiated at the conventional TS, denoted "TS Direct
Dynamics”. Based primarily on this results shown in this figure we estimated that
the dissociation dynamics to the molecular products is roughly 85% non-
conventional TS. Animations of a number of trajectories indicate that there is
significant "roaming" of the CHz group.
Ab initio IR Spectroscopy of cis/trans-HOCO
In collaboration with Anna Krylov (USC) a semi-global PES was developed for the cis
and trans isomers of H2CO, based on fitting 17 262 CCSD(T)/cc-pVTZ (frozen core)
energies.’8 A dipole moment surface (DMS) was also obtained by fitting the dipole
moment obtained with CCSD/6-311G** (all electrons correlated) calculations. The
PES and DMS were used in rigorous vibrational calculations using the code
MULTIMODE,3 to obtain vibrational energies and intensities. The results are in very
good agreement with the recently measured matrix-isolation spectrum of trans-
HOCO.4
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F+CH4 reaction

We reported a full-dimensional, ab initio-based PES for the F+CHa4 reaction,” based

on an accurate composite method. This PES is the most accurate one currently

available. The first set of comparisons with experiments focused on those from

Nesbitt and co-workers® who determined the HF(v',j') product distributions at one

initial relative kinetic energy. Excellent agreement was found.

Future Plans

(1) We plan to extend the study of multi-electronic state dynamics calculations of

H2CO photodissociation by explicitly considering the non-adiabatic coupling. (2) We

plan further calculations of the F+CD3H reaction in order to make direct comparisons

with the experiments of Kopin Liu and co-workers,® who presented some evidence of

a possible resonance in this reaction. Liu's experiments detect the correlated

products CD3(v=0)+HF(v') and CD2H(v=0)+DF(v'). To model this quasiclassically

some method development will be needed so that the assignment of the ground

vibrational state of the methyl fragment is done as rigorously as possible. One

approach that we will investigate is to analyze the final vibrational energy

distribution of the methyl fragment by projecting the vibrational motion onto normal

modes and then perhaps using "Gaussian Binning"7 to obtain the mode-specific final

states.
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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. Our current work is concerned with improving
the calculation of transport properties for combustion modeling.

Recent Progress

A review of transport property formalisms and their underlying parameterizations has been
conducted (In collaboration with Lucas Bastien and Phillip Price).

Diffusion, viscosity, thermal conductivity, and thermal diffusion are critically important in
combustion processes. They affect profile shapes, flame velocities, and pollutant production.
Relative to efforts directed toward improving chemistry, little effort has been directed toward
improving the description of transport in combustion models since the work of Kee et al.
[1986]. The state of the art is described adeptly by Wakeham et al. [2007]: “there was
considerable development in both transport property theory and experimentation between
1950 and 1970; between 1970 and 1986, these efforts were extended to more complex
molecular systems, and currently the field has stagnated with little new development and is
driven by specific application needs.” Sensitivity analysis [Brown and Revzan, 2005]
revealed that influential transport properties are as important in flame modeling as influential
reaction rates, and both should be taken into account when building chemical mechanisms.
Major products of this review are suggestions of the best approaches for improving transport
property evaluations under combustion conditions as well as improvements in their
underlying parameterizations.

Our first task was to assemble a large amount of viscosity data because it is the most
accurately measured of the properties, and experimentally determined viscosity coefficients
for pure substances and binary mixtures can serve as benchmarks for different theoretical
approaches. This is possible because there were large improvements in the instrumentation
for measuring viscosity during the 1970s, and measurements were made in the temperature
regime 70 to 2000 K, with the majority of these under 1000 K, with errors less than 0.5 %.
We are currently evaluating transport properties using different formalisms and comparing
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them with each other and to experimental values for the temperature range 1 < T* <10, where
T* = kT/e and ¢ is the well depth. We have compared: Tranlib (CHEMKIN) of Kee et al.
[1986] that has been corrected for coding errors, the approach of Mason, Kestin, and
colleagues, MKC [Mason and Uribe ,1996 and Bzowski et al., 1990], with the Dipole
Reduced Formalism, DRFM, [Paul 1997 and Paul and Warnatz 1998]. Collision integrals for
the latter two are identical except for the case of molecules with dipole moments. We
calculated viscosities for pure substances that are simple non-polar molecules like rare gases
and CO; using the same sets of potential parameters (from Paul and Warnatz) for each
approach, and they agree excellently with each other-indicating that each approach to
collision integral evaluation leads to the same values for 1 < T* < 10 where T* = kT/e. We
also compared predicted viscosities calculated with Tranlib and DRFM —each with their
supporting data for each of the representative molecules over a range of temperatures. Rare
gas and “simple non-polar molecules” (Ar, O,, N2, CO,, CH,) viscosities calculated with
Tranlib, MKC, and DRFM agree with each other and with experimentally determined values
as well (relative errors usually less than 2 % and as high as 4 %).

Many molecules important in combustion including radical species have dipole moments and
all have polarizabilities. VValues for these parameters are often incorrect in the Tranlib data
base. Errors in viscosities calculated with Tranlib are 3 % for H,O and 17 % for NH; while
those calculated with DRFM are 2 and 3 %, respectively. This indicates that the two
approaches to correcting for dipoles are reasonable [DRFM approach is from Hirschfelder et
al., 1954], and argues for having correct values of dipole moments and polarizabilities.
Unfortunately, there are very few measurements of the transport properties of radical species,
and their supporting data are frequently incorrect. MKC only treats rare gases and simple
molecules and does not attempt any special treatment for properties involving polar
molecules and DRFM uses their dipole correction with newly estimated values of potential
length and energy scaling parameters. Figure 1 provides an illustration of how far apart
Tranlib and DRFM are for radicals and a “not so simple” polyatomic molecule.
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Note that the differences are in the range 50 to 140 % at temperature where radical transport
processes are especially important in flames. Measurements of the diffusion coefficients of
OH and HO, at ambient temperature by Ivanov et al. [2007] agree better with the DRFM
values, which are 20 to 33 % higher than with Tranlib values, which are over a factor of two
larger. There needs to be further research on transport properties of radical species because
they are extremely important in combustion modeling.

Considerable literature exists regarding the importance of different combing rules that
attempt to infer binary interactions of unlike molecules from like ones, as well as a body of
literature regarding various approximation that are useful for treating mixture transport
properties. We used a multi component transport approach to calculate viscosities of several
binary mixtures each having a set of good experimental data for the pure species as well as
for the binary mixtures. Pure species viscosity data were used to fit pure species parameters,
&ii and oji. We fixed the pure species parameters and fitted the combined parameters (ignoring
all combining rules) such that agreement between computed and experimental viscosities is
optimized. We found that there is no unique solution to this problem; but rather, there is a
whole set of couples (&jj,045) such that the error between calculated and experimental values
is minimized along a line (trough) as shown in Figure 2. Two very different sets of
parameters yield nearly the same accuracy. Further investigation revealed that there is one
set of potential parameters such that the agreement between experiment and calculation is
almost perfect (within experimental uncertainty) at every temperature over which the fit was
conducted. This is true for both pure substances and binary mixtures.

There are many combining rules, and several of these appear to be quite ad hoc without much
physical basis. We considered five combining rules that are frequently used. Each rule yields
values that are different from the optimum parameters determined from fitting, and generally
the geometric mean (GM) and the harmonic mean (HM) rules underestimated the &;; value.
Although the various rules yield parameters that are quite different from the best combined
parameters, they are surprising close to the line (trough) describing the acceptable fits for
various couples of potential parameters, and are therefore able to provide reasonable, non-
optimal results. The harmonic mean rule works best in most cases, and the commonly used
arithmetic combining rule for oj; tends to overestimate the value.

Current Research

We have also conducted sensitivity analysis of the deflection function, the cross sections, and
collision integrals with respect to a Lennard-Jones potential energy surface to understand the
sensitivity of molecular transport properties to the potential energy surface. We have
determined cross sections with a square well potential to further explore this.

We are also extending the transport property evaluation to temperatures beyond T* = 10. We
are using correlation formulae derived by Tang and Toennies to determine parameters for an
exponential repulsive potential from those of the Lennard-Jones potential for various
molecules. We are using MOLPRO within the SCF approximation to estimate molecular
polarizabilities, many of which can be compared with experimental values. By using the
correlations introduced by Cambi et al. [1991] and Pirani et al. [2008] and the computed
polarizabilites, we are estimating L-J parameters for transport property evaluation.
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|. Program Scope

The elementary reactions that determine the performance of a combustion system range
from direct H-atom abstraction reactions to complex reactions involving competing
addition/elimination mechanisms. The reaction rate and the branching to multiple product
channels can evidence a strong temperature and pressure dependence. While the total rate
constant for many elementary reactions is well-characterized, understanding the product
branching in complex reactions presents a formidable challenge. To gain an incisive probe of
such reactions, our experiments directly probe the dynamics of the product channels that arise
from long-lived radical intermediates along the bimolecular reaction coordinates. The work uses
the methodology developed in my group in the last eight years, using both imaging and scattering
apparatuses. The experiments generate a particular isomeric form of an unstable radical
intermediate along a bimolecular reaction coordinate and investigate the branching between the
ensuing product channels of the energized radical as a function of its internal energy under
collision-less conditions. They probe the reaction from each radical intermediate to the competing
product channels and determine the energetic barriers in both the entrance and the product
channels. When one of the competing product channels produces a heavy and a light co-
fragment, such as in the acrolein + H product channel from the O + allyl reaction described
below, the experiments offer a direct measurement of the microcanonica rate, k(E), of that
product channel relative to the other competing product channels from the addition mechanism.

The experiments use a combination of: 1) measurement of product velocity and angular
distributions in a crossed laser-molecular beam apparatus, with electron bombardment detection
in my lab in Chicago or 2) with tunable vacuum ultraviolet photoionization detection in
collaboration with Jim Lin a Tawan's National Synchrotron Radiation Research Center
(NSRRC), and 3) velocity map imaging using state-selective REMPI ionization and single photon
VUV ionization of radical intermediates and reaction products. Our efforts this year continued
our study of the O + allyl reaction, probing the product channels that result from addition of the O
atom at an end carbon atom, and initiated new studies on a radical intermediate of the OH +
ethene reaction. In summary, the results develop insight on product channel branching in such
reactions and provide a key benchmark for emerging electronic structure calculations on
polyatomic reactions that proceed through unstable radical intermediates.

I1. Recent Progressand Ongoing Work

A. O +Allyl
Our primary work this year focused on a continuation of our studies on the complex
dynamics of the O + alyl reaction. The work includes imaging experiments and scattering
experiments in our lab at Chicago, CCSD(T) calculations on the relevant radical intermediates
and transition states on the path to the energetically allowed product channels, and extensive
scattering experiments at the NSRRC in Taiwan in collaboration with J. J. Lin on the product
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channels accessed from the radical intermediate formed when the O atom adds to an end C atom.
Our work identifies al the product channels accessed from that radical intermediate and
experimentally determines the product branching fractions. (The latter requires measuring the
relative signal levels and calibrating, in separate experiments, the photoionization cross sections
of some of the radical and molecular products with respect to Cl atoms or standards like ethene.)

Before our work, a few key studies on the O + allyl reaction had attempted to probe the
product branching and dynamics of this reaction. The early bulk kinetics work of Gutman et a
(J. Phys. Chem. 94, 3652 (1990)) identified only the acrolein + H product channel as a primary
one, putting a <20% upper limit on the H,CO + C,H, product channel. Later crossed molecular
beam experiments by Choi et a (J. Chem. Phys. 116, 2675 (2002); 117, 2017 (2002); 120, 7976
(2004)) focused on detecting only OH and H atom products; they also computationally
characterized (J. Chem. Phys. 119, 8966 (2003)) the multiple reaction pathways that can result
from the addition of O atoms to an end vs. the central C atom. Most recently, Casavecchia et d
(Phys. Chem. Chem. Phys. 9, 1307 (2007)) used soft-electron impact ionization in a crossed-
molecular beams experiment to try to identify all the product channels. The data evidenced that
acrolein + H isamajor product channel, but they were unable to definitively assign the product
channels resulting in their signal at m/e=29 and 27, concluding that “one or more C-C fission
product channels’ contribute to the product branching.

Our first experiments, published this year," photolytically generated the radical
intermediate formed when an O atom adds to the end C atom of allyl and then definitively
identified all three major product channels resulting from this radical intermediate. The
photodissociation of epichlorohydrin at 193 nm produces chlorine atoms and ¢-OCH,CHCH,
radicals; these undergo a facile ring opening to the OCH,CHCH, radical intermediate.  State-
selective REMPI detection resolves the velocity distributions of ground and spin-orbit excited
state chlorine independently, allowing for a more accurate determination of the internal energy
distribution of the nascent radicals. To elucidate the product channels resulting from the
OCH,CHCH, radical intermediate, the crossed laser-molecular beam experiment uses VUV
photoionization and detects the products velocity distributions. The data identified the three
dominant channels that contribute to the product branching: acrolein + H, ethene + HCO, and
H,CO + C,H,. A small signal from ketene product is also detected. The measured velocity
distributions and relative signal intensities at m/e = 27, 28, and 29 at two photoionization
energies show that the most exothermic product channel, C,H, + CO, does not contribute
significantly to the product branching. The higher internal energy onset of the acrolein + H
product channel, detected in the velocity measurements of the acrolein product, is consistent with
the relative barriers en route to each of these product channels calculated at the CCSD(T)/aug-cc-
pVQZ level of theory, though a clean determination of the barrier energy to H + acrolein is
precluded by the substantial partitioning into rotational energy during the photolytic production
of the nascent radicals. The measured branching fraction to the H + acrolein product channel of
18% amost half that predicted using RRKM theory and the calculated transition states. This
suggests that the barrier for the 1,2 H-atom shift en route to the ethene + HCO product channel
calculated at the CBS-QB3 and CCSD(T) levels of theory may be too high (this isomerization
competes with the acrolein + H and H,CO + C,H, product channels). Interestingly, it may also
reflect the fact that the transition state for isomerization and the transition state for C-H fission
are not dynamically separated; trgjectory calculations are needed to understand this possibility.
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Our work this year has focused on the dynamics of the C-C fission product channels and their
branching fractions. We can determine the branching fraction to the H,CO + C,H, product
channel from the measured signal intensity at m/e=27, C,H,", dividing by the total number of
radicals formed, determined by detecting the momentum-matched Cl atoms, and correcting for
the appropriate kinematic factors and photoionization cross sections of each. (The
photoionization cross section for vinyl radicals measured by Neumark et a. and Taatjes et al.
play arole here)) The relative signa intensities at m/e=28 and m/e=35 similarly allow us to
determine the branching fraction to the ethene + HCO product channel (using photoionization
cross sections measured by Person and Nicole, J. Chem. Phys. 49, 5421 (1968), and put on an
absolute scale by Cool et al., Int. J. Mass Spectrom. 247, 18 (2005)). Our data can also alow us to
determine the absol ute photoionization cross section of HCO radicals. Thisis akey unknown in
analyzing kinetics experiments in other labs. The data we have at 12.1 eV is subject to
contamination by daughter fragmentation of H,CO to HCO", so our work in April at the NSRRC
measures the HCO signal relative to ethene at alower energy and the photoionization yield curve
from there to the low ionization energies used by other workers (thus those measurements can be
put on a absolute scale using our data). We also are taking data at m/e=55 as our calculations of
the OCH,CHCH, cation suggest it may be unstable relative to H, elimination (the vertical IE is
10.3 eV while the structure at the adiabatic |E of 6.8 eV reveals aloosely bound H,CH,CHCO
cation). Signal from the OCH,CHCH, radicals formed with vibrational energy below the barrier
for isomerization to INT4 directly determines the energy of this barrier, which is key to accurate
predictions of the product branching.

Our computational efforts on this system include calculating al the relevant
isomerization and dissociation channels of the key radical intermediatesin the O + allyl reaction
at the CCSD(T)/aug-cc-pVQZ level of theory, followed by predictions of the product branching
fractions using master equation modeling and RRKM microcanonical rate constants. Braams has
calculated a global potential energy at the B3LYP level of theory; trgjectories on that surface
offer avaluable test of the statistical predictions.
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B. OH + Ethene

Our other major effort this year centered on the radical intermediate formed when an OH
radical adds to ethene. There has been extensive experimental and theoretical work on the OH +
ethene reaction: thirteen prior theoretical studies and a shocking thirty-eight prior experimental
studies, many focusing on the temperature and pressure dependence of the total rate constant.
The experiments evidence stabilized radical adduct at high pressure and low temperatures, but
become dominated by the H atom abstraction channel to form H,O + vinyl at high temperatures.
Our work investigates the products from the addition of OH to the C=C bond of ethene, forming
the HOCH,CH, radical intermediate. Upon forming this adduct, one can expect a competition
between collisiona stabilization of the adduct in the bulk and, if the adduct is formed with high
enough internal energy, its direct dissociation to ethenol + H, and its isomerization, via H-atom
transfer, to a second radical intermediate, OCH,CH,. This second radical intermediate leads to
the formaldehyde + CH; and acetaldehyde + H product channels. Interestingly, there has been
two recent reports (Taatjes et a, Science 308, 1887 (2005) and J. Phys. Chem. A 110, 3254
(2006) and Cool et al, J. Chem. Phys. 119, 8356 (2003)) of ethenol production in ethene flames;
this observation is attributed to the ethenol + H product channel in the OH + ethene reaction.

We used bromoethanol to generate the HOCH,CH, radical intermediate and measured the
velocity distributions of the Br(*P,,) and Br(*P,,) co-fragments in our imaging experiments with
state selective REMPI detection. This accurately determines the internal energy distribution of
the nascent HOCH,CH_radicals. We built a new photoionization detection system (using tripled
355 nm light with a photon energy of 10.5 eV) to detect the velocities of the HOCH,CH, radicals
that are stable to dissociation. This combined with the measurement of the ethenol velocity
distribution that we plan to take in our upcoming trip to the NSRRC should allow us to directly
determine the relative energies of the isomerization barrier to the OCH,CH, radical, which leads
to the formaldehyde + CH, and acetaldehyde + H product channels, and the barrier for direct
dissociation of the HOCH,CH, radical intermediate to ethenol + H. The most recent theoretical
work (Senosiain et a, J. Phys. Chem. A 110, 6960 (2006)) predicted the barrier to ethenol + H is
higher by 1.2 kcal/mol than the isomerization barrier. In contrast other recent theoretical work by
M. C. Lin et a (Chem. Phys. Lett. 408, 25 (2005)) predicts the barrier to isomerize to OCH,CH,
is higher, not lower, than the barrier for the HOCH,CH, radical intermediate to dissociate to
ethenol + H. They conclude that the ethenol + H product channel would be the only significant
product channel to compete with the direct abstraction reaction that forms H,O + C,H,. Thus, our
experiments are designed to determine the barrier energies for the HOCH,CH, radical adduct to
dissociate to ethenol + H and to isomerize to OCH,CH,. The velocity distribution of the ethenol
product can also determine the energy dependent branching fraction to the ethenol + H channel.
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Program Scope

The study of Chemical Dynamics is the observation and analysis of atomic and molecular
action. Both unimolecular and bimolecular action reveals information about the forces
that dictate the interactions. These forces are captured in the form of potential energy
surfaces. In general inelastic scattering reveals information about the repulsive wall of
the potential energy surface, in contrast long-range attractive forces dictate low-energy
collision dynamics. It is these long-range attractive forces that we hope to study in
greater detail. Previously we have done this by studying near threshold photo-
dissociation events and in the future hope to perform low collision energy inelastic
scattering studies. During the last period we have finished our study of near threshold
(between 1 and 25 cm-1 above threshold) dissociation of NO-Ar van der Waals clusters.
This is equivalent of a low-temperature half collision. If we are able to trap samples of
cold molecules in electrostatic and magnetic traps we will be able to determine their
collision energy transfer characteristics at low temperature. This information is sensitive
to the long range part of the interaction potential. To compliment these studies we
propose a new line of study of quantum-state selective diffraction or Fraunhofer
scattering. In the past, our inelastic scattering study revealed to us a new technique for
cooling molecules to sub Kelvin temperatures, Kinematic Cooling. Kinematic Cooling is
the use of a single collision between a molecule and an atom that brings a subset of the
molecules to rest in the laboratory reference frame. We have recently studied the
scattering of NH3 and ND3 from Ne and Kr atom from Kr atom as these systems are mass
degenerate and produce the coldest samples.

We have spent effort of the last year investigating Kinematic cooling and trying to bring
it to a state where it can be used to study new collisional and spectroscopic regimes. In
the next period we plan on continuing our improvements in the technique and
demonstrate both high-resolution double-resonant spectroscopy and trapping of
molecules utilizing Kinematic cooling. Further we have in development a new cooling
technique that takes advantage of the same collision physics to slow molecules. This new
technique relies upon a collision between a molecule and an ultra-cold atom inside a
magneto optical trap (MOT). We believe this experimental arrangement will allow us to
make samples at microKelvin temperatures. Our first experiments are presently
underway. In addition, in the last year a radically new (and cheaper) design for a
miniature crossed molecular beam apparatus is also being developed for the study of
molecular beam scattering and photodissociation. This new design is the subject of a
Review of Scientific instruments paper.

Progress report:
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During the last year we have developed the Kinematic cooling technique for the “routine”
production of samples of millikelvin temperature molecules. One manifestation of this
physics has been the crossed molecular beam scattering of a molecular beam from an
atomic beam at 90° geometry. By picking the masses of the particles and the velocity of
the molecule one can dictate that molecules populating a particular quantum state come
to rest in the laboratory. We have produced measurable amounts of cold (milliKelvin
temperature range) molecules (NO, NHs, HCI) as well as cold atoms, Kr and Ne using
this technique. Recently we reported on a redesign of our molecular beam apparatus has
allowed us to not only produce kinematicaly cooled molecules but to also extract them
from the high density molecular and atomic beams. This is a major advancement in the
kinematic cooling technique and will be described below.

Figure 1: Image of Kr scattering off of Kr producing cold Kr atoms. Because the system is mass
degenerate the cold atoms are centered at zero velocity in the laboratory.

The major obstacle in kinematic cooling has been that only a small number of the total
collisions results in the formation of cold molecules, and the cold molecules are
necessarily formed in the interaction volume of the atomic and molecular beams. As a
result, cold molecules have a high probability of secondary glancing collisions with the
atomic and molecular beams that re-heat them. In the past year we have reported on our
success at reducing the destructive re-heating collisions for the cold molecules such that
our observation time is consistent with being limited by diffusion of the cold molecules
from our interaction region and not secondary collisions. Under these conditions we are
able to observe unconfined kinematically cooled ground vibrational Nitric Oxide (NO), in
the j=7.5 rotational state for over 150 us. An upper limit for the final average velocity is
estimated from the diffusion time of the cold molecules from the observation region
defined by the intersection of the atomic and molecular beams with the detection laser.
The diffusion of the cold molecules is modeled using a three-dimensional Monte-Carlo
simulation to account for the size of the interaction region and laser beam overlap. These
simulations are consistent with the data and give an average final velocity of
approximately, 4.5 m/s for the NO(X);=75. We are now able to observe a single sample of
cold molecules in a field free region for up to 150 pus that allows for the possibility of
trapping of the cold molecules.

This important result is graphically summarized in figure 2 we have, for the first
time, been able to establish a set of experimental conditions such that the cold molecules
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produced via Kinematic cooling are temporally separated from the parent atomic and
molecular beams. This conclusion is supported by our observations of the quantum state
dependence of the bi-modal decays for both the NO(X) j=7.5 and j=10.5 rotational states.
The temporally separated cold molecules can now serve as a starting point for several
new experiments including trapping and storing molecules allowing for cold collisional
studies and high resolution molecular spectroscopy. We have recently reported on
utilizing this technique for the cooling of ammonia molecules in collision with Ne. the
NDj3 + Ne system as this should result in even colder molecules than the NO + Ar system
due to the mass match between the atom and molecule.

Figure 2: Normalized production and decay of the NO(X)j=7.5 compared with the NO(X)j=10.5 . The
NO(X)j=10.5 data is given by the marked with the square points and colored green while the NO(X)j=7.5
is marked with the circular points and colored red.

The scattering of a molecular beam perpendicular to an atomic beam is only one
geometry that can be utilized for cooling by kinematic collisions. If one imagines that the
atomic beam is moving very slowly, then one can see how the scattering of a molecular
beam from a continuously loaded MOT of alkali atoms is a special case of Kinematic
Cooling. If the molecule of interest has a mass very close to that of the alkali atom then
some fraction of the collisions will result in a transfer a significant enough portion of the
momentum to the alkali atom to slow the molecule in the vicinity of the MOT. This can
be thought of as a billiard like collisions of a fast molecule hitting a “stopped” atom and
transferring enough of its momentum to the “stopped” atom for it to be slowed
sufficiently and further cooled with glancing collisions with the cold atoms. When an
additional optical or electrostatic trap is superimposed upon the MOT then the cold
molecules, generated from the effective collisions, can be collected in the trap.
Molecules trapped in this manner will subsequently undergo collisional cooling with the
ultracold atoms that will further cool them to their temperature of around 100
microKelvin. Experiments are presently underway to demonstrate this technique

Future Work:
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We propose to both further the development of our crossed molecular beam scattering
program for the study of potential energy surfaces and to the further develop the process
of kinematically cooling molecules by a single collision with an atom for the production
of ultracold molecules. The utilization of those cold, state selected and oriented
molecules in unimolecular and bimolecular interaction experiments will be the
culmination of this research. Trapping molecules and holding them for long periods of
time inside electrostatic or magnetic traps will give us the ability to study both collision
dynamics of oriented molecules at low collision energy and photochemistry of unique m;
selected molecular samples. The Kinematic cooling experiments that are of highest
priority are the trapping of ammonia utilizing a quadrupole electrostatic trap, the trapping
of NO(*IIz,) by a magnetic trap, demonstration of the MOT cooling technique, and
demonstration of Kilohertz-resolution double-resonance spectroscopy with cold
molecules. Over the next period we will also extend our work on Kinematic cooling in
several areas and add a new effort in the high velocity-resolution scattering detection of
near side-far side interference scattering.
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Program Scope

In this research program we have developed and applied massively parallel three-dimensional direct
numerical simulation (DNS) of building-block, laboratory scale flows that reveal fundamental turbulence-
chemistry interactions in combustion. The simulation benchmarks are designed to expose and emphasize
the role of particular physical subprocesses in turbulent combustion. The simulations address
fundamental science issues associated with chemistry-turbulence interactions that underly most practical
combustion devices: extinction and reignition, flame propagation and structure, flame stabilization in
autoignitive flows, autoignition under homogeneous charge compression ignition (HCCI) environments,
stratified combustion, and differential transport of soot in turbulent jet flames. In addition to the new
understanding provided by these simulations, the resultant data are being used to develop and validate
predictive models required in engineering simulations.

Recent Progress

In the past year, significant computer allocations from INCITE grants and from the 250 Tflop
Transition-to-Operations at ORNL have enabled us to perform large 3D DNS of: 1) Mixture stratification
effects on the structure and propagation of stratified methane-air turbulent jet flames; 2) Intermediate
species mixing frequencies in turbulent premixed flames; 3) Stabilization of lifted turbulent ethylene/air
jet flames in heated coflow; and 4) Modeling of differential soot transport in a turbulent sooting
ethylene-air jet flame. Highlights of our accomplishments in the past year are summarized below,
followed by a summary of future research directions.

Mixture Stratification Effects on Propagation in a Turbulent CH,/Air Flame"?

Three-dimensional DNS was performed of a stratified methane-air turbulent slot Bunsen fuel jet
issuing into a co-flow of burnt products. This configuration allows for intense turbulence to interact with
the flame front while preventing the flame from blowing out. Stratification is achieved by varying the
equivalence ratio along the span-wise (z) direction. The stratification levels studied are centered about
the perfectly premixed ¢=0.7 case (Sankaran et al. 2007), extending via a low stratification case
0.4<¢<1.0, to a highly stratified case with equivalence ratio ranging from zero (pure air) to 1.4. The flame
is highly wrinkled with significant flame-flame interactions. Under these conditions the flame is
characterized by the thin reaction zones regime in which turbulent eddies penetrate the flame’s preheat
layer but are too large to disrupt the reaction zone. The result is a thickened preheat layer identified by the
reduction of the conditionally averaged progress variable gradient, compared to the laminar flame
gradient. As the equivalence ratio falls to ¢=0.4 and subsequently drops below the lean flammability
limit there is a dramatic reduction in the heat release rate. The areas of weakly burning flame are
disrupted by the turbulent motions, permitting study of the broken reaction zones combustion regime.

As the initial fuel-air stratification dissipates due to turbulent mixing, the flames are subjected to
steep, time varying equivalence ratio gradients. Locations where the equivalence ratio gradients align
normal to the flame exhibit greatly modified burning rates and flame propagation speeds, compared to the
perfectly premixed case. Variation of propagation speed with the flame normal equivalence ratio gradient,
shows enhanced flame speeds when the products are richer than the reactants, with the reverse also true.
The strain rate normal to the flame is strongly correlated with the magnitude of the equivalence ratio
gradient, but not its orientation. Studying this effect using computations of both steady and unsteady
strained one-dimensional counterflow flames in the presence of equivalence ratio gradients (Richardson et
al., 2009) reveals the thermo-chemical basis for this observation. Specifically, equivalence ratio gradients
resulting in flames with richer, higher temperature products lead to enhanced equilibrium concentrations
of species such as the hydroxyl radical in the flame’s carbon monoxide-hydrogen recombination layer.
Diffusion of these highly reactive intermediate species towards the reactant side of the flame, as opposed
to thermal diffusion, are the main source of the increased reaction rate. Close agreement with the one-
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dimensional counterflow simulations with the DNS data establishes the stratified counterflow
configuration as a valid paradigm for understanding and modeling turbulent combustion with fuel-air
stratification. The presence of equivalence ratio variation through the flame implies that flame speed,
flame thickness or reaction rate can not be modeled accurately as functions of only the progress variable
and equivalence ratio. Models accounting for temporal and spatial equivalence ratio variation may be
advantageous.

Reaction-Diffusion Effects on Species Mixing Rates in Turbulent Premixed CH,-Air Combustion®

Advanced turbulent reactive flow models needed for the design of practical applications typically
require turbulent mixing frequencies or scalar dissipation rates. In the transported probability density
function (PDF) approach, for example, the chemical reaction rate appears in closed form and closure must
be achieved by modeling the molecular mixing processes. Reactive scalar mixing time scales have been
determined from DNS data for turbulent premixed Bunsen flames in the thin reaction zones regime with
reduced methane-air chemistry. Previous conclusions from single step chemistry studies are confirmed
regarding the role of dilatation and turbulence-chemistry interactions on the progress variable dissipation
rate. In particular, the dissipation rate is controlled by a balance between molecular dissipation and
gradient generation due to flame propagation, dilatation and compression of scalar gradients by turbulent
strain. The mixing rates of intermediate species which do not vary monotonically with progress variable
were up to a factor of ten greater than those of progress variable. They are not well modeled by existing
models for mixing rates of either the progress variable or of passive scalars. Effects of the so-called
dilatation term appear to be negligible for the intermediates. The effect of turbulent straining is also of
reduced importance, becoming negligible for the highest Damkdhler number species, H atom. Instead, a
reaction-dissipation balance dominates the intermediate scalar gradients, driven by the premixed flame
structure. A new model for the ratio of intermediate species and progress variable mixing rates is
presented. The model employs the species gradients obtained from laminar flames to estimate the relative
magnitude of the species dissipation rates in the turbulent flame. The implied alignment of the species and
progress variable provides a good approximation since scalar gradients parallel to the flame make only
small contributions to the dissipation rate. The use of laminar flame data also provides a good
approximation for the relative magnitude of the species gradients, even in the thin reaction zones regime.
Overall, the new model accurately predicts the variation of the intermediate-progress variable mixing
frequencies for premixed flame Damkd&hler numbers greater than 0.5.

Stabilization of Lifted Turbulent Ethylene/Air Jet Flames in Heated Coflow*

Direct numerical simulation (DNS) of the near field of a three-dimensional spatially-developing
turbulent lifted jet flame in heated coflow is performed with a reduced ethylene-air mechanism to
determine the stabilization mechanism and the flame structure. The DNS was performed at a jet
Reynolds number of 10,000 with over 1.3 billion grid points. The results show that auto-ignition in a
fuel-lean mixture immediately upstream of the flame base is the main source of stabilization of the lifted
jet flame. This is verified by the presence of formaldehyde and hydroperoxy upstream of the flame. The
dynamics between the instantaneous stabilization point and the large-scale coherent jet motions are
investigated by comparing power spectra of the fluctuations of the stabilization point and the two-point
correlation function of axial velocity fluctuations over a transverse separation distance of the jet width at
the mean stabilization point. Both power spectra show a dominant frequency at a similar Strouhal
number of 0.035 showing the fluctuations of the stabilization point are indeed correlated with the passage
of large-scale coherent jet motions near the flame base.

Apriori Conditional Moment Modeling of a Temporal Ethylene Jet Flame with Soot*

Modeling soot formation in turbulent nonpremixed combustion is a difficult problem. Unlike most
gaseous combustion species, soot lacks a strong state relationship with the mixture fraction due to
unsteady formation rates which overlap transport timescales, and strong differential diffusion between
gaseous species and soot. The conditional moment closure model (CMC) has recently been applied to the
problem of turbulent soot formation. A challenge in CMC modeling is the treatment of differential
diffusion. 3D DNS of a nonpremixed ethylene jet flame with soot formation has been performed using a
nineteen species reduced ethylene mechanism and a four-step, three-moment, semi-empirical soot model.
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The DNS provides full resolution of the turbulent flow field and is used to perform a-priori analysis of a
recent CMC model derived from the joint scalar PDF transport equation. Unlike other approaches, this
CMC model does not require additional transport equations to treat differentially diffusing species. A
budget of the terms of the CMC equation for both gaseous species and soot is presented. In particular,
exact expressions for unclosed terms are compared to typical closure models for scalar dissipation, cross
dissipation, differential diffusion, and reactive source terms. The differential diffusion modelfor gaseous
species is found to be quite accurate, while that for soot requires an additional model for the residual term.
Future Plans
Stabilization of a N-Heptane Jet Flame in Hot Coflow at Diesel Pressures

Lifted turbulent jet flames in heated co-flows provide an excellent test case for chemical kinetics and
the modeling of the turbulence/chemistry interactions in turbulent flows. Recent DNS and PDF models
have revealed that the stabilization mechanism is primarily auto-ignition, but with turbulent mixing also
playing a role. Hence the Kkinetics of auto-ignition — relevant to IC engines can be studied in detail in this
configuration. DNS are planned at diesel pressures (~40 atm) to investigate the role of ‘cool flame’
chemistry and low-temperature heat release on lifted flame stabilization. Parametric studies will be
performed varying the co-flow temperature, jet velocity, pressure, and ignition quality of the fuel . Fuels
under consideration include n-heptane and oxygenated fuels like dimethyl ether. Previous strained
counterflow n-heptane ignition studies at diesel pressures show strong sensitivity of the thermal
dissociation reaction H,O, — OH + OH to fluctuations in local mixing conditions, and hence differences
in the ignitability of fuels in a dissipative environment may influence ignition delays and lift-off heights.
Controlling Ignition Timing and Combustion Rates under HCCI Conditions through Stratification

HCCI combustion offers the potential of high diesel-like efficiencies with low NO, and particle
emissions. It achieves this by burning overall lean and dilute, largely through volumetric autoignition in
the absence of flames. As a viable alternative to spark-ignited engines, an important issue that needs to be
resolved is controlling the rapid rate of pressure rise and energy release at high loads. One strategy is to
control the rate of pressure rise through mixture and thermal stratification. The objective of the proposed
study is to determine the effect of different mean and root-mean-square temperature and concentration
distributions, particularly spanning the negative temperature coefficient (NTC) region, on the transient
evolution of ignition of fuel-lean n-heptane and dimethyl ether mixtures at high pressure in a constant
volume. In particular, the influence of scalar gradients, and dilution with exhaust gas recirculation (EGR)
on ignition front propagation and structure will be determined as a function of the level of stratification
and turbulence characteristics. Apriori evaluation of ODT/LEM models for HCCI will also be performed.
Apriori Lagrangian Particle Analysis of Reactive Scalar Mixing Models

Building on the latest study of mixing timescales in premixed combustion®, turbulent combustion
timescales will be analyzed in stratified and autoigniting non-premixed DNS data sets. The use of detailed
models for reaction and diffusion permits the effects of realistic thermal expansion (dilatation),
differential transport, and strain-scalar alignments to be investigated. In particular the results
of the modified flame structures arising due to mixture stratification will be assessed in comparison to
premixed flame mixing. The autoigniting non-premixed particle data will be probed to explore the
transition from passive low temperature mixing processes to flamelet dominated combustion. Having
shown that the reactive species all mix at different rates, depending on both the combustion mode and
regime, it is necessary to develop and validate mixing models capable of expressing the full range of
mixing behavior.
DNS and Modeling of Stratified Turbulent Flame Propagation and Structure

The library of benchmark data on turbulent stratified jet flames will be expanded by varying the
initial orientation of the fuel stratification such that the stratification is aligned with the direction of mean
shear. The instantaneous flame structure and propagation rates will be compared to new asymptotic and
laminar one-dimensional representations of stratified combustion, validating their use as a paradigm for
turbulent stratified combustion. Effects of fuel stratification on turbulent flame speed and flame surface
area will be analyzed in comparison to premixed flame data.
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l. Program Scope

This research program continues to focus on the preparation and study of transient neutral
species and collision complexes relevant to combustion phenomena. In the past year, the primary
focus has been on the design and construction of a new cryogenically cooled ion trap to allow the
preparation of negative ion precursors to important neutral combustion intermediates with well-
characterized internal temperatures. This new apparatus will allow us to extend our studies of the
HOCO free radical and the potential energy surface that governs the OH + CO — H + CO, reaction,
by removing any ambiguity owing to internal excitation of the precursor HOCO anion, and
allowing a more definitive determination of the direct and tunneling contributions to the H + CO,
product channel. Our goal is to provide detailed information on the energetics and reaction
dynamics of important combustion intermediates such as HOCO, allowing more quantitative
evaluation of the roles they play in combustion and the validation of theoretical approaches to
predicting the dynamics of combustion reactions.

With the construction of the fast beam linear electrostatic ion trap, this research program
will take the technique of photoelectron-photofragment coincidence (PPC) spectroscopy to a new
level. As we have shown in prior work, photodetachment of precursor anions in a mass-selected
negative ion beam allows the preparation of mass- and energy-selected neutral species if the parent
anions are internally cold. Particularly for high frequency vibrations, this is sometimes difficult to
establish, in particular with the kHz ion sources required for the single-pass experiments carried out
to date. By trapping and cooling molecular anions then synchronizing the ions oscillating in the trap
with our photodetachment laser, we will be able to study the dissociation pathways of the unstable
neutral products using current coincidence imaging techniques. The detection methods in use also
enable measurement of angular distributions for both the photoelectrons and photofragments,
providing further insights into the dissociative photodetachment (DPD) dynamics. We anticipate
that with the trap in use, a new generation of transition-state dynamics experiments on hydroxyl
radical reactions such as OH + OH, OH + F, OH + Cl and OH + H; will become possible. In
addition, our effort to carry out studies of larger oxygenated radicals initiated last year will benefit
considerably as well, owing to the fact that in these larger polyatomic systems uncertainty in the
internal energy become even more significant.

I, Recent Progress
A. Probing the OH + CO - HOCO — H + CO; reaction by photodetachment of HOCO"™
In the last year we completed publishing the initial phase of our efforts to study the OH +

CO — HOCO — H + CO; reaction by photodetachment of HOCO™ with a manuscript in Molecular
Physics focusing on finer details of the recoil-frame photoelectron and photofragment angular
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distributions in the dissociative photodetachment of HOCO™ as it proceeds via unimolecular
decomposition of the energized HOCO free radical. This work builds on our earlier studies of the
OH + CO — H + CO; potential energy surface."** Anisotropic photofragment angular distributions
were observed in the HOCO/DOCO™ + hv — OH/OD + CO + e channel. The anisotropy
parameters were obtained for the laboratory frame (LF) angular distributions of photoelectrons for
all three photodetachment channels (HOCO + e, OH + CO + e  and H + CO, + e-) at 388 and 775
nm and the photofragment angular distribution was also obtained for OH + CO. The photoelectron
angular distributions (PAD) were also studied within the photofragment recoil frame (RF) using the
coincidence data. The comparison of LF- and RF-PAD in the OH + CO + e~ channel shows the
latter one is more isotropic, indicating that lifetimes of the neutral HOCO free radicals that
dissociate into OH + CO are commensurate with the period of molecular rotation. Estimated upper
limits of 9x10™ sec and 1.3x10™*? sec were found for HOCO and DOCO dissociation into OH/OD
+ CO, respectively. Our ability to study the RF-PADs for the H + CO, + e~ channel was limited by
the small solid angle for detection of the light H atoms. This is a limitation that can be overcome in
the future by implementation of a larger area detector for the neutral photofragments.

This initial study of the more detailed dynamics of DPD in the HOCO system provides
some insight into what could be obtained in a next generation experiment: detailed lifetimes as a
function of internal energy for HOCO. We have yet to record the huge data set required for this next
step owing to some open questions about the internal energy of the HOCO and DOCO parent
anions. In work published in 2007, we focused on isotope effects in the product energy distributions
and branching ratios obtained by the DPD of HOCO™ and DOCO™ at a photon energy of 3.21 eV.?
These experiments confirmed that that the H + CO, + e channel is open below the calculated
dissociation barrier,* indicating that quantum mechanical tunneling is important for this channel.
The tunneling effect was found to be essentially removed by deuteration of the system.
Furthermore, it was found at all wavelengths that the OH + CO product channel is observed at and
slightly below the calculated energetic limit. In this case, tunneling is not possible and the most
likely explanation are hot bands in the HOCO™ anion, assuming the quantum chemical calculations
on the energetics of this system are accurate. These results were compared with six-dimensional
quantum dynamics simulations of the DPD of HOCO™ by Gray, Goldfield and co-workers.> Good
qualitative agreement was found with theory, with the exception of the absence of significant
tunneling in the HOCO — H + CO, pathway on the LTSH potential energy surface® used in the
calculations. The LTSH surface was optimized for reproducing kinetic data, and has been found to
have a relatively poor description of the HOCO well and the barrier between the well and the H +
CO; product channel. Theoretically, a refined potential energy surface for both the neutral and the
parent anion are required for more accurate quantum dynamics predictions. Experimentally, in light
of the discrepancies of the OH/OD + CO product channel results with theory, it is incumbent upon
us to resolve the outstanding issue of the parent anion vibrational temperature. This critical issue
will be addressed with the new cryogenic ion trap that is now being brought online as discussed in
the next section.

B. Cryogenically cooled linear electrostatic ion beam trap

An important focus of the project is to develop methods to allow greater control and better
characterization of the internal energies in the parent anions used to study the neutral reaction
dynamics relevant to combustion. To this end, we are constructing an electrostatic ion beam trap of
the type developed by Zajfman and co-workers.” This trap will enable the study of internally cold
ions, leading to more precise determinations of the energies of molecular dissociation processes and
the internal states of various species, as well as remove ambiguities in dissociation processes due to
potential internal excitation.



The trap consists of two electrostatic mirrors surrounded by cold shields held at 10K, as
shown schematically in Figure 1. lons are injected through one of the mirrors, which is then
switched to the reflection potential prior to the first round trip, trapping an ion bunch. lons
oscillating in the trap have well defined and consistent momenta, which makes it ideal for the
photoelectron-photofragment coincidence experiments carried out in this lab. There is a large field-
free region at the center of the trap where a pulsed laser can interact with the trapped ions. This
interaction produces an electron which will be detected by an imaging detector placed above the
center of the trap cavity, and multiple neutral products that will continue downstream along the
center-of-mass trajectory and impact a second time-and-position sensitive detector, achieving the
kinematically complete measurement that constitutes photoelectron-photofragment coincidence
spectrometry. The ions in the trap will have nearly no exposure to room temperature radiation,
ensuring that they can radiatively cool over periods of milliseconds to seconds.®®

The trap has been installed on
an existing translational spectrometer.
A closed-cycle cryogenic
refrigeration and vacuum pumping
system is now in place to maintain
the trap chamber at low pressures and

. to cool the cold shields. Electronic

systems and software to monitor and
modify the parameters of trapped ions
have been developed and are
currently either implemented or in
testing. Finally, a new data
acquisition system which records not
only particle hits from electron and
neutral detectors, but also the cooling
time for a given event is under
development in order to
Figure 1. Schematic diagram of the cryogenically cooled ~ quantitatively investigate cooling
linear ion beam trap configured for carrying out dynamics of trapped ions. We have

photoelectron-photofragment coincidence spectroscopy.  successfully trapped O,"and Ar" ions
at 7 keV beam energy and are now

prepared to assemble and install the shields so we can commence to run at cryogenic temperatures.
In the meantime, we have been exploring the parameter space of the trap and optimizing trapping
lifetimes. Initial results are very positive relative to reported lifetimes by other groups. Lifetimes
are primarily characterized by two exponential factors, a fast component that represents loss of ions
not on proper trajectories, and a slow component due to collisions with background gas.™
Conditions have been found to minimize the effect of the first decay, and provide for the slowest
rate of decay in the second component. Presently, ion density in the trap as a function of time is
being measured by the detection of fast neutrals on a microchannel plate detector downstream of the
trap, however, a ring pickup electrode has also been demonstrated that allows nondestructive
measurement of the oscillating trapped ions. The best lifetimes (1/e relaxation times) achieved to
date are 202 ms for Ar* and 126 ms for O," at a background pressure of 2 x 10°. Scaling the Ar
lifetime to compare with reported numbers shows that these lifetimes are ~30% longer than
previously demonstrated. " The vacuum chamber has been proven to 1 x 10™ torr, so it is expected
that ultimately trapping times in excess of 10 s can be obtained given the inverse dependence of
trapping lifetime and ambient pressure.
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Initial indications of bunching dynamics suggest a dephasing of ions from the injected bunch
over the first 5 - 10 ms of trapping, with bunch signal disappearing completely around 12 ms after
injection. These relatively long natural bunching lifetimes suggest forced bunching by application
of an RF field with a frequency nearly equal to the trap frequency should be successful.'* By tuning
the trap frequency to approximately an integer multiple of the laser repetition rate, forced bunching
by an RF frequency phaselocked exactly to the laser output will ensure laser-ion overlap for each
laser shot. This system has been tested on the bench and promises to be very stable.

I11.  Future plans

Once trapping is demonstrated and optimized for cryogenic operation, an analysis of the
cooling rates may first be carried out by photodissociation of a well-characterized molecular cation
such as Hs'. We anticipate, however, moving expeditiously to convert to negative ion mode of
operation so we can carry out this year the important study of the HOCO anion internal energy
needed to resolve the outstanding questions concerning the benchmark OH + CO — H + CO;,
reaction. In addition, we will then be in a position to pursue completion of our studies of carboxyl
radicals and reaction complexes involving the hydroxyl radical with polyatomic molecules starting
with ionic complexes such as OH (CH3) and OH (CH3COCH3).
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I. Project Scope

Clean-burning renewable oxygenated bio-derived fuels are potentially important replacements for
conventional gasoline and diesel fuels, which may reduce dependence on imported petroleum and lower
net greenhouse-gas emissions. Our current research focuses on the chemistry of thirteen simple methyl
and ethyl esters chosen as surrogates for the long-chain esters that are primary constituents of biodiesel
fuels. Principal goals of these studies are: (1) show how fuel-specific structural differences including
degree of unsaturation, linear vs branched chain structures, and methoxy vs ethoxy functions affect fuel-
destruction pathways, (2) understand the chemistry leading to potential increases in the emissions of
hazardous air pollutants including aldehydes and ketones inherent in the use of biodiesel fuels, and (3)
define the key chemical reaction mechanisms responsible for observed reductions in polycyclic aromatic
hydrocarbons, particulate matter, unburned hydrocarbons, and carbon monoxide when oxygenated fuels
are used as replacements for conventional fuels. Experimental measurements of the composition of
reaction intermediates for each of the thirteen selected model compounds, performed with flame-sampling
molecular-beam synchrotron photoionization mass spectrometry, combined with comprehensive kinetic
modeling, are key steps toward predictive descriptions of the combustion of practical biodiesel fuels.

1. Recent Progress

A. MBMS Study of Low-Pressure Premixed CsH;0,0, Ethyl and Methyl Ester Flames. B. Yang, J.
Wang, T.A. Cool, T. Kasper, N. Hansen, K. Kohse-Hdinghaus

Low-pressure premixed laminar flames fueled by three CsH100, ester isomers: methyl butanoate
(MB), methyl isobutanoate (MIB) and ethyl propanoate (EP), were studied using flame-sampling
molecular beam synchrotron photoionization mass spectrometry. Most intermediates were identified
using measurements of photoionization efficiencies (PIE) spectra and spatial mole fractions.
Comeparisons of the compositions of reaction intermediates revealed fuel-specific differences in the initial
fuel destruction pathways.

Methyl ester versus ethyl ester:

For the low-pressure premixed flames studied here, primary fuel destruction pathways include H-
atom abstractions and cyclic (four- and six-center) unimolecular dissociations. H-abstraction from the
methoxy group, followed by pg-scission, leads to substantial formation of formaldehyde in methyl ester
flames, while abstraction of a secondary hydrogen from the ethoxy group, followed by p-scission,
accounts for the relatively high concentration of acetaldehyde among ethyl esters. The maximum mole
fraction for formaldehyde in the MB flame is four times larger than that in the EP flame, while the
maximum mole fraction for acetaldehyde in the EP flame is about eight and ten times larger than that in
MB and MIB flames, respectively. Similar trends were also observed in our previous study of the
combustion of the C3HgO, ester isomers: methyl acetate and ethyl formate.

Moreover, the conclusion reached in previous work that, for ethyl ester flames, primary hydrogen
abstraction from the ethoxy group and six-centered dissociation may lead to the formation of C,H, and
significant sequential yields of other C, species is confirmed by this study. The high concentrations of C,
species in ethyl ester flames may potentially lead to higher benzene concentrations than for methyl esters.
However, several possible routes involving not only C, but also C; and even Cs species may contribute to
benzene formation. H-abstraction from acyl ester groups may also be important pathways to formation of
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unsaturated hydrocarbons. Indeed, we find that the MIB flame has a greater tendency to form benzene
than the EP flame, despite the observation that benzene formation in ethyl formate flames exceeds that of
imethyl acetate flames under identical flame conditions.

Linear ester versus branched ester:

MB and MIB differ by the chain structure of the alkyl in the acyl group. H-abstraction reactions
from this group may account for differences in the composition of intermediates caused by
linear/branched effects. There are three and two sites, respectively, for H-abstraction in the acyl group for
MB and MIB. As a consequence, ethyl ketene is formed in the MB flame while dimethyl ketene is
observed in the MIB flame, which is the most notable difference between these two flames. As for the
hydrocarbon species, MB favors the formation of methyl radical, ethylene and propene, while MIB only
favors the formation of methyl radical and propene. On the whole, linear/branched influences are not as
pronounced as the methoxy/ethoxy effects for these simple ester flames; however, this observation may
not be applicable for larger esters with high degrees of chain branching.

B. Experimental and Kinetic Modeling Study of Methyl Formate Low-Pressure Flames S. Dooley,
M. Chaos, F.L. Dryer, H.J. Curran, B. Yang, J. Wang, T. A. Cool, T. Kasper, N. Hansen

The high temperature oxidation of methyl formate was studied in low-pressure burner stabilized
flames. A new comprehensive mechanism for methyl formate H(C=0)OCH; oxidation has been
developed, based upon expansion of a recent C; mechanism and an added C, subset. Predictions using
this kinetic model were compared with new quantitative measurements of species concentrations in low-
pressure (22-30 Torr) laminar flames performed with flame-sampling molecular-beam synchrotron
photoionization mass spectrometry. These low-pressure flame measurements cover a broad range of
equivalence ratios from ®=1.0 to 1.8 to complement previous high pressure (3 atm, 900 K) flow-reactor
measurements for ®= 0.5 to 1.6, shock tube ignition delay measurements (2-10 atm, 1000-2400 K, ® =
0.5 to 2.0) and burning velocities of outwardly propagating spherical H(C=0)OCHa/air flames at
atmospheric conditions for 0.6< ® < 1.4. The generally good agreement of model predictions with this
diverse set of experiments provides a further validation of the proposed mechanism of methyl formate
oxidation and contributes to the description of the analogous chemical kinetics of larger methyl esters.

Methyl formate is a small chemical system and as such its oxidation is devoid of the production
of large intermediates. We have shown that the radicals formed by H-abstraction may beta-scission to
form only small molecules that are common intermediates in any hydrocarbon system: CO, CO,, CH,0
and the radical species, CH;, CH;0 and HCO. Thus under the conditions of these low-pressure flames,
any detectable intermediate species with the exception of methanol and methane, which are shown to
form by direct elimination from MF, must result from radical recombination or addition reactions. As the
molecular structure of MF does not contain any carbon to carbon bonds, one would expect that the
formation of any C, species would be minimal. This conjecture fails to consider the effects of radical-
radical recombination reactions. Besides methyl-methyl recombination leading to C,Hs common to all
methyl ester flames, we suggest that close attention must be paid to other radical-radical recombination
reactions in order to account for significant under-prediction of C,H, and C,H, mole fractions in the MF
flames. The inclusion of this additional chemistry has practically no impact on the predicted profiles of
the other species and does not interfere with the model verifications provided by the high pressure
experiments, which have relatively small alkyl radical concentrations compared with the pools of
intermediates found in low-pressure flames.

C. A detailed chemical reaction mechanism for oxidation of four small alkyl esters in laminar
premixed flames, C. K. Westbrook, W. J. Pitz, P. R. Westmoreland, F.L. Dryer, M. Chaos, P. ORwald,
K. Kohse-Héinghaus, T. A. Cool, J. Wang, B.Yang, N. Hansen, T. Kasper

A detailed chemical kinetic reaction mechanism has been developed for a group of four small
alkyl esters fuels, consisting of methyl formate, methyl acetate, ethyl formate and ethyl acetate. This
mechanism is validated by comparisons between computed results and recently measured intermediate
species mole fractions in fuel-rich, low-pressure, premixed laminar flames. The model development
employs a principle of similarity of functional groups in constraining the H-atom abstraction and
unimolecular decomposition reactions in each of these fuels. As a result, the reaction mechanism and
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formalism for mechanism development are suitable for extension to larger oxygenated hydrocarbon fuels,
together with an improved kinetic understanding of the structure and chemical kinetics of alkyl ester fuels
that can be extended to biodiesel fuels. Variations in concentrations of intermediate species in these
flames are traced to differences in molecular structure of the fuel molecules.
D. Composition of reaction intermediates for stoichiometric and fuel-rich dimethyl ether flames:
Flame-sampling mass spectrometry and modeling studies. J. Wang, .Yang, T. A. Cool, M. Chaos, F.
L. Dryer, T. Kasper, N. Hansen, P. OBwald, K. Kohse-Hdinghaus, P. R. Westmoreland

Molecular-beam synchrotron photoionization mass spectrometry and electron-ionization mass
spectrometry are used for measurements of species mole fraction profiles for low-pressure premixed
dimethyl ether (DME) flames with equivalence ratios ranging from near-stoichiometric conditions
(©=0.93) to fuel-rich flames near the limits of flat-flame stability (®=1.86). The results are compared
with predictions of a recently modified kinetic model for DME combustion [Zhao et al., Int. J. Chem.
Kinetics, 2008, 40, 1-18] that has been extensively tested against laminar flame speed measurements, jet-
stirred reactor experiments, pyrolysis and oxidation experiments in flow reactors, species measurements
for burner-stabilized flames and ignition delay measurements in shock tubes. The present comprehensive
measurements of the composition of reaction intermediates over a broad range of equivalence ratios
considerably extends the range of the previous experiments used for validation of this model and allows
for an accurate determination of contributions of individual reactions to the formation or destruction of
any given flame species. The excellent agreement between measurements and predictions found for all
major and most intermediate species over the entire range of equivalence ratios provides a uniquely
sensitive test of details of the kinetic model. The dependence on equivalence ratio of the characteristic
reaction paths in DME flames is examined within the framework of reaction path analyses.

I11. Future Plans

To date, we have completed experimental measurements and data analysis for 7 of 13 simple
ester fuels. These 7 are methyl formate, methyl acetate, ethyl formate, ethyl acetate, methyl butanoate,
methyl isobutanoate, and ethyl propanoate. Kinetic modeling is complete for the first 4 of these. During
the next year we will finish all of our current proposed research on all 13 fuels. The remaining 6 fuels are
methyl crotonate, ethyl propenoate, methyl methyacrylate, methyl propenoate, vinyl acetate, and methyl
propanoate. The experiments are performed for 30 Torr flat-flames with equivalence ratios of 1.2 and
1.56. Flames of fuel isomers are of particular interest because they can be studied under nearly identical
flame conditions (flow rates, pressures, major species mole fractions, temperature profiles). These
similarities facilitate the interpretation of the respective intermediate species compositions in terms of
fuel-specific destruction mechanisms. For example, flames of the three CsH;00, m/z=102 isomers exhibit
markedly different intermediate species compositions that reveal respective fuel-specific (methoxy vs
ethoxy functions, and linear vs branched chain structure) fuel decomposition mechanisms. These flames
can also be compared with those of three mono-unsaturated CsHgO, m/z=100 isomers to examine the
effects of unsaturation on fuel decomposition. There are three pairs among these six fuels that have
similar structures, differing only in degree of unsaturation (i.e., methyl butanoate vs methyl crotonate,
methyl isobutanote vs methyl methyacrylate, ethyl propanoate vs ethyl propenoate).

These molecules have relatively simple structures compared with the long hydrocarbon chains
(up to 16-18 carbon atoms) of the component fatty acid esters of practical biodiesel fuels, which are
precluded for use in laboratory flame studies because of their low volatility. Nevertheless, these
molecules are well-suited for the proposed studies because they contain all of the structural functional
groups expected to account for fuel-specific effects and their structural simplicity enables comprehensive
quantitative kinetic modeling.
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Dissociation Pathways and Vibrational Dynamics
in Excited Molecules and Complexes
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Our research investigates the chemistry of vibrationally excited molecules. The properties and reactivity
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 un-
derstanding to determine molecular properties and to control chemical processes. 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. Because the initial vibrational excitation often
alters the photodissociation process, we refer to our double resonance photodissociation scheme as vibra-
tionally mediated photodissociation. In the first step, fundamental or overtone excitation prepares a vibra-
tionally excited molecule, and then a second photon, the photolysis photon, excites the molecule to an
electronically excited state from which it dissociates. 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.

We have used ion imaging to follow the adiabatic and nonadiabatic dissociation pathways in ammonia, to
make new measurements on the vibrationally mediated photodissociation of the hydrogen bonded dimer
of formic acid, and to study the influence of vibrational excitation on the dynamics at conical intersec-
tions in phenol. Phenol is particularly interesting because of well-characterized one-photon photodissocia-
tion dynamics and clear theoretical predictions about changes arising from vibrational excitation prior to
dissociation. Most recently, we have begun measurements on the complex of phenol with CO to under-
stand how complexation alters the competition between adiabatic and nonadiabatic dissociation and, in
particular, how it influences the vibrationally mediated photodissociation. In each of these cases, the goals
are understanding and exploiting vibrations in the ground electronic state, studying the vibrational struc-
ture of the electronically excited molecule, and probing and controlling the dissociation dynamics of the
excited state.

Ammonia and Phenol

Ammonia is a famously well-studied molecule that holds interesting opportunities for vibrationally medi-
ated photodissociation experiments because it has both a nonadiabatic dissociation to yield ground state
NH; + H and an adiabatic dissociation to form excited state NH,* + H. We have demonstrated that NH,*,
is the primary product from vibrationally mediated photodissociation through the antisymmetric N-H
stretching state (3) because the vibrational excitation preferentially drives the system along the adiabatic
dissociation path. lon imaging has allowed us to detect the rotational structure of the products and to iden-
tify the electronically excited fragment.
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The ion imaging experiments also provide the angular distributions of the recoiling fragments, and we
have recently completed the analysis for the ground state NH, product from photodissociation through the
excited symmetric N-H stretch (1%) and through the excited antisymmetric N-H stretch (3). The angular
distribution for the first case qualitatively resembles that for dissociation through the origin (0°) and
shows both parallel and perpendicular components depending on the rotational excitation in the NH,
product. In general, the two-photon excitation scheme introduces higher order terms in the initial align-
ment, and the consequences are particularly clear in the NH,* products from dissociation through the an-
tisymmetric (3') N-H stretching state. In that case, the first (vibrational) excitation step has a transition
moment that is perpendicular to the C; axis of ammonia, and the second (electronic) excitation step has a
parallel transition moment. The consequence is angular distributions that reflect these two alignments as
well as the dynamics of the dissociation.

Phenol is one of several heteroaromatic molecules that has multiple conical intersections that are accessi-
ble at different excitation energies. Our goal in studying phenol is to discover the influence that vibra-
tional excitation has on the passage through or around these crossings. We have performed both one-
photon and vibrationally mediated photodissociation
ion imaging experiments to extract the recoil energy
distributions. The figure shows schematically diabatic
potential curves for the ground (So) and first two ex-
cited states (*n* and *o*). The development of the
wave function of the system as it passes through both
intersections, ‘ma*-‘no* (solid circle) and ‘mo*-
Sy(dotted circle), determines the branching at the sec-
ond intersection to form either ground state phenoxyl
by nonadiabatic dissociation or excited state phenoxyl
by adiabatic dissociation. Comparing the recoil energy
distributions of the fragments from one-photon disso-
ciation of phenol-ds with those from vibrationally me-
diated photodissociation shows that initial vibrational
excitation strongly influences the disposal of energy
into relative translation. Dissociation of phenol-ds
molecules initially excited in the O-H stretching re-
gion produces significantly more fragments with low
recoil energies than does one-photon dissociation at the same total energy. The difference appears to
come from the increased probability of adiabatic dissociation in which the initially vibrationally excited
molecule passes around the conical intersection between the dissociative state and the ground state to
produce electronically excited phenoxyl-ds radicals.

Phenol-CO Complexes

Our experience with phenol, ammonia, and formic acid dimers prepares the way for our studies of the
influence of an adduct on dissociation pathways and dynamics in vibrationally excited molecules. Be-
cause complexes can influence bimolecular reactions, our vibrationally mediated photodissociation stud-
ies potentially provide insights with consequences beyond excited state dissociation. We have begun
studying one-photon dissociation in complexes of phenol with CO because we know that conical intersec-

52



tions are important in the dissociation of phenol and that vibrational excitation influences the course of

that dissociation. We are in the position of studying both vibrational predissociation of the ground-state

complex and vibrationally mediated photodissociation of the excited state complex. The figure shows
types of spectra that we have observed in the phenol-CO com-
plex. The top part of the figure is the (1+1") REMPI spectrum
obtained by observing the parent ion in an expansion of phenol
with CO in a mixture of He and Ar. The features in the spectrum
agree with a previous observation of the transitions (J. Chem.
Phys. 111, 1947 (1999)), and using this spectrum we have opti-
mized the conditions for the production of the complex of phenol
with only one CO molecule. Production of higher clusters, such
as phenol-(CO),, is a competing channel that we have learned to
diagnose and avoid. The lower part of the figure shows the infra-
red ion dip spectrum obtained by observing the depletion of the
(1+1") REMPI signal upon excitation of the O-H stretching vi-
bration of the complex. We observe ion dip spectra of both the
bare phenol and the phenol-CO complex shifted from each other
by about 30 cm™, in agreement with previous measurements (A.
Fujii, T. Ebata, and N. Mikami, J. Phys. Chem. A 106, 10124
(2002)). These two measurements set the stage for our next ex-
periments. We intend to monitor the CO product of the vibra-
tional predissociation and of the vibrationally mediated photodis-
sociation to explore the effects of complexation on the dissocia-
tion dynamics.

Future Directions

The well-characterized ionization spectroscopy of phenol make it an attractive first target for vibrationally
mediated photodissociation of complexes, but the NH3-CO complex may be an even more interesting tar-
get, which we plan to pursue soon. The variety of complexes available, including ones with different
bonding motifs, offer a rich array of possibilities in which to study the influence of an adduct and initial
vibrational excitation.
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Bimolecular Dynamics of Combustion Reactions
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I. Program Scope:

The aim of this project is to better understand the mechanisms and product energy disposal in
elementary bimolecular reactions fundamental to combustion chemistry. Using the crossed
molecular beams method, a molecular beam containing highly reactive free radicals is crossed with
a molecular beam. The angular and velocity distributions of the products from single reactive
collisions are measured using Rydberg tagging methods or by single photon ionization using pulsed
VUV light sources.

I1. Recent Progress and Future Plans:
a) New VUV light source for HRTOF and ORTOF:

The H + O, —» OH + O reaction is a prototype 3-atom reaction involving a deep HO, well.
Although the reaction has received considerable theoretical attention' recently, dynamical
experiments have been very limited.> The chief experimental difficulty is associated with the small
reaction cross section, believed to be roughly an order of magnitude smaller than the hydrogen
exchange reaction (e.g., H + D, —» HD + D). Several years ago we introduced the oxygen Rydberg
TOF method®, which involves two-color excitation of ground state oxygen atoms O(*P;) to high-n
Rydberg levels via an intermediate O(®S,) state:

OCP,) + hv (130 nm) - O(%Sy)
0(Sy) + hv (~305 nm) — O(n ~ 30)

The Rydberg O atoms drift with their nascent velocities ~30 cm through a field-free region to a
rotatable detector where they are field ionized and collected. We have employed this method for
studies of photodissociation reactions® and bimolecular reactions® of free radicals (e.g., CN + O, —
NCO + O). In our original experimental implementation, pulsed VUV light at 130 nm was
generated by “2-1” four wave mixing of two 212 nm photons and one 582 nm photon in Kr.
Although we found this approach was suitable for photodissociation or reactions with large cross
sections, the sensitivity was limited because (unlike generation of Lyman-o, 121 nm), one cannot
phase-match at this wavelength.* Consequently, the sensitivity of the method was found to be
insufficient to study the H + O, reaction.

Highly efficient VUV generation at 130 nm was first reported by Muller and coworkers using 4-
wave mixing of transform-limited ns pulses in mercury (Hg) vapor.® This approach is most general
and efficient if three independent input laser beams are each tuned near Hg resonances at the
precise wavelengths where index matching may be achieved. Pulsed beams in the VUV at the
millijoule level® and continuous wave (CW) Lyman-o. (121 nm)’ have been produced using variants
of this approach. During the past year, we have implemented this method in our laboratory on two
separate machines.
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L L L For ORTOF, three unfocussed input
nanosecond pulses are simultaneously tuned
near a one photon, two photon, and Rydberg
resonance (i.e., 255 nm + 404 nm + 777 nm)
in a 1 meter long Hg heat pipe, producing
very intense 130 nm light. The VUV is
spatially separated by off-axis transmission
through a MgF; lens and reflected into the
et e e e e e e S SR S B interaction region wusing a remotely-
% 0 gt Time,  cicroseconds) #0 adjustable VUV mirror. To optimize and
characterize the instrument, we photolyzed
Fig. 1: Oxygen TOF spectra from N,O photodissociation at N,O at 130 nm, producing O(’P) + N, (A)
130 nm. Peaks at t = 60 -85 us from O(lso) + N, (X, v=0- as a minor channel which may be probed by
6); structure at t = 160- 250us from O(*P,) + N, (A, v = 0- ORTOF. Based on the signals obtained
3). using our new configuration, we have
increased the sensitivity of the ORTOF
method by a factor of ~100 relative to our original implementation.®  Somewhat surprisingly, we
have found that the nascent O(*S) from the dominant O(*S) + Ny(X) channel can be detected
directly (without further excitation) by our Rydberg detector. The structure in the TOF shown in
Fig. 1 shows the vibrational progression in the ground electronic state N,(X) products, with v =0 -
6 well-resolved; the second peak is due to the minor (~1%) O(’P,) + N,(A) channel. The spectrum
shown in Fig. 1 corresponds to 3 minutes of data accumulation. A manuscript describing this recent
work is currently in preparation.®

We believe that the sensitivity of our ORTOF setup is now sufficient to carry out a detailed
study of the H + O, reaction. Because the thermal instability and the extremely high cost of HI
(>$6000 for a lecture bottle), an undergraduate student has set up a synthetic source of HI involving
its catalytic production from the elements. A fast photolytic H atom beam has now been
characterized in our laboratory and studies of the reaction will be underway shortly. In addition to
studies of the H + O, reaction, we expect that ORTOF will be invaluable for studying the OCP)
channels from reactions of a number of hydrocarbon free radicals with molecular oxygen, e.g., C¢Hs
+ O, = CgHs0, — CeHsO + O (P).

The Lyman-a radiation for HRTOF experiments can also be generated free of residual UV
radiation using an approach similar to that described above. This is of considerable importance to
our program as it will greatly reduce background signals, particularly in studies involving
polyatomic hydrocarbon free radicals that previously were found to fragment extensively upon
absorption of residual UV at 212nm. We expect this will greatly expand the range of experiments
that may be carried out using HRTOF in the future.

b) Universal “Soft” Photoionization Detection of Products from Bimolecular Reactions.

Cassavecchia has elegantly demonstrated the use of low energy electrons for “soft” electron
impact ionization detection of products from bimolecular reactions in crossed molecular beams.’
One important feature of electron impact is that electrons are “universal” ionization detectors.
However, because of small electron impact ionization cross sections and the continuous nature of
this detector, this method generally requires continuous beams produced by discharge or by
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pyrolysis. Pyrolytic polyatomic free radicals are typically produced with vibrational temperatures
of several thousand degrees Kelvin. This degree of internal excitation complicates the
determination of potential energy barrier heights and derivation of thermodynamic quantities in
reactive scattering studies. The determination of branching ratios for competing reactions requires
knowledge of electron impact ionization cross sections, which typically must be estimated using
empirical methods. For polyatomic radical beams, photolytic sources have the potential advantage
that in most cases the internal energy distributions are substantially colder. Therefore, it would be
valuable to be able to carry out crossed beam reaction dynamics studies using pulsed photolytic
beams. However, the fundamental mismatch in duty cycle between pulsed photolytic beams and
continuous detection methods such as electron impact ionization or photoionization using
synchrotron radiation has hampered the widespread implementation of this approach.

Over the past year, we have pursued two different approaches to “soft” photoionization
detection of reaction products using pulsed VUV produced by tabletop light sources. The
advantage of pulsed VUV light sources is that the duty cycles of reactant production and product
detection are better matched, promising improved signal to noise ratios. In addition, by
photodissociation of stable precursors, it is often possible to determine absolute or relative
photoionization cross sections for different product channels.’® This should provide a potentially
more direct route to the determination of branching ratios for competing channels from combustion
reactions.

As in the ORTOF method described in the previous section, we have employed the use of 4-
wave mixing of unfocussed laser beams in Hg for production of VUV in our rotatable source
crossed beam apparatus. For example, by tuning to one of the Rydberg resonances in Hg, VUV
pulses can be generated with conversion efficiencies exceeding 1% at wavelengths around 125
nm.** We believe this method is well-suited for photoionization detection of a number of
polyatomic free radicals produced in bimolecular reactions in pulsed beams.

One class of reactions amenable to this approach
involves reactions of various isomers of alkane radicals
such as 1-butyl and 2-butyl radicals with molecular 1200
oxygen.'? As a first step towards such studies, we have
characterized the photodissociation dynamics of 1-
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pulsed 125 nm photoionization are shown in Fig. 2. (E7I L
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such as 355 nm photolysis of mixtures of the appropriate hydrocarbons with molecular chlorine to
initiate the Cl abstraction reaction.

We have also carried out a number of preliminary but very promising experiments using
photoionization detection employing a home-built pulsed RF discharge-pumped Ar,* excimer lamp
operating at 128 nm. The lamp provides 250 us long pulses at up to 200 Hz with peak photon
fluxes comparable to that achievable using the raw undulator output from the ALS. We have found
that the primary drawback of this type of light source is that the incoherent light beam is quite
divergent, making it difficult to relay-image the radiation into the ionization region of our detector.
After considerable effort, we have found that rather than trying to use refractive or reflective optics
for this light source, it is best to miniaturize the source in order to facilitate placement very close to
the ionization region of our detector.

I11. Statement about DOE-supported publications for 2007-present:

Over the past 3 years, this DOE grant has supported the Ph.D. research of two students who
have now graduated, Marivi Ortiz-Suarez and Steve Kroner. Their research primarily involved
experimental studies of the quenching of electronically excited OH radicals by D, molecules,™**
and the VUV photodissociation of OH radicals.’* They also carried out preliminary experiments
laying the groundwork for our study of the H + O, and OH + D, (v = 1) reaction. Their work was
summarized in previous DOE abstracts and has been presented at several national meetings. During
the course of writing up their work, we found that some of this data was subject to interfering
signals from photolysis by residual UV radiation associated with VUV generation. Using our
newly-improved VUV light source, which allows separation of the VUV, we are presently
rechecking some of this data. We expect this process to be completed shortly and the backlog of
publications resulting from this DOE-supported research by these two students will be submitted
prior to submission of our DOE grant renewal.

The grant has also partially supported the Ph.D. work of David Proctor, a student who has been
working with the Pl on the development of new pulsed VUV light sources as well as a novel
narrowband OPO-based IR light source™ to be employed in future studies of the reaction dynamics
of vibrationally excited species. David will be graduating in May 2009; the results of his thesis
work including publications acknowledging DOE will be submitted for publication shortly.?
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The focus of the research has shifted to the study of chemical-kinetic mechanisms
and the fitting of potential energy surfaces. The study of reaction mechanismsis global,
focusing on the composite phase space structure of the mechanisms and the chemical
implications of that structure. Global sensitivity analysis has been implemented, and is
being used to discern important reactions that need to be calculated more accurately,
including their thermochemistry and rate parameters. The global sensitivity analysis uses
two surrogates: HDMR (high-dimensional model representation) and the Gaussian
process model. Thislatter surrogate is being used for fitting potential energy surfaces.

Recent Progress
Phase space structure of reaction mechanisms

The abstract focuses on the composite phase
Space structure® of CO/CH,0/CH3;0H combustion

(Liet alz). The procedure outlined here can be
applied to any reaction mechanism and the phase
gpace structure outlined here is generic, asisthe
information that can be gleaned from such an
anaysis. However, the quantitative details of the
analysis depend on a particular physical situation.
The case outlined hereisfor constant pressure, one-
dimensional premixed flames.

The top panel of Fig. 1 shows results for 12
premixed flames, which have four distinct mixtures
at the burner. The flame plots should be viewed
from left to right in the panel and are coded by color
and line type. Each of the mixtures was run for
three different temperatures at the burner. Although
there are 12 flames in the figure only eight curves
are obviousin the plot as two of the temperature-
dependent triplets have all three of their curveslying
on top of each other. All the curvesin the panel
have asymptotes that lie on the thick black curve.
All the flames in the panel were generated at P = 40
torr. For comparison the additional curvesin thetop
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Fig. 2

panel that lie to the right of the black are shown for higher pressures (120, 400, and 760
torr). The flame profilesin the top panel of Fig. 1 approach one-dimensional curves
between 1500 and 1800 K, depending on the flame. This behavior is aresult of a phase
gpace structure characterized by a set of one-dimensional manifolds, which form a 2D
surface in the phase space, as demonstrated in the bottom panel of Fig. 1. These surfaces
depend on pressure, with three pressures shown in the panel (40, 80, and 120 torr).

The surfaces shown in the bottom panel of Fig. 1 were generated for

stoichiometric CH,O + O, flames and mixtures of CO, H,, CH;0H, which match the

Fig. 3
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elemental content of the stoichiometric flames. The flamesin the top panel of Fig. 1, as
well as the surfaces in the bottom panel are characterized by a set of asymptotic mixture
enthalpies. Thefull phase space of the mechanism is further characterized by a range of
elemental mixtures and the left panel of Fig. 2 shows surfaces for an additional set of

mixtures characterized by CH,O/O, content.
The surfacesin Figs. 1 and 2 allow for a global comparison of different
mechanisms. The right panel in Fig. 2 compares the mechanism of Ref. 2 (blue, dashed

lines) with the C3 mechanism of Ref. 3 (red lines). Itisclear from theright panel that
the two mechanisms give amost identical behavior in this region of phase space. The
analysis of the global phase space structure is a convenient way to monitor the changesin
chemistry as conditions vary. The top panel of Fig. 3 shows the way the local

eigenval ues change as the asymptotic enthalpy changes (characterized by temperature).
Thisisaccomplished by moving along the black curve in thetop panel of Fig. 1. Thetop
panel of Fig. 3 demonstrates that the elgenvalues cross, which indicates a change in the
chemistry of the mechanism and are aresult of changesin time scale for different
reactions as conditions are varied. The results of this change are indicated in the bottom
two panels of Fig. 3, where the production rates of the eight most productive reactions are
shown aong the one-dimensional manifold for a case to the right of the avoidance in the
first set of reactions and to the left in the second set of reactions. In particular, the bottom
set of reactions demonstrates that there is considerable production of hydrocarbon species
for the one-dimensional manifolds compared to the first set.

Fitting potential energy surfaces using a Gaussian Process Model

The basic approach isoutlined in Fig. 4 for aMorse oscillator. A set of random
functionsis sampled based on a Gaussian process (blue curves on the |eft top). The
values of the potential function (bottom left) convert thisjoint distribution into a
conditional distribution, conditioned on the sampled points (here there are 9). Thered
curves in the bottom panel are a sample from the new conditional distribution. The
yellow curves give the 2o error bounds of the conditional distribution. These bounds are

Fig. 4
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repeated in the top middle curve along with the mean of the distribution (blue, dotted
curve), which isthefit to the function. Three additional points are generated in regions
of high error estimates, yielding anew conditional distribution and a new fit to the
potential in the bottom middle plot. A summary of fits with the Gaussian process model
is shown in the right most column of Fig. 4. The agreement with the exact potentia is
very good with 16 points and nearly perfect with 33 points.

FuturePlans

Global sensitivity analysisis being implemented at thistime. Thiswill be applied to the

methanol and C3; mechanisms, aswell as larger ones. This methodology will be used to
highlight important reactions whose rate parameters and thermochemistry need to be
calculated more accurately. We will use the Gaussian process model to fit potential
surfaces of triatomic and tetra-atomic molecules.

References

m.a Davis, “Phase space structure for reaction mechanisms of hydrocarbon
combustion: Basic formulation and chemical implications’, to be submitted.

2 Li, Z. Zhao, A. Kazakov, M. Chaos, F, J, Dryer, ad J. J. Scire, Jr., Int. J Chem Kin 39,
109 (2007).

33S.M. Gallagher, H. J. Curran, W. K. Metcalfe, D. Healy, J. M. Simmieg, and G.
Bourque, Combustion and Flame 153, 306 (2008).

*C. E. Rasmussen and C. K. |. Williams, “Gaussian Processes for Machine Learning”,
MIT Press (2006).

Publications

M. J. Davis, “Low-dimensional manifolds in reaction-diffusion equations. 1.
Fundamental aspects’, J. Phys. Chem. A 110, 5235-5256 (2006).

M. J. Davis, “Low-dimensional manifoldsin reaction-diffusion equations. 2. Numerical
analysis and method development”, J. Phys. Chem. A 110, 5257-5272 (2006).

M. J. Davisand A. S. Tomlin, “ Spatial dynamics of steady flames 1. Phase space
structure and the dynamics of individual trgjectories’, J. Phys, Chem. A. 112, 7768 -7783
(2008).

M. J. Davisand A. S. Tomlin, “ Spatial dynamics of steady flames 2. Low-dimensional
manifolds and the role of transport processes’, J. Phys, Chem. A. 112, 7784-7805 (2008).

M. J. Davis, “Phase space structure for reaction mechanisms of hydrocarbon combustion:
Basic formulation and chemical implications’, to be submitted.

62



Hydrocarbon Radical Thermochemistry:
Gas-Phase lon Chemistry Techniques

Kent M. Ervin
Department of Chemistry and Chemical Physics Program
University of Nevada, Reno
Reno, NV 89557-0216
ervin@unr.edu

I.  Program Scope

Gas-phase ion chemistry and mass spectrometry techniques are employed to determine
energetics of hydrocarbon radicals that are important in combustion processes and to investigate
the dynamics of ion—-molecule reactions. Guided ion beam tandem mass spectrometry is used to
measure the activation of endoergic ion-molecule reactions as a function of kinetic energy.
Modeling the measured reaction cross sections using statistical rate theory [1] or empirical
reaction models allows extraction of reaction threshold energies. These threshold energies yield
relative gas-phase acidities, proton affinities, or hydrogen atom affinities, which may then be
used to derive neutral R—H bond dissociation enthalpies using thermochemical cycles involving
established electron affinities or ionization energies [2]. The reactive systems employed in these
studies include endoergic bimolecular proton transfer reactions, hydrogen-atom transfer
reactions, and collision-induced dissociation of heterodimer complex anions and cations.
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.

I1. Recent Progress

A. Threshold Collision-Induced Dissociation

We continue work to measure gas-phase acidities and other energetics of oxygen-
containing hydrocarbons and of highly unsaturated hydrocarbons that are of interest in
combustion Kinetic systems. Energy-resolved collision induced dissociation is used to measure
energetics of ion systems that can be related to neutral hydrocarbon molecules and radicals via
thermochemical cycles.

Experimental work is in progress on the threshold collision-induced dissociation of
peroxycarboxylate anions, HCOOO and CH3;COOQOOQO . The goal is to measure the energy for loss
of O atom to form the carboxylate RCOO . Combined with gas-phase acidities determined
recently in Selected lon Flow Tube experiments by the group of Prof. Veronica M. Bierbaum
(University of Colorado) [3] and known values for the carboxylate anions, these measurements
will yield the enthalpies of formation for the peroxycarboxylate anions and the neutral
peroxycarboxylic conjugate acids, for which the thermochemistry is poorly established.
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Bierbaum and coworkers developed a four-step reaction scheme to produce the
peroxycarboxylate anions with HOO™ + RCOOCHj5 as the final step. We have successfully
produced the peroxyacetate anion with our flow tube reactor ion source and have conducted
preliminary dissociation experiments in our guided ion beam tandem mass spectrometer [4].

We recently further developed multiwell and multiple transition state statistical rate
theory (RRKM and phase-space theory) models to analyze the competitive collision-induced
dissociation of proton-bound dimers of carboxylate anions [5], e.g., [RCOO:-H--OOCR'] , which
possess multiple low-energy conformations in the doubly hydrogen-bonded complexes. The
relative dissociation energies provide the gas-phase acidity difference between the two
carboxylic acids. These methods are now being applied to analyze collision-induced dissociation
experiments on polyyne anions, HC,, (n =2, 3, 4), hydrogen bonded with reference acids such
as H,S and CH3;CHO [6]. Because the polyyne carbon acids form weak hydrogen bonds, the
potential energy surfaces of the proton-bound complexes typically have two minima, [RH--X]"
and [R--HX] with an intermediate barrier. Density functional theory calculations are used to
characterize the potential energy surface along the two dissociation coordinates and multi-well
transition state theory is used to characterize the sensitivity of the modeling of the product
branching fractions on the barrier height. The goal of this work is to refine the gas-phase
acidities of the polyynes, which will allow a better determination of the energies of the polyynyl
radicals, HC=C-C=C:, HC=C-C=C-C=C-, and HC=C-C=C-C=C-C=C., using previously
measured electron affinities [7, 8].

B. Photoelectron Spectroscopy
Obtaining C-H or O-H bond dissociation energies, and the enthalpies of formation of the
resulting radicals, from gas-phase acidities relies upon the negative ion thermochemical cycle

[2],

D(R-H) = AsigH(RH) + EA(R") - IE(H),
and thus the electron affinity (EA) of the radical species. The electron affinities may be
accurately determined by photoelectron spectroscopy of the anions (conjugate base of the neutral
acid). Analysis of the negative ion photoelectron spectra is accomplished via Franck-Condon
simulations of the vibronic transitions. Over the past year, we have collaborated with the groups
of Prof. W. Carl Lineberger and Prof. J. Mathias Weber (both at JILA, University of Colorado,
Boulder) in Franck-Condon modeling of photoelectron spectroscopy experiments. In particular,
we extended and improved our PESCAL simulation program to allow (1) fitting of multiple
electronic transitions simultaneously, (2) fits in the original time or velocity domains for time-of-
flight spectrometer or velocity-mapped imaging experiments in addition to the electron kinetic
energy domain for electrostatic energy analyzers, (3) simulation of threshold photoionization
efficiency curves, (4) simulations of Franck-Condon intensities for hindered internal torsional
modes, and (5) treatment of transitions with large geometry changes that require use of
curvilinear coordinates.

In collaboration with the Weber group, we modeled the Franck-Condon intensities of
their near-threshold photoelectron spectra of nitromethane, CH3NO, , which employed velocity-
mapped imaging techniques [9]. Velocity-domain simulations were used the simulate the spectra
and helped to verify the assignment of the electron origin and an electron affinity with improved
precision. In the anion, the internal torsion around the C—N bond is hindered, while the neutral
is essentially a free rotor. We determined the torsional energy levels from ab initio potential
energy curves (solving the 1D Schrodinger equation with a free-rotor basis set [10]) and then



calculated the torsional Franck-Condon factors [11, 12] for comparison with the experimental
spectra.

Our continuing collaboration with the Lineberger group has recently involved Franck-
Condon analyses of new spectra of the CX, and HCX, (X = Cl, Br, I) systems. For CX, the
experiments resolved a 10-year controversy regarding the singlet-triplet energy gaps of the
neutral dihalomethylene radicals [13]. Simultaneous fitting of the singlet and triplet transition
Franck-Condon profiles aided that effort. For HCX; ", the large geometry change between the
pyramidal anion and the pseudo-planar neutral dihalomethyl radical results in a complete
breakdown of the conventional computational techniques for treating normal mode vibrations in
terms of mass-weighted Cartesian displacements and force fields [14]. We have modified PESCAL
to use (non-orthogonal) curvilinear internal coordinates for the Franck-Condon simulations
including the effects of Duschinsky rotation [15] between the normal mode coordinate systems
of the anion and neutral electronic states. This work is currently in progress. Initial results show
reasonable agreement in the case of HCCI, with more sophisticated quantum mechanical
treatments by additional collaborator Prof. Anne McCoy (Ohio State University) for the three
strongly coupled CH pyramidal bending mode, CCl, symmetric bend, and CCIl, symmetric
bending vibrational modes [16]. Our PESCAL code has been used by several other groups
recently, for example references [17-21].

I11. Future Work

Experimental work will continue on the ion thermochemistry experiments detailed above
and related work involving proton affinities in cationic systems. We are also further developing
our quadrupole ion trap/time-of-flight mass spectrometer apparatus [22, 23] with future
applications related to combustion systems.
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I. Program Scope

The fundamental goal of this program is to develop the experimental techniques, diagnostics, interpre-
tive concepts, and pattern-recognition schemes needed to reveal and understand how large-amplitude motions
are encoded in the vibration-rotation energy level structure of small, gas-phase, combustion-relevant poly-
atomic molecules. We are focusing our efforts on unimolecular isomerization in several prototypical systems,
including the HNC < HCN and HCCH « CCH; isomerization systems. We are developing chirped-pulse
millimeter wave (CPmmW) spectroscopy as a technique that can be used in conjunction with Stimulated
Emission Pumping (SEP) and the Stark effect to populate and identify molecular states with high excitation
in local vibrational modes, which are of key importance in understanding isomerization processes.

II. Recent Progress

A. CPmmW Spectrometer and Acrylonitrile Photolysis

Chirped-Pulse Millimeter-Wave (CPmmW) spectroscopy is the first truly broadband technique for
Fourier-transform spectroscopy in the millimeter wave region. We designed the technique in collaboration
with the Brooks Pate research group at the University of Virginia, based on their pioneering Chirped-Pulse
Fourier-Transform Microwave (CPMW) spectrometer, which operates at frequencies up to 20 GHz. We
have built and tested a CPmmW spectrometer that operates in the 70-102 GHz frequency range. The
spectrometer can acquire up to 12 GHz of spectral bandwidth in a single shot, and initial tests indicate
significant advantage over existing millimeter-wave spectrometers in data acquisition speed.

The spectra in Figure 1 compare the CPmmW performance with that of the millimeter-wave absorp-
tion spectrometer previously used in the Field laboratory. The older spectrometer used a tunable W-band
Gunn oscillator as the radiation source and a liquid-helium-cooled InSb bolometer to detect absorption of
millimeter-wave power. In comparison with the scanned absorption spectrum in Figure 1.A, the Fourier-
transform CPmmW spectrometer is capable of obtaining a spectrum (Figures 1.B and 1.C) of forty times
greater spectral width with two times greater signal-to-noise ratio at comparable resolution in half the
acquisition time.

The spectrum shown in Figure 1 can also be used to demonstrate the advantage of the CPmmW
spectrometer over the previous state of the art, the millimeter-wave Fabry-Perot cavity spectrometer of
Yamamoto, which would have required four times as long to collect a similar spectrum. Although the Ya-
mamoto spectrometer requires only a few averages per ~2 MHz cavity bandwidth step to achieve comparable
signal-to-noise, the collection rate of their spectrometer is limited by the time required to tune the cavity
at each frequency step to a maximum scanning rate of 1 GHz / hour. The necessity for long averaging
times in our CPmmW setup arises from the fact that we have insufficient power available to achieve optimal
polarization of the sample. For a molecule with a 1 D transition dipole moment, ~1 W is required to achieve
a /2 polarization over a 4 GHz chirp bandwidth in 500 ns, but our spectrometer only generates 30 mW.
We therefore expect that the sensitivity of the technique will improve significantly as the power available in
the millimeter-wave region increases.

Another advantage of the CPmmW technique is that it can be used to obtain spectra with meaningful
relative intensity information since all the frequency resolution elements of the spectrum are obtained and
averaged in every shot. Fluctuations in laser intensity and other laboratory conditions made relative line
intensities semi-quantitive at best in previous millimeter-wave spectrometers. We plan to put the accurate
intensity information of our CPmmW spectrometer to use in our investigation of the photolysis dynamics
of acrylonitrile at 193 nm. By measuring the nascent distribution of vibrational states in the photolysis
products, we hope to shed light on the photolysis mechanism, and in particular on the controversy concerning
the HCN/HNC product channels. The CPmmW spectrometer is a tool ideally suited to this investigation,
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because it can be used to make simultaneous measurements of the J = 1-0 rotational transitions of many
vibrational levels of both HCN and HNC that occur within a relatively narrow spectral region from 87-92
GHz. The intensities of all the lines will be averaged simultaneously over fluctuations in the photolysis laser
power, allowing the determination of accurate relative intensities.

Figure 1: The performance of the CPmmW spectrometer is compared with that of the millimeter-wave absorption spectrometer
previously used in the Field lab. Panel A displays a 100 MHz bandwidth spectrum centered on the OCS J = 6 — 5 transition
recorded using the scanned absorption spectrometer. The signal-to-noise ratio is 670 and the acquisition time was 100 minutes.
Panel B displays a 4 GHz bandwidth CPmmW spectrum centered on the same OCS transition. The signal-to-noise ratio is
1500 and the acquisition time was 50 minutes. Panel C shows a vertical zoom of the spectrum in which lines arising from
isotopomers and excited vibrational states are labeled.

We have already made preliminary tests of the CPmmW experiment on acrylonitrile photolysis prod-
ucts. A survey spectrum of the photolysis products is shown in Figure 2. Rotational transitions of acryloni-
trile, HCN, HNC and HCCCN are assigned in the figure. Note that after 1000 averages, only one line from
vibrationally excited HCN is visible over the noise. However, many more lines are expected to be present
below the noise threshold of the current spectrometer.

?01\11 ((? 0°0) HNC (0 0° 0)
=1 J=10

F=21 HCN (0 2° 0)

- J=1-0
F=1-1
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JKa K, = 918'817
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Figure 2: A survey CPmmW spectrum of the products of 193 nm photolysis of acrylonitrile. A mixture of 1% acrylonitrile
in Ar is expanded in a supersonic jet and photolyzed at 193 nm by a focused beam from an ArF excimer laser (~4 mJ). ~20
us after the photolysis pulse, a chirped millimeter-wave pulse interacts with the molecular beam and the Fourier-transform
spectrum is obtained after averaging the time-domain FID from 1000 pulses (~2 minutes).
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B. High- and low-barrier unimolecular isomerization in Sy and S; HCCH

The goal of our studies on the acetylene « vinylidene system is to observe barrier-proximal states.
Many studies have demonstrated that the vibrational eigenstates of acetylene and similar molecules undergo
a normal-to-local transition in which the normal modes appropriate to describe small displacements from
the equilibrium geometry evolve into local modes in which the excitation is isolated in a single C-H bond
stretch or ZCCH bend. The evolution of vibrational character is of particular interest in the acetylene
bending system because the local bending vibration bears a strong resemblance to the reaction coordinate
for isomerization from acetylene to vinylidene, with one hydrogen moving a large distance off of the C-C
bond axis while the other hydrogen remains relatively stationary.

1. Experimental population of lowest energy local-bender eigenstates

While the existence of local bender eigenstates in Sy acetylene has been predicted by a variety of
theoretical models, including effective Hamiltonian fits to the available experimental data, experimental
verification of the character of these states has been difficult to achieve. We recently observed the first direct
evidence of the Sy local bender states. Using local bender pluck states on the S; surface as SEP intermediates,
we recorded spectra that show a degenerate pair of levels with g/u symmetries in the energy region where
the local benders are predicted to emerge. The observed degeneracy corresponds with expectations for
the local bender states. The large geometric distortions associated with these states should lead to large
vibrationally-averaged dipole moments, which will distinguish them from ergodic states.

2. Observation and theoretical treatment of vibrational levels of S; cis acetylene

Aside from its utility as an intermediate for studying highly excited vibrational states of the Sg
surface, the S; state also presents the possibility of observing low-barrier isomerization from its trans-
geometry minimum to a local energy minimum at a cis geometry. This process has been the focus of many
theoretical studies, but it has been difficult to study experimentally because, though the trans minimum
has been exhaustively characterized, the transition from the ground electronic state to the S; cis geometry
is electronically forbidden and no transitions to this conformer have previously been observed. In the course
of characterizing the S; surface, several vibrational levels were observed which could not be ascribed to
Si-trans or other electronic states. Si-cis seems a likely candidate for explaining these interloper levels,
which were, surprisingly, observed below the energy of the calculated barrier to trans-cis isomerization, and
must therefore owe their intensity to mixing via tunneling with trans-geometry-localized states.

Simulated and experimental DF spectra (33 - SO)
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Figure 3: The dispersed fluorescence (DF) spectrum of the 3vs level calculated from the 3D DVR wavefunctions (downward)
is compared with the experimental spectrum (upward). The discrepancies in the intensities are due partially to the fractionation
of bright states in the experimental spectrum into some eigenstates that are non-existent in the reduced dimension calculation,
and partially to the neglect of the CH stretch coordinates when calculating the transition dipole moment.

As part of our investigation of the cis-well states, we undertook a discrete variable representation
(DVR) calculation to obtain information about the delocalized wavefunctions of S;. Our reduced dimension
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DVR was designed to capture the planar isomerization dynamics due to modes vy, v, and vg. The initial
results appear to corroborate our assignments of the interloper levels to the cis well. Since the same type
of calculation can be performed for the Sy state, we have also been able to simulate absorption, dispersed
fluorescence, and SEP spectra (Fig. 3). We hope to use this capability to interpret and assign complicated
experimental spectra, as well as identify appropriate intermediate states for experiments that will probe
chemically interesting regions of the potential energy surface.

III. Future Work

We plan to continue to improve the sensitivity of our CPmmW spectrometer by taking advantage of
new millimeter-wave technology and by incorporating a slit-jet molecular beam chamber. These enhance-
ments will enable us to measure the populations of vibrationally-excited acrylonitrile photolysis products
and locate the acetylene local bender states. Combining our S; DVR results with the survey capability of
CPmmW /DF spectra will guide us towards conclusive SEP expriments. We will record Stark effect spectra
of the Sy highly vibrationally excited levels, in order to measure the large predicted vibrationally-averaged
dipole moments of the barrier-proximal states. The accurate CPmmW intensity information will enable us
to resolve the controversy over the photolysis mechanism of acrylonitrile.
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Introduction
A few years ago our work took a new direction and is now focused on
fundamental chemical events taking place on carbon surfaces™? with the intent of
shedding light on their role in mediating the formation of polycyclic aromatic
hydrocarbons (PAHs) from small molecular precursors and the growth of soot
particles.® One of the exciting developments in this area of research has been the
discovery of techniques for preparing and studying single graphite sheets or
graphene, a two-dimensional material whose chemical reactivity is substantially
greater than that of multi-sheet graphite.**** In addition the electronic and
structural properties of graphene are quite unusual and depend on both the size
and shape of the graphene flakes, which are themselves essentially giant PAHSs.
Graphene is, thus, an interesting model system in which to study the kind of
carbon chemistry that is likely to shed light on the properties of soot-like
materials. Interest in soot is ultimately driven by the environmental and health
implications arising from its formation in combustion reactions (particularly those
involving heavier, diesal fuels), which are nearly ubiquitous throughout our
society.®

Scanning tunneling microscopy (STM) has become a powerful tool for
interfacial studies of structure and chemistry mainly because of its ability to
investigate surface structure and dynamics with molecular or even atomic
resolution. For example, the same region of a surface can be investigated before
and after exposure to reactive species using STM tip engagement techniques'?,
thereby extracting information about reaction mechanisms localized at single
atomic surface sites. In terms of chemical reactivity, the edges of large PAHs and
the surfaces of soot particles in the third stage of growth are analogous to the
edges of pits, defect sites and step edges on graphite and graphene. Exposure of
well characterized, defected graphite and graphene surfaces to oxygen or
hydrocarbon fuels (e.g. C,H,) in a controlled manner under ultra-high vacuum
(UHV) conditions, thus, provides an opportunity to investigate the fundamental
chemical steps involved in carbon chemistry and soot formation.
Results: Graphene on Metal Surfaces
Since many soot particles, especially those formed from diesel fuel, are
impregnated with heavy metal atoms, which are virtually certain to affect particle
reactivity,®’ the interactions between carbon and metals or metal oxides are
important for obtaining a full understanding of soot chemistry. We have pursued a
number of experiments involving the interaction of PAHs and graphene with
metals, for example, the chemistry of hexabenzocoronene on ruthenium metal .®
Thislarge PAH molecule remains intact on ruthenium, even at high temperatures.

In quite remarkable contrast is the behavior of hexabenzocoronene (HBC)
on asingle crystal cobalt (0001) surface.® After vacuum deposition on a clean Co
surface, HBC decomposes with relatively mild heating to form flakes of graphene
that are in excellent registry with the metal atoms on the Co surface. Experiments
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were performed using a low-temperature scanning tunneling microscope in a
UHV chamber, whose base pressure was 3x10™ Torr. A cobalt single crystal with
(0001) orientation was cleaned in-situ by repeated cycles of argon sputtering and
subsequent thermal annedling at 570 K. Contorted hexabenzocoronene
molecules®® were deposited onto a 300 K, clean Co(0001) surface by vacuum
evaporation inside the UHV chamber. (Hexabenzocoronene (HBC) consists of a
coronene core and 6 benzene rings around the outsde. Because of steric hindrance
the molecule is not flat, with alternate benzenes above and below the coronene
plane.) Following this procedure, the substrate and sample were annealed in-situ
at 600 K for 20 min in order to grow graphene flakes using HBC molecules as the
carbon source. The graphene flakes were then characterized by Low Temperature-
STM a 4.9 K. The low drift rate and stability of this device provides both
superior quality images and a platform on which to perform STS experiments that
have the potential to unravel the electronic structure and even the vibrational
signature of molecular adsorbates.

These graphene on Co(0001) samples have an on-top overlayer structure
wherein one of two carbon atoms in the graphene unit cell sits directly above an
underlying metal atom (on-top position or A-site). The on-top registry along with
the measured height of the graphene layer (~2.2 A) is quite consistent with
theoretical calculations for the similar system of graphene on Ni(111). It is adso
noteworthy that the inter-atomic distance between metal atoms on Co(0001) (and
Ni(111)) almost perfectly matches the distance between every other carbon atom
in graphene (lattice mismatch < 2%), which favors epitaxial growth of graphene
on these substrates.

Graphene flakes with zigzag edges and nearly triangular shapes, whose
lateral dimensions are 2~4 nm, can be readily seen on the Co surface. At avoltage
corresponding to tunneling at E- - 0.15 eV, (E: is the Fermi energy) triangular
flakes with zigzag edges exhibit enhanced tunneling along the peripheries. This
indicates that a high proportion of the density of electronic states (DOS) is
gpatially localized near the edge regions of these triangular soot nanoflakes at this
specific energy level where there is a peak in the normalized STS conductance
spectrum.

Soot nanoflakes with zigzag edges but having a hexagonal shape have also
been observed in these experiments. Several of these flakes exhibit point-like
defects inside the hexagonal graphene samples that are likely to be reactive sites
for molecules such as acetylene. It will be interesting to compare the chemistry at
these sites with that of defected graphite by performing experiments similar to
those described in our earlier work involving defected graphite and acetylene.

Asin the case of the triangular graphene nanoflakes, tunneling at a voltage
corresponding to E- - 0.17 eV shows relatively bright features along the periphery
of hexagona structures. However, this feature is less distinct than that of smilar
images for triangular flakes. It is interesting to note here that a recent theoretical
argument™ suggests that the edge states of hexagonal graphene flakes have less
edge character (more bulk character) than those of triangular flakes and leak more
into the inner region of the sample.
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These results show that soot-like graphene nanoflakes can be formed on

Co surfaces. In addition the electronic structure of these samples differs
depending on their geometric shape and can be readily probed by STM/STS. The
coupling of the graphene flakes to the metal surface as well as the relative
reactivity of different shaped flakes is presently under study. Nevertheless, the
possibility of correlating the electronic state energies and their spatial distribution
to subsequent chemistry is certainly a fruitful direction in which to pursue future
experiments.

Present and Future Experimental Program

It should be possible to probe the reaction mechanism via which HBC breaks up

and recombines on cobalt to form sizeable graphene flakes. Single molecule

manipulation with the STM can be used to bring two HBC molecules in close
proximity to each other, while temperature control can be used to mediate the rate
of reaction leading to the formation of these large organized structures.

Considerable insight into the mechanism for PAH chemistry on metals should be

forthcoming from such a series of experiments.
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Quantitative Imaging Diagnostics for Reacting Flows
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Program Scope

The primary objective of this project is the development and application of laser-based imaging
diagnostics for studying the interactions of fluid dynamics and chemical reactions in 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. Current efforts in the Advanced Imaging Laboratory focus on planar laser-induced
fluorescence 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 transport and chemistry in turbulent flames. These
studies require the development of new imaging diagnostic techniques to measure key species in the
hydrocarbon-chemistry mechanism as well as to image rates of reaction and dissipation. Recent advances
in diagnostic capabilities enable us to probe the temporal evolution of turbulent flames as well.

Recent Progress

Dissipation length scales in turbulent jet flames and non-reacting jets

High-resolution imaging of laser Rayleigh scattering in turbulent jet flames has provided insights
into the dynamic structure of the thermal dissipation field [1-3]. These insights motivated a series of
studies on scalar dissipation in non-reacting jets. Detailed comparisons of measurements in the near field
of a turbulent CH4/H,/N, jet flame with Re=15,200 and in non-reacting propane jets with Reynolds
numbers from 7,200 to 21,700 reveal the effects of heat release on the turbulence dissipation structures.
For example, Fig. 1 compares radial profiles of the cutoff length scale, Ac, of the dissipation spectrum for
the jet flame and the non-reacting jets. In the flame, A¢ has a distinctly different dependence on the radial
location as a result of increased dissipation length scales and changes in the orientation of the dissipation
structures at elevated temperatures. This jet flame is a target flame in the TNF Workshop, and the
insights from these experiments are being used in the development of turbulent combustion models, as
described in the following section.

Figure 1. Radial profiles of the axial and radial dissipation cutoff scales at x/d=5. The red curve corresponds to
the CH4/H,/N, jet flame (DLR-A), and the remaining solid curves correspond to the non-reacting propane jets.
The dotted lines show the grid spacing of an 82M LES grid designed from the experimental results.
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Coupling imaging diagnostics and large eddy simulations

Comparisons of experiments and large eddy simulations (LES) provide a unique opportunity for
advancing our understanding of the spatial structures and temporal evolution of turbulent flames. We are
developing a systematic approach for comparing laser-based imaging measurements and LES of turbulent
non-premixed flames in collaboration with Joe Oefelein (Sandia). Experimental studies of turbulent jet
flames and non-reacting jets are coupled with high-fidelity LES calculations to understand more clearly
how LES represents small scale mixing and what the effect of resolution is on the time evolving
dissipation fields. We are currently studying the effects of LES filter size on the evolution of scalar
mixing processes and its implications for the development of improved turbulent combustion models.
Figure 2 shows sample measurements of the instantaneous mixture fraction and scalar dissipation fields in
the near field of a non-reacting turbulent propane jet with the LES computational domain that was
designed using the measured cutoff length scales in Fig. 1.

We are investigating differences in spatial and temporal averaging in the experiments and
simulations. One of the challenges of comparing LES calculations and measurements is that the
simulations track the evolution of resolved-scale fields, which can lead to the development of very
different turbulence structures than are observed in the instantaneous measurements. To demonstrate this
point, we spatially filtered single-shot Rayleigh images such that the effective spatial resolution of the
filtered measurements matched the resolved scale in a series of LES calculations with different grids.
Figure 3 shows a sample single-shot measurement that was filtered using a progression of grids with
subsequent refinements of a factor of two in each direction. The morphology of these filtered dissipation
structures are very different from those predicted by LES (see abstract of J. Oefelein), indicating the
effects of temporal coalescence and dispersion errors even when using a highly refined LES grid with cell
sizes on the order of the dissipation cutoff length scales. Furthermore, a comparison of the relative
dimensions of the dissipation structures and the grid cells indicates that LES calculations must account for
the overlap of dissipation structures in the sub-grid and resolved scales. The limited quantity of
dissipation structures in each LES grid cell indicates that widely used assumptions regarding the sampling
of statistically significant quantities of turbulence structures within each grid cell must be carefully
examined. The anisotropy of the dissipation structures, particularly in the jet flame, must also be
considered. The results of these comparisons represent a first step in the development of a systematic
approach for comparing imaging diagnostics and LES.

Figure 2. Single-shot laser Rayleigh scattering measurements of mixture fraction and scalar dissipation in a
turbulent non-reacting propane jet at x/d=5, 10, 20. Jet Reynolds number is 14,200. The computational domain
and grid for companion LES calculations are shown on the left.
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Figure 3. Effects of spatial filtering on single-shot measurements of mixture fraction (top row) and scalar dissipation
(bottom row) in a non-reacting propane jet of Re=14,200 at x/d = 10. The image width is 16.1 mm. The dissipation
images show the local grid distributions corresponding to three different LES calculations. The width of the
smoothing kernel varies throughout the image according the corresponding LES grids.

High-repetition rate imaging for studying temporal evolution of turbulent flames

We are developing a high-repetition rate imaging facility in the Advanced Imaging Laboratory to
complement our current imaging approaches. This new capability will significantly enhance our research
program by enabling us to probe the complex time history of interactions between turbulent flows and
flames. Measurements of time history effects are particularly important for understanding intermittent
phenomena, such as localized extinction and re-ignition. This information is not available from our other
imaging systems, which provide ensemble statistics using instantaneous snapshot measurements that are
temporally uncorrelated. As a first step in developing this new imaging facility, we recently added the
capability of high-repetition rate laser-induced fluorescence imaging. This system consists of a 10 kHz
tunable dye laser for LIF excitation and an intensified CMOS camera for detection. Initial investigations
are focusing on OH-LIF measurements of the temporal evolution of turbulent non-premixed jet flames
and lean premixed stratified CHj/air flames. We are leveraging our current capabilities through
collaborations with other groups that have additional high-repetition rate imaging equipment, including
W. Meier (DLR Stuttgart, Germany) and A. Dreizler (Technical University of Darmstadt, Germany).

Future Work

We plan to extend our studies of the effects of heat release on turbulent jets, and new results will
be coupled with Joe Oefelein’s LES calculations. Measurements of turbulence microscales will be used
to develop accurate sub-grid scale models. Knowledge gained from comparisons of experiments and LES
of passive scalar mixing will be incorporated into our studies of turbulent jet flames. Flame studies will
address the challenges of modeling localized extinction and re-ignition. We also plan to investigate
extinction and re-ignition in isolated flow-flame interactions with a focus on dimethyl ether and ethylene
as fuels. Comparisons with DNS of Jackie Chen (Sandia) will be used to evaluate the coupling of
transport and flame chemistry over a range of thermochemical conditions. These studies will include the
use of picosecond two-photon LIF imaging of atomic hydrogen to study preferential diffusion of
hydrogen in collaboration with Tom Settersten (Sandia).

The new high-repetition rate imaging capability will be coupled with high-resolution, low-
repetition rate diagnostics. These combined approaches will be useful in determining the sequence of
events that create and destroy the detailed structures that we observe with high-resolution single-shot
measurements of turbulent flames. Events leading to localized extinction and re-ignition will be studied.

Studies of stratified combustion are a new component of our research. Local variations in fuel/air
mixtures exist in practical combustion devices, and the effects of stratification on turbulent premixed
flames are not well understood. We plan to conduct detailed studies of turbulent stratified flames in
collaboration with experimental and computational groups from TU Darmstadt, Cambridge University,
and Sandia. These collaborations are supported in part by the Leverhulme Trust of the UK.
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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 New Graphene Edge Surface Kinetics Model (with R. Whitesides)

Graphene, large polycyclic aromatic hydrocarbon (PAH), has become an important surrogate for
theoretical studies of soot particle surface. Recently, graphene has also gained interest in the
areas of condensed physics, materials science, and physical chemistry for its interesting physical
and chemical properties. We have investigated graphene-edge chemistry in high temperature
environments with the goal of developing predictive reaction models for soot growth in
combustion. The gained knowledge may also help in manufacturing graphene in such
environments.

In the previous years, in collaboration with William Lester’s group, we performed theoretical
analysis of elementary reactions occurring on zigzag graphene edges. We have identifies several
new reaction classes, among them migration of lone five-member rings along the zigzag edge,
their transformations into six-member rings, and, most recently, migration of five-member rings
embedded into six-member-ring layers (for references, see the List of Publications).

The migration of lone five-member rings was examined in kinetic Monte-Carlo (KMC)
simulations [M. Frenklach, C.A. Schuetz, J. Ping, Proc. Combust. Inst. 30:1389 (2005)]. During
the past year, we developed a new, detailed KMC (DKMC) model for growth of zigzag edges of
graphene. The new model extends the previous KMC model in several important aspects.

The first alteration to the previous model is inclusion of more individually-resolved surface
species. The steady-state assumption used for intermediate elementary reactions of “single step”
transformation in the kinetic mechanism was found to be inadequate in some cases due to long
lived intermediates. Removal of these assumptions has necessitated a more fine-grained
description of surface species, and hence the new model can be qualified as detailed.

The second improvement to the previous model is the inclusion of many more reaction steps.
A total of 41 surface transformations are included in the new model. Reactions forming five- and
six-member ring complexes and those describing embedded five-member rings are of particular
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interest. Rate coefficients for the reactions have been taken from experimental data, quantum
chemical calculations, or assigned based on analogy to other reactions when data were not
available.

Finally, because of the incorporation of five-member rings, substrates become curved and
substrate geometry cannot be described by a two-dimensional lattice as it was previously.
Instead, the new KMC model has been linked to the TINKER molecular mechanics package
which provides geometry optimization routine with the MM3 potential. This approach properly
accounts for substrate curvature while maintaining physically accurate bonding and geometric
configuration of the growing substrates.

Five different initial molecular substrates were used in the simulations: pyrene, coronene,
pentacene, decacene, isosacene. Pyrene and coronene were allowed to grow on all sides and thus
were used to simulate the initial stages of soot-precursor growth. The linear species, pentacene,
decacene, and isosacene, were used as models for surface growth and hence the lower row of
carbon atoms was not allowed to react. The simulations were run isothermally, at temperatures
1500, 2000, and 2500 K. As in our prior simulations, the nominal gas phase composition was
Xc,Hy = XH, = 0.1 and x4 = 0.01. The environment was held constant over the entire simulation.
Simulations were typically run for 5 ms. In some cases simulations were halted early, due to
inconsistency developed between the bonding described by the kinetic simulation and the
geometry optimization.

Representative examples of structures resulting from pyrene growth at the three temperatures
are shown in the figure below.

2000 K 2500 K

Visual inspection of these structures indicates that five-member-ring incorporation is most
frequent at the lower temperature and less so as temperature increases.

The analysis of all DKMC results indicated that the growing layers become significantly
curved regardless of temperature or initial substrate, although lower temperatures lead to higher
degree of curvature caused by higher inclusion of five-member rings. Calculated growth rates lie
mainly in the range of 10* to 10° C-atom/s, in agreement with the previous KMC model and with
experimental data. Quantitative analysis of growth rates and the degree of five-member-ring
incorporation into growing substrates indicated that substrates become kinetically similar as they
grow, irrespective of their initial configuration. The convergence of the growth rates to their
respective limiting behaviors happened more quickly at 1500 and 2000 K than it did at 2500 K.

At 1500 K, the growth rates for all substrates decreased with time. This decrease was caused
by formation of unreactive regions through inclusion of five-member rings. No such decline in
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reactivity was seen at higher temperatures. It is possible that these computational results
reproduce one of the features of the experimentally observed phenomenon referred to as soot
aging.

Local Electornic Structure and Stability of Pentacene Oxyradicals (with D. Yu. Zubarev,
N. Robertson, D. Domin, J. McClean, J. Wang, W. A. Lester, Jr., R. Whitesides, and X. You)

During the past year, we turned our attention to soot oxidation. As the first step in this direction,
we started, in collaboration with William Lester’s group, examination of the thermodynamic
stability of critical oxygenated intermediates. The initial analysis revealed a somewhat
unexpectedly pronounced, yet systematic, trend in the relative stability of graphene-edge
oxyradicals. A series of pentacene oxyradicals were selected for a detailed theoretical study.
The results revealed that the relative stability of the oxyradical species can be rationalized on the
basis of the concept of local aromaticity. Qualitative and quantitative measures of delocalized
bonding showed that formation of the m-aromatic fragments associated with different
prototypical w-aromatic systems explains the relative energies and thermodynamic stabilities of
one-dimensional graphene-edge oxyradicals.

Molecular Dynamics Simulations of PAH Dimerization: Dimerization of Aliphatically-linked and
Oxygenated PAH (with N. Robertson, R. Whitesides, and D. Wong)

In pursuit of mechanistic understanding of soot nucleation, collisions between aromatic
molecules were investigated using molecular dynamics (MD) simulations with on-the-fly
quantum forces. Simulations were conducted at a temperature of 1600 K, with vibrationally and
rotationally equilibrated colliders, investigating the formation of dimers for a series of aromatic
hydrocarbons.  Our previous studies explored the phenomena of PAH dimerization by
performing the MD simulations for a wide range of peri-condensed PAHs (PCAH), from pyrene
up to coronene, as well as for aromatic molecules linked by aliphatic chains (AALH). The
results demonstrated the feasibility of dimerization of these aromatic hydrocarbons at flame
conditions. The dynamics of the dimerization process consist of the absorption and trapping of
the energy from the intermolecular modes into the rotational and vibrational modes of the
molecules. The dominant trend observed in the MD simulations was an increase in the dimer
lifetime with an increase in molecular mass (Publication 13).

During the past year, we performed additional MD simulations examining collisions between
PCAH and AALH. The results appeared to be close to those obtained in collisions among
PCAHSs and those among AALH and to follow the same trend with the molecular mass as PCAH
and AALH. Likewise, new results obtained with a series of oxygen-containing PAH essentially
fell together with those of PCAHSs (the results are reported in Publication 16).

Future Plans

Graphene Layer Growth and Oxidation Chemistry: We will continue exploration of reactions on
graphene edges. This work will be performed in collaboration with William Lester’s group,
performing DFT analysis of the reaction systems and then QMC analysis on most critical
reaction steps identified in the prior DFT studies. For every reaction system, a complete set of
rate coefficients will be established in master-equation solutions.

Graphene Layer Evolution: We will continue exploration of the evolution of graphene sheets
through our newly-developed detailed KMC approach, by inclusion of additional reaction steps
as they become available and by extending the simulation conditions and constrains.
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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:
The collaboration with the Sandia group of Habib Najm has continued on the combination of the
CSP-slow-manifold projection method and PRISM to construct an adaptive reduced-order model
for stiff dynamical systems.
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Computer-Aided Construction of Chemical Kinetic Models

William H. Green, MIT Department of Chemical Engineering,
77 Massachusetts Ave., Cambridge, MA 02139. email: whgreen@mit.edu

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. Our research
spans a wide range from quantum chemical calculations on individual molecules and
elementary-step reactions, through the development of improved rate/thermo estimation
procedures, the creation of algorithms and software for constructing and solving the
simulations, the invention of methods for model-reduction while maintaining error
control, through comparisons with experiment. We are developing 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, even in
multidimensional reacting flows. Many of the parameters in the models are derived from
quantum chemistry, and the models are compared with experimental data measured in
our lab or in collaboration with other researchers.

Recent Progress

The main focus of our research continues to be the development of methodology
for constructing, reducing, and solving combustion simulations (including computing the
rate coefficients and thermochemistry) [1-6,8-13], supplemented by experimental
measurements [2,3,7,8,11,12,14]. With funding from NSF, we are integrating our
extensible open-source reaction-mechanism-generation software RMG
(http://rmg.sourceforge.net) with the PriMe database (http://primekinetics.org). We
recently released RMG v.3.0, which builds kinetic models valid over the user-specified
range of pressure and temperature, and which automatically identifies and computes the
rates of chemically-activated reactions; this software has already been downloaded by
dozens of users. We continue to make progress in automated mechanism reduction, to
facilitate the use of detailed chemistry in reacting flow simulations[1,9,13], with a special
focus on controlling the error associated with approximating the chemistry with a reduced
model.[1,9] We directly measured the rate coefficients of several reactions of the vinyl
radical using laser flash photolysis.[4,11,12,14]

Future Plans

Curiously, our measured rate coefficients for addition of vinyl radical to different
alkenes do not follow the trend expected from Evans-Polanyi relations or the Hammond
postulate. Similar findings were previously reported based on quantum chemistry for
other addition reactions by Radom and by Marin. However, most existing large
combustion chemistry models use Evans-Polanyi or similar relations to estimate the rates
of addition reactions and their reverse beta-scission reactions. We have performed high-
level quantum calculations to understand this in detail, and have recently submitted our
explanation of this phenomena and a practical rate-estimation procedure for this case to J.
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Phys. Chem.. Reactions through the adduct compete with direct H-abstraction reactions
yielding resonantly-stabilized radicals; to quantitatively understand this competition we
plan to measure the branching ratio to allyl radical resulting from vinyl + propene.

We have computed the rates of many intramolecular reactions of ROO and
HOOQOO species. From these calculations we are currently developing more accurate
rate-estimation rules, which will allow us to build more accurate models for ignition and
cool flame chemistry. We are also collaborating with other research groups building large
kinetic models to develop a unified compendium of rate-estimation rules, and to identify
discrepancies.

We are incorporating a solution technique for the master equation based on an
approximation suggested by NJB Green into the next RMG update, this should allow
more accurate computations of k(T,P) at reasonable computational cost. The latest
version of RMG is using the Modified-Strong-Collision approximation, which is very
efficient, but which introduces errors up to about a factor of 3 in k(T,P) in unfavorable
cases.

Using the software we developed for fast multi-cycle HCCI engine simulations
[6], we have identified the mechanisms by which fuel composition affects the range of
operability of HCCI engines. We previously published papers explaining the fuel-
dependence of the low-load-limit, and will soon submit manuscripts explaining fuel-
dependent phenomena observed in HCCI engines near the high-load limit.

We have modeled McEnally & Pfefferle’s measurements on aromatic formation
in methane diffusion flames doped by various isomers of butanol and hexadiene. The
chemistry is fairly complicated, for example the hexadienes form cyclic C5 species, and
to compute several of the important reactions of these species, high-level quantum
chemistry and variational transition state theory is required. We have submitted a
manuscript on the reaction CsHs + CH3, which ultimately leads to benzene, and have also
computed rates for CsHs and CsHg plus several Cs species (leading to styrene) which we
presented at the US Combustion meeting in mid-May. We expect to submit manuscripts
on the full flame simulations soon.
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Quantum Dynamics of Elementary Combustion Reactions

Hua Guo
Department of Chemistry and Chemical Biology, University of New Mexico

ABSTRACT

Many combustion reactions are of complex-forming nature, in which the reaction
path is dominated by a deep potential well. One such example is the H + O, — HO + O
reaction, which forms the bottleneck in combustion of hydrogen and hydrocarbon fuels.*
We have recently focused on the elucidation of the reaction dynamics of this important
combustion reaction using quantum mechanical approaches. The codes developed in our
group are based on the highly accurate and efficient Chebyshev propagator,? and are
capable of calculating both initial state-resolved and state-to-state scattering attributes
including differential cross sections.’

Quantum mechanical characterization of such seemingly simple reactions is very
challenging. A large basis is often needed because of the deep well and the long-range
interactions in the product channel. In the wave packet approach, long propagation is also
expected because of the long-lived intermediate complex. The difficulties are
compounded by the floppy nature of the reaction intermediate, which renders many
commonly used dynamical approximations (e.g., the centrifugal sudden approximation)
inadequate. In addition, the barrierless reaction pathway requires a large number of
partial waves.

Very recently, we have (in
collaboration with D. Xie at Nanjing,
D. H. Zhang at DICP, and G. Lendvay
at Hungarian Academy of Sciences)
reported state-to-state differential cross
sections and product state distributions
(Fig. 1) for the H + O, - HO + O
reaction, using an improved global
potential energy surface based on high
level ab initio calculations.> An
interesting finding of this study is that
the reaction deviates significantly from
the statistical limit, and the deviation
increases with the collision energy.
These observations are consistent with
experimental  findings,®’ and in
support of the earlier quasi-classical ~ Fig. 1 Upper panel: polar plot of the differential cross

trajectory (QCT) work of Miller. who section for the H + O,(v =0, j =1) reaction at 1.036 eV of

F i _ sl collision energy. Lower panel: Comparison of the QM
found_ SIinflcant non-statistical rotational state distribution of OH (m) with the PST results
behaviors on several less-accurate (e), GW-QCT results (¥), and available experimental data

potentia| energy surfaces.®? It is now  (A). The PST result normalized to the QM distribution
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well established, based on both our quantum and earlier QCT studies on several potential
energy surfaces, that this important combustion reaction has an intrinsic non-statistical
character.

Another unresolved problem associated with the H + O, reaction is the
discrepancy between the measured and calculated rate constants.’® In a recent work (in
collaboration with G. Lendvay), we have examined the effect of reactant rotational
excitation on the rate constant.*! Evidence is presented to show that the O, rotational
excitation can significantly enhance the reactivity. Detailed analysis has also been
presented for the origin of the enhancement.

We have also been interested in the reverse reaction OH + O — H + O,. In
collaboration with P. Honvault at Franche-Comte, we have reported QCT calculations of
the rate constant for this reaction,*? which is in good agreement with the earlier quantum
results except at very low temperatures. In another collaborative project with E. Herbst at
Ohio State, we have shown that the attenuated reactivity at very low temperatures could
be responsible for the low oxygen abundance in interstellar media.*®

We have recently expanded our
guantum scattering codes to non-
adiabatic systems. To this end, we
investigated the quantum dynamics of
the O(*D) + H, — OH(X) + H reaction,
which is also dominated by a complex-
forming pathway. In this system, there
are three electronic states that are
involved in the reaction. The ground

1*A’ state has a deep well (H,0) and is
non-adiabatically coupled in the reactant

channel with the excited 2'A’ state. In

addition, there is an excited 1'A" state
that adiabatically correlates the reactants
with the products. We have recently
finished an  elaborate  quantum
mechanical study of the reaction at the
state-to-state level on a single** and
multiple potential energy surfaces.”
Because of a small barrier in the excited
state potential energy surface, the
reaction is dominated at low energies by
the ground state adiabatic pathway. As
expected, the differential cross section is
largely symmetrical in the forward and
backward dlrectlons.14 However, the Fig. 2 Comparison of the differential (upper panel) and

participation of the 1L A" state at higher  integral cross sections (lower panel) for the o('D) + H,

: : : reaction obtained from our quantum wave packet (WP)
energies results in a backward bias, as calculations with previous theoretical and experimental

shown in Fig. 2, due apparently to the yesults.
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abstraction pathway on its potential energy surface. In addition, the total integral cross
section (Fig. 2) has an unusual shape, decreasing first and then increasing. Our results are
in good agreement with experimental data,'®*” which represent a significant improvement
over the earlier surface hopping trajectory results.’® Significant differences between the
quantum and QCT results have also been found for adiabatic dynamics, due apparently to
tunneling effects. It is shown that the rate constant obtained by considering quantum
dynamics in all three lowest-lying states is in near perfect agreement with experiment.

In addition to the aforementioned reaction dynamics studies, we have also carried
out a full-dimensional quantum study of the ammonia photodissociation dynamics.™ This
system is considered to be a prototype for understanding mode specificity in chemical
reactions. Several theoretical studies of molecular spectroscopy have also been reported
by our group.?®??

In the near future, we would like to expand the capacity of our state-to-state
quantum scattering codes to other non-adiabatic systems. One such system is the N(°D) +
H, reaction, which is affected by the Renner-Teller coupling in linearity. We have
already constructed a highly accurate potential energy surface for the ground state of
NH,,% and are working to develop the excited state potential energy surface with the
same accuracy. The other system is the NH3 photodissociation, which undergoes non-
adiabatic transitions near a conical intersection. Our recent work has computed the
absorption spectrum®® and we are now working on the product state distributions. These
studies will shed light on the dramatic mode selectivity observed by the Crim group.?*
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Program Scope

This research is carried out as part of the Gas-Phase Molecular Dynamics program in the Chemistry
Department at Brookhaven National Laboratory. High-resolution spectroscopy, augmented by theoretical
and computational methods, is used to investigate the structure and collision dynamics of chemical
intermediates in the elementary gas-phase reactions involved in combustion chemistry. Applications and
methods development are equally important experimental components of this work.

l. Recent Progress
A. Sub-Doppler spectroscopy of radicals

We have completed a series of experiments to measure spectral lines of the CN radical at sub-Doppler
resolution. These measurements provide insights into the radical’s hyperfine structure and provide
preliminary experience for us on the path to future ultra-precise measurements using frequency-comb-
stabilized lasers. Several alternate experimental configurations have been explored, leading to a sensitive
and very high-resolution measurement using a strong, amplitude-modulated bleach beam and a weak,
counterpropagating, frequency-modulated probe beam derived from a smgle Ti:sapphire ring laser. Fully
resolved hyperfine lines are
observed with MHz precision in the
red A-X band of CN, as illustrated
in the figure to the right. Accurate
hyperfine splittings have been
observed in a sufficient set of
rotational lines to determine all the
hyperfine parameters of the A state i
and the nuclear quadrupole 5
parameters at the N nucleus. 32 I } AZI1,, 3=3/2"
Many ground state hyperfine 12

measurements have been
previously performed by
microwave spectroscopy, but it is o
rare to be able to characterize an " . .
excited state this fully. Sufficient 372 T x2T 9=12
sensitivity has even been attained to T T T T |
record the hyperfine splittings due 0 100 200 300 400
to the *C nuclear spin interaction Relative Frequency (MHz)

with the unpaired electron, using  Figure 1. Sub-Doppler spectrum of CN showing hyperfine resolution of a single
natural abundance 13C¥N  rotational line Ri(1/2) in the A-X (1-0) band near 919 nm. Vertical arrows in the

photoproducts from the 193 nm energy level diagram inset are aligned with the corresponding transition
photodissociation  of  unlabeled frequencies; crossover resonances are observed at the frequencies marked by X

. symbols, midway between transitions sharing a common level.
C,N; in a room-temperature bulb
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B. Stark and Zeeman effects in radical transients

Molecular dipole moments and g-factors give direct information on electronic wavefunctions that is
difficult to obtain otherwise. Experimental measurements of these quantities have traditionally been
restricted to ground electronic states because spectroscopic experiments of resolution sufficient to
measure Stark and Zeeman level shifts are mostly limited to the microwave region. We have observed
that the Doppler-free, hyperfine-resolved transitions in CN A-X show measurable changes with transverse
electric fields as low as a few hundred V/cm. The Stark effect most easily observed at relatively low field
is the mixing of nearly degenerate parity levels, which causes an increasing intensity for transitions
forbidden by parity selection rules in zero field, even before substantial broadening or shifting is
observed. We expect to be able to extract an excited state dipole moment from the field-dependent
spectra. We have also observed changes in the sub-Doppler spectra as a function of longitudinal
magnetic fields up to 50 Gauss, although the precision of our present Zeeman measurements is
insufficient to provide any new information about the CN A state.

C. Double resonance studies of collision dynamics in CH,

Rotational energy transfer within the a state of CH, is studied by saturation recovery and saturation
transfer double resonance Kinetic spectroscopy. The return to a thermal rotational distribution following
pulsed laser depletion of selected rotational states is monitored by transient FM spectroscopy. The hole in
a Boltzmann rotational distribution induced by pulsed excitation broadens and spreads to other rotational
states with a time-dependence that depends on details of the state-to-state matrix of energy transfer rates.
Levels strongly coupled to the depleted level show larger and faster growth of depletion than weakly and
indirectly coupled levels, although all will eventually be depleted by the same fraction once the hole is
thermalized. Polarization effects
provide still further information on
the energy transfer process: a
polarized saturation laser creates an
aligned hole, which depolarizes at a
rate  distinguishable  from  the
population  recovery. More
challenging  experimentally,  but
containing richer information about
reorientation during state-to-state
rotationally inelastic collisions, is the
transfer of alignment in the saturation
transfer experiments. These extended
studies of rotational energy transfer
and  depolarization have been
undertaken because of the deep
connection between rotational energy
transfer and collision-induced

intersystem crossing mechanisms in Fig_ure 2. Polari_zed saturation recovery mea_surgments on singlet methyle_ne. Black
systems like CH,, where a few speci al _solld waveform illustrates formapon, thermallgatlon and decay qf 414 rotational state

: . . in a bulb sample of 5% ketene in Ar. Depletion and recovery signals are shown for
singlet-triplet  mixed states are  parallel and perpendicular polarizations of a pulsed bleach laser at t=0, tuned to the
suspected of mediating the  same rotational transition of a different band. Transient population and alignment
intersystem  crossing. The cross areindependently and directly extracted from the measured waveforms.
sections for elastic depolarization (M-
changing, JK-conserving collisions)
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are found to have magnitudes generally comparable to those for rotationally inelastic collisions with Ar or
He. Unusual details of the observations are an even-odd J alternation in the total rotationally inelastic
cross sections for K,=1 states of ortho nuclear spin symmetry, and a tendency for those levels with the
most rapid relaxation to also show the slowest depolarization. The transfer of depletion to other rotational
states is readily observed, although the concomitant alignment transfer is inefficient. Only in the case of
mixed-state saturation and probing the partner mixed state have we observed large collisional transfer of
alignment, an observation consistent with a long-range dephasing mechanism of interconverting the
mixed eigenstates. The measured rotationally inelastic and depolarizing collisions of singlet CH, with He
will be compared to quantum scattering calculations on a van der Waals potential computed by our co-
worker, Hua-Gen Yu.

D. New spectroscopy of singlet CH,

New Doppler-limited FM absorption spectra of the CH, a state have been recorded in the 760-795 nm
region by summer visitors in our laboratory. With partial support from a NSF Faculty and Student Team
award and with participation of a DOE supported SULI student, seven new sub-bands terminating in

vibronic levels of the @ and b states have been characterized. Thousands of new transition frequencies
have been measured in this spectral region, and hundreds assigned. Optical-optical double resonance
(OODR) techniques similar to those described below were used to confirm some initial spectroscopic
assignments of these mostly irregular transitions, then many more were made by an automated
combination difference program, all guided by the high level calculations of Jensen and co-workers.

Transitions in the b - @ origin band of CH, near 1200 nm have been detected for the first time, using
OODR spectroscopy. In collaboration with Professor Bor-Chen Chang from National Central University,
Taiwan, these origin band transitions have been observed and unambiguously assigned using pulsed
infrared light from a scanning OPO laser system to induce transient depletion signals similar to those
illustrated in Figure 2 above.

Other OODR techniques combining light from high resolution cw sources (diode and Ti:sapphire lasers)
with near ultraviolet ns pulsed lasers were used to map out predissociating rotational levels lying within
several hundred cm™ of the best estimate for the singlet dissociation energy of methylene. The OODR
technique permits quantum number labels to be attached to the dissociating levels, which have lifetimes
of 1-3 ps as judged from the observed spectroscopic linewidths. The data open up routes for future
dynamics measurements of CH, dissociation. The newly identified predissociating levels offer a route to a
measurement of the bond dissociation energy of singlet CH,. In collaborative experiments with Prof.
Arthur Suits (Wayne State University) we will attempt to measure the velocity of the hydrogen atom
product using resonant ionization followed by velocity map imaging. If successful, this should provide a
good measurement of the maximum energy in the atomic product and hence the dissociation energy when
combined with the precisely known energy in the dissociating level.

Other Future Work
A. Sub-Doppler spectroscopy of radicals

A time-domain version of sub-Doppler saturation spectroscopy allows us to observe the transient
absorption response following rapid change in the saturation intensity. A combination of 20 ns switching
times and MHz spectral resolution provides data into the Fourier boundary of spectral resolution and time
response. The recovery of sub-Doppler bleached absorption signals after the saturating light is abruptly
extinguished follows pressure-dependent rates, dominated by velocity-changing collisions, a time-domain
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characterization of pressure-broadening mechanisms. Preliminary indications suggest that the alignment
of the sub-Doppler saturation holes remains constant as the saturation recovery proceeds, a confirmation
that elastic depolarization is not significant without a change in laboratory velocity (Doppler shift). The
growth Kinetics of the saturation signals following a rapid switching on of the saturating light show both
intensity and pressure dependence in a regime where the resonant Rabi frequency is comparable to the
switching rate of the strong field. Measurements such as these probe the details of the collision processes
that mediate pressure broadening, and can be contrasted with the Doppler-broadened double resonance
kinetic data measured with ns laser bleaching and cw laser probing of rotational energy and alignment
transfer with the same collision partners. In addition to fundamental studies in collision dynamics, the
results have direct application to the interpretation of astronomical spectra of CN and for modeling
collisional broadening in terrestrial samples.

Work is continuing on implementing frequency comb measurements of the laser frequencies so that sub-
Doppler line positions in our spectra can be measured precisely. Currently, our measurement precision is
limited by a combination of laser source instability over the time required to acquire data and the
limitations of our high resolution wavemeters. Locking the laser to a component of a stabilized frequency
comb will eliminate both these issues and spectroscopic line positions in the visible and near-IR region
will be able to be measured to 3x10™° fractional accuracy. This will have an immediate effect on the
quality of our sub-Doppler measurements. In the longer term, we plan to make high resolution
measurements of the A-X origin band of PbF, in collaboration with Prof Neil Shafer-Ray (University of
Oklahoma). This DOE EPSCoR funded project is directed toward investigating parity violation effects in
small molecules containing a heavy atom.

B. Low energy photoelectron spectroscopy of aromatic species

In collaboration with Prof. Philip Johnson (Stony Brook University) we have recently completed building
a new photoelectron spectrometer based on an imaging detector. This permits very sensitive detection of
low energy photoelectrons, unlike conventional time-of-flight or dispersive instruments where the low
energy electrons are the most difficult to detect. It also gives an image of the spatial distribution of the
photoelectron energies and therefore angular information on the ejected photoelectrons as well as their
energies, thereby providing information on the symmetry of the molecular electronic states involved in
the spectroscopic transitions. This is potentially very useful for identifying the symmetries and structure
of excited electronic states of larger molecules, an area where modern electronic structure theory still has
some problems. We have a large amount of new data on phenylacetylene and fluorene where initial
excitation is via the neutral S; and (possibly) S, states, and the technique appears to be generally useful.
Analysis of the data is presently in progress.
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Flame Chemistry and Diagnostics

Nils Hansen
Combustion Research Facility, Sandia National Laboratories, Livermore, CA 94551-0969
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SCOPE OF THE PROGRAM

The goal of this program is to provide a rigorous basis for the elucidation of chemical
mechanisms of combustion, combining experimental measurements employing state of the art
combustion diagnostics with detailed kinetic modeling. The experimental program concentrates on the
development and application of combustion diagnostics for measurements of key chemical species
concentrations. These measurements are carried out in low-pressure, one-dimensional laminar flames and
are designed to serve as benchmarks for the validation of combustion chemistry models. Comparison of
experimental data to models employing detailed chemical kinetics is critical to determining important
chemical pathways in combustion and in pollutant formation in combustion systems. As turbulent
combustion models become increasingly sophisticated, accurate chemical mechanisms will play a larger
role in computations of realistic combustion systems. Verification of detailed chemistry models against a
range of precise measurements under thoroughly characterized steady conditions is necessary before such

flame models can be applied with confidence in turbulent combustion calculations.

PROGRESS REPORT
Molecular Beam Mass Spectrometry at the Advanced Light Source

In collaboration with T. A. Cool of Cornell University, K. Kohse-Hdinghaus of Bielefeld
University, and P. R. Westmoreland of the University of Massachusetts, great progress has been made
measuring low-pressure flames using molecular-beam mass spectrometry (MBMS) with synchrotron
photoionization at the Advanced Light Source (ALS) of the Lawrence Berkeley National Laboratory. In
the past year, different flames fueled by larger hydrocarbons and oxygenated species have been
characterized over a wide range of stoichiometries. The data is currently being processed for comparison

to detailed kinetic flame models.

Combustion Chemistry in Flames fueled by Oxygenates and Hydrocarbon

Fuel-consumption and initial steps of aromatic ring formation were studied in fuel-rich flames of
allene, propyne, 1,3-butadiene, cyclohexane, 1-hexene, and tetrahydrofuran. These experimental studies
provide a broad database for flame modeling.

Stoichiometric Allene and Propyne Flames: In close collaboration with J. A. Miller (Sandia),

combined experimental and modeling studies were performed to elucidate the isomer-specific combustion
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chemistry in fuel-rich and stoichiometric allene(propyne)/O./Ar flames. Quantitative mole fraction
profiles of various combustion intermediates were compared to highlight isomer-specific differences
between the stoichiometric allene and propyne flames. The observed differences between allene and
propyne flames can be largely explained by the ability to form allyl or to dissociate into acetylene and
methyl through H-atom addition to allene or propyne, respectively, and by the greater thermodynamic
stability of propyne. These small differences in the early fuel-consumption processes subsequently
resulted in larger concentrations of for example propene and ethenol in the allene flame and of methyl,
acetylene, ethane, and acetaldehyde in the propyne flame. The larger concentration of ketene in the allene
flame resulted from a direct reaction between allene and OH. Also, more propyne was formed in the
allene flame than allene was formed in the propyne flame.

Smaller peak mole fractions for C3Hz; and C3Hs were observed in the propyne flame. Again, the
smaller concentration of CsHs in the propyne flame can be understood in light of the demethylation
reaction which competes with the H-atom abstraction reaction and thus makes the latter less important. In
the allene flame there is substantially more allyl present, mainly because H atoms can diffuse forward into
the cooler regions of the flame and add to allene. Larger concentrations of propargyl and allyl radicals
subsequently lead to larger concentrations of benzene and fulvene in the allene flame. The modeling
results clearly showed that in the flames considered in this study, benzene was formed almost exclusively
from the CsHs; + C3Hs reaction, either directly or indirectly through fulvene followed by H-assisted
isomerization to benzene.

Fuel-rich 1,3-Butadiene Flame: Remaining uncertainties about the significance of different
cyclization steps in 1,3-butadiene flames motivated another collaborative effort with J. A. Miller (Sandia).
Some earlier experimental and theoretical studies of the combustion chemistry of 1,3-butadiene indicated
that besides the propargyl + propargyl and the propargyl + allyl reactions other benzene formation
pathways are likely to be significant: vinyl addition to 1,3-butadiene or vinylacetylene and C4Hs addition
to acetylene.

In a combined experimental and theoretical effort we studied the formation of benzene and its
precursors in premixed 1,3-butadiene flames. We compared Miller’s detailed kinetic modeling results,
which used the latest theoretical rate constants of the i- and n-C4Hs + C,H, reactions, against flame-
sampled molecular-beam mass spectrometry data obtained in a fuel-rich 1,3-butadiene/O,/Ar flame (¢ =
1.8) flame. The results clearly indicated that the C3H3 recombination reaction alone is not sufficient to
produce the observed benzene levels. Instead, contributions of the i-C4,Hs + C,H, reaction needed to be
included. Indeed, the C3Hs; + C3H3; and i-C4Hs + C,H, reactions were found to be roughly of equal

importance. Minor contributions of the order of 10 % result from the CsH3; + C3Hs reaction.
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FUTURE DIRECTIONS

One key immediate task is the analysis of the large body of ALS data accumulated in the past
years, which may compel further or confirmatory measurements during subsequent beam cycles. We will
continue to explore isomer specific pathways of fuel-consumption and aromatic ring formation in flames
fueled by Cs-C; species. In particular the emphasis will be on the determination of the absolute molar
composition of flames fueled by isomeric CgH;, species. However, more work on a cyclopentene flame is
also needed with respect to the development of a more detailed model and to the characterization of the
growth mechanism of aromatic species beyond the first ring, that is the formation, for example, of indene
and naphthalene. The following CsHy, isomers are thought to be of the highest interest as fuels because of
the variety of chemical structures: 1-hexene, cyclohexane, methylcylopentane, and 3,3-dimethyl-1-butene.
These isomers represent the classes of long-chain alkenes, fully saturated and methyl-substituted
cycloalkanes, and branches alkenes. The combustion chemistry of these species will be investigated in
unprecedented detail using otherwise identical flame conditions and important fuel destruction and
benzene formation pathways will be elucidated. In this context, the flame chemistry of the methyl-
substituted derivative of cyclohexane, methylcyclohexane, will also be studied.

Studies of formation of aromatic species employing synchrotron generated VUV photoionization
will be complemented by resonance-enhanced multiphoton ionization (REMPI) experiments in the laser
laboratory. REMPI is an ionization technique, where the ionization energy is transferred to the molecule
with two or more photons. It can be used for flame studies for the detection of aromatic species like
benzene, substituted benzenes, and polycyclic aromatic hydrocarbons (PAH’s). It is known that a single
wavelength near 269 nm can be used to efficiently ionize polyaromatics up to about C,,-PAH’s, while for
larger species a wavelength of 208 nm will be profitable.

In recent years, tightened regulations for emissions from internal combustion engines have
stimulated a pronounced interest in non-conventional oxygenated fuels. The initiated studies of
oxygenated fuel chemistry will continue with experimental and modeling investigations of flames fueled
by cyclic ethers which, as contents in biomass derived fuels, are of considerable interest. Well suited as
model fuels to learn more about the characteristic combustion chemistry of cyclic ethers are
tetrahydrofuran (THF) and tetrahydropyran (THP).

The kinetic modeling efforts require experimental flame temperature measurements. The
temperatures of all flat flames investigated will be measured either by OH or NO laser induced
fluorescence after excitation near 308 or 226 nm, respectively. To avoid probe disturbances in the
molecular-beam mass spectrometer, a second flame-chamber will be used, which has been built solely for

the purpose of in-situ laser-diagnostics.
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Program Scope

This program involves two complementary activities: (1) development and application of
cw laser absorption methods for the measurement of concentration time-histories and
fundamental spectroscopic parameters for species of interest in combustion; and (2) shock tube
studies of reaction kinetics relevant to combustion. Species currently being investigated in the
spectroscopic portion of the research include OH (at 306 nm) and several species with strong
deep UV absorption features including methyl (CH3) propargyl (CsHs), alkyl radicals (CHs,
CsHy), peroxyl radical and hydrogen peroxide (HO, and H,0,).

Recent reaction kinetics work has advanced on several fronts. We have investigated and
resolved reasons for the discrepancy between the predictions of current hydrogen and propane
mechanisms and shock tube ignition delay time measurements of these fuels at low temperatures.
We have also measured elementary reaction rates for decomposition and oxidation of dimethyl
ether, and surveyed the ignition delay time behavior of several simple oxygenates. Finally we
have made good progress in implementing new methods for reducing non-ideal facility effects in
shock tubes and for modeling reactive gasdynamics behind reflected shock waves in shock tubes.

Recent Progress:

Oxygenates:  The first high-temperature rate measurements of two dimethyl ether (DME)
reactions, (1) DME + Ar — CH30 + CH3 + Ar and (2) DME + OH — CH30CH; + H,0, were
measured in a shock tube by monitoring OH radicals. OH was measured with a narrow-linewidth
laser absorption diagnostic using the well-known R;(5) line of the A-X(0,0) transition at 306.7
nm. The rate k; was measured at several pressures from 0.6 — 11.5 atm, and temperatures from
1349 - 1790 K. OH radicals were formed by shock-heating mixtures of DME and O, in Ar.
These mixtures take advantage of the rapid decomposition of the product CH3O, forming H-
atoms, which react with O, to form OH. In carefully chosen mixtures, OH concentration is
primarily sensitive to k; and the well-known rate of H + O, — OH + O. Uncertainty in the new
k; measurements was conservatively estimated to be £35%. The rate measurements were then
modeled using RRKM theory. Both the rate measurements and RRKM model were fit from 1000
to 1800 K using the Troe falloff form: ki.(T) = 4.38%10** T™°" exp(-42220K/T) 1/s, ki, =
7.52%10% exp(-21537K/T) cm®/mol/s, and Feen: = 0.454 exp(-T/2510K). The rate of k, was
measured at pressures near 1.6 atm and temperatures from 923 — 1423 K. OH radicals were
generated by the thermal decomposition of the OH precursor tert-butyl hydroperoxide, and k;
was inferred from the observed decay of OH with an estimated uncertainty of £40%. The rate
evaluation by Curran et al. of k, = 6.32 x 10° * T2 * exp(328K/T) cm*/mol/s was found to be an
excellent fit to both the previous low-temperature measurements and this work; see Fig. 1.

Ignition delay time data for oxygen-carrying species are required for the development of
oxygenate fuel mechanisms. To fill this need, a survey of ignition delay times was performed
using pressure and OH* emission diagnostics behind reflected shock waves for several simple
oxygenates. Reflected shock conditions covered temperatures of 1150-1550 K and pressures of
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1-4 atm. Fuel mixtures tested include four oxygenates: acetone, n-butanal, methyl butanoate,
and 3-pentanone; see Fig. 2. All fuels were tested in O,/argon mixtures with equivalence ratios
of 0.5 to 2.0. The Dooley et al. (2009) mechanism for methyl butanoate was extended to enable
modeling of both n-butanal and methyl butanoate data.

2000K 1000 667 500 400 333 286 1538K 1176K
: g ' - - T w 10000 F ' ' ' ' - ]
@ Stanford data 1.7 atm, 4% OzlAr, =1
Curran et al acetone
K -+ Zhao et al t
- - - -Dagaut et al. _ n-pentane
13 A m  Bonard et al. 2 ¢ methyl butanoate
ﬁ': 10 \ A Arif et al. " e butanal
gl O Perryetal. £ = 3-pentanone
g O Wallington et al. '; 1000 F .
© ¥ Tully etal. <
g # Melloukd et al 8
v c E
'S
k=)
*
~
> 100 F 4
10‘2 1 1 1 LN 1 L I 1 1 1 1 1
05 10 15 20 25 30 35 060 065 070 075 080 085 0.90
1000/T [1/K] 1000/T [1/K]
Figure 1. Comparison of measured high-temperature Figure 2. Arrhenius plot of selected oxygenate
k, rate to rates used in DME mechanisms (lines) and species ignition delay times: ¢ = 1.0. N-Pentane data
low-temperature measurements (LIF, solid symbols; at similar conditions are included for comparison.

fluorescence, open symbols).

Hydrogen/Oxygen and Propane/Oxygen Ignition: Validation of detailed reaction mechanisms
to describe combustion processes relies on a direct comparison of mechanism simulations with
reliable experimental measurements. However, even for two of the simplest hydrocarbon-related
combustion systems, hydrogen and propane oxidation, large uncertainties still exist in the
abilities of current detailed mechanisms and gas dynamic models to accurately simulate ignition
time and species time-histories in shock tube experiments conducted at lower temperatures.
These uncertainties are linked to uncertainties in the detailed reaction mechanism at low
temperatures (below 1000 K) where hydroperoxyl reactions are believed to be important, and to
uncertainties introduced by, or associated with, facility-related non-ideal effects. These facility
effects become important only at long test times (typically greater than 1 ms).

We have extended our low-temperature ignition delay time database (which included our
previous work on hydrogen-oxygen) to include similar measurements in propane; see Figs. 3 and
4. Shock tube ignition delay time data were taken behind reflected shock waves for 0.8%
propane, 8% oxygen in argon near 6 atm for temperatures from 1420 to 980 K. Small gradual
changes in the pressures and temperatures of these experiments {e.g. (dPs/dt)/Ps = ~ 2%/ms} at
long time due to facility effects have a measurable effect on the ignition delay times. Through
the use of driver inserts and tailored driver gas mixtures, these changes can be reduced
effectively to zero. A direct comparison with normal idealized constant volume (V) and constant
internal energy (E) simulations can then be performed. However, we have shown that non-ideal
effects associated with facility performance and energy release can be included in the modeling
(using a new model CHEMSHOCK which couples the experimental pressure trace with the
constant V, E assumptions), and the simulations can be properly extended to experiments in
which facility-related pressure increases occur.

100



1175 1110 1050 1000 950 910 870 1250k 111K 1000K

1000 : ; . ; : 50 - : : :
dP/dt=0%/ms dP/dt=0%/ms
100 E
@ dP/dt=1.2%/ms
1= - o
= 10 E E 10}
:
E
c 1 3 S
S Z
= 5
0,
2 01 4% Hydrogen/O,/Ar 3 0.8% Propane/ O,/ Ar
® =0.5, 6 atm
¢=1.0, 3.5atm
001 " 1 " 1 " 1 " 1 " 1 " 1 1 1
085 090 095 100 105 110 1.15 0.8 0.9 1.0 11
1000/T [1/K] 1000/T [1/K]
Figure 3. Simulations of H,/O, ignition delay time Figure 4. Simulations of propane/O, ignition delay
measurements using CHEMSHOCK for two values time measurements using CHEMSHOCK for two
of dP/dt: 0%/ms and 2%/ms. values of dP/dt: 0%/ms and 1.2%/ms.

Advances in Shock Tube/Laser Diagnostics Methods: Non-ideal shock tube facility effects,
such as incident shock wave attenuation, can cause variations in the pressure time-histories
recorded in reflected shock wave experiments. These variations can be reduced, and in some
cases eliminated, by the use of driver inserts. Driver inserts, when designed appropriately, act as
sources for expansion waves which can counteract or compensate for gradual increases in
reflected shock pressure profiles. An algorithm for the design of these inserts has been generated,
and example pressure measurements recorded that demonstrate the success of this approach.
When these driver inserts are employed, near-ideal, constant-volume performance in reflected
shock wave experiments can be achieved, even at long test times. This near-ideal behavior
simplifies the interpretation of shock tube chemical kinetics experiments, particularly in
experiments which are highly sensitive to temperature and pressure changes, such as
measurements of ignition delay time of exothermic reactions.

Recent work is shown in Fig. 5. Here the modification of the shock tube driver section (by the
addition of inserts) fully compensates for the small facility effects seen in the reflected shock
tube test conditions. The temperature behind the reflected shock can also now be measured very
accurately using a new IR tunable DFB diode laser CO, absorption diagnostic at 2.7 microns,
and measurements indicate that measured and predicted reflected temperatures are within 5 K of
each other as shown in Fig. 6.

Deep UV Spectroscopy: We are in the process of taking possession of a new Coherent™ MIRA
laser system capable of accessing wavelengths from the shorter wavelength limit of b-BBO
frequency-doubling (near 205 nm) to the longer wavelength limit of a Ti-Sapphire laser (near
1000 nm). This system will be used in conjunction with our existing IR diode and gas laser
systems (capable of accessing wavelengths to 11 microns) to detect combustion species.

Future Plans

We plan to finalize our investigations of facility-related and mechanistic reasons for the
discrepancies between the predictions of detailed mechanisms and shock tube measurements for
the hydrogen and propane oxidative systems. In a new thrust, we plan to measure the reaction
rate of selected alkenes + OH using OH laser absorption. We also plan to investigate reaction
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kinetics of selected oxygenate fuels, such as the methyl esters, e.g., methyl butanoate. Lastly, we
plan to advance development of our deep-UV frequency-doubled laser capabilities and use this
new diagnostic to measure several important radical species including: methyl (CHs;) propargyl
(CsHs), alkyl radicals (C,Hs, C3Hy), peroxyl radical and hydrogen peroxide (HO, and H,0,).
Alkanes (CHj4, CsHsg) and alkenes (C,;Hs, CsHg) will be monitored with new IR absorption
measurements.
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Figure 5. End section pressure profile for identical Figure 6. Highly uniform temperature profile
pure argon shock wave experiments using a 50/50 obtained when pressure is precisely maintained
He/N, tailored driver gas mixture with and without a constant using a driver insert. Tailored driver gas
driver insert. The nominal initial reflected shock mixture is 60/40 helium/nitrogen; test gas is argon
conditions were 900K, 4 atm. seeded with 2% CO,. Reflected shock conditions:
952 K, 1.2 atm.
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Theoretical Studies of Potential Energy Surfaces

Lawrence B. Harding
Chemistry Sciences and Engineering Division
Argonne National Laboratory, Argonne, IL 60439
harding@anl.gov

Program Scope

The goal of this programisto calculate accurate potential energy surfaces for both reactive and
non-reactive systems. Our approach isto use state-of-the-art el ectronic structure methods
(CASPT2, MR-CI, CCSD(T), etc.) to characterize multi-dimensiona potentia energy surfaces.
Depending on the nature of the problem, the calculations may focus on local regions of a
potential surface (for example, the vicinity of a minimum or transition state), or may cover the
surface globally. A second aspect of this program is the development of techniques to fit multi-
dimensional potential surfacesto convenient, global, analytic functions that can then be used in
dynamics calculations.

Recent Progress

OH+NH: Thereactions of OH with NH have been cited as the most important reactions of NH
in flames, yet there have been no direct measurements of the rates of these reactions. We have
begun a detailed theoretical study of these reactions. Last year we
located the relevant stationary points using the CCSD(T)/aug-cc-
pvgz // CCSD(T)/aug-cc-pvtz level of theory and made transition
state theory estimates of the rates on the doublet and quartet
surfaces. Thisyear wefit aglobal, analytic, 6D surface for the
quartet. In collaboration with Stephen Gray we have now used
this surface in afully-dimensional, quantum dynamics treatment of
the abstraction reaction on the quartet surface. Theresults are
Figure 1. shown in Figure 1 where they are compared to our transition state
theory rate and an earlier estimate by Hanson'. We find the transition state theory and quantum
dynamics results are in excellent agreement with each other and both are in good agreement with
Hanson’'s earlier estimate for temperatures greater than 500 K.

Roaming Radical M echanisms: In an attempt to better understand roaming radical mechanisms
we have fit several reduced-dimensional potential surfaces using a

straight-forward modification of Bowman's approach (direct product,

multinomial in Morse variables). To date we havefit 3D surfacesfor

H+HCO, H+C,H,, and H+C,H., a 5D surface for CH,O0+OH and a

6D surface for CH,+HCO. In each case the interna degrees of

freedom of the radical fragments are kept fixed. Asan example, in

Figure 2 we show a plot of atwo dimensional dice through the six

dimensional CH,+HCO interaction potential. In collaboration with

Klippenstein we have run rigid fragment trajectory calculations to

predict the branching between roaming and ssmple bond cleavage. Figure 2
Preliminary results suggest that in most cases roaming is arelatively minor channel (<20%).
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CH,+CH,: To aid in the interpretation of recent high temperature measurements by Tranter we
20 have examined possible secondary pathways for the
reaction of CH,+CH,. The primary processis the addition
to form C,H,. At high pressures the C,H, can be stabilized.
At lower pressuresit can dissociate either back to
reactants, or at higher temperatures to C,Hs+H. The
guestion we are addressing is the possible importance of
pathways leading to abstraction products, CH,+CH,. On
the triplet surface we find a transition state for abstraction
with abarrier of 16 kcal/mol with CCSD(T)/aug-cc-pvgz.
CHCH, On the singlet surface we find a barrierless path for
o insertion '*CH,+CH,— C,H,. Since singlet methylene
Figure 3. CCSD(T)/aug-cc-pvgz plus methane is endothermic relative to CH,+CH, by just
energies. The solid linesrefer to the 13 kcal/mol thisimpliesthe lowest “abstraction” pathway
singlet, dashed to thetriplet. leads to *CH, via an addition/reverse insertion mechanism.
Further calculations to quantify the temperature and pressure dependence of the branching ratios
arein progress.
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Recently a question was raised in the literature’ concerning the method we devel oped several
years ago for calculating rates of radical-radical association reactions’. Our approach employs
inexpensive CASPT 2/cc-pvdz cal culations together with a one-dimensional basis set correction
designed to give aug-cc-pvtz “quality” results. The question le-10 ‘
concerns the adequacy of the one dimensional basis set
correction. It was stated?, “Since the variational transition
states at high temperature are located at short distances the
potential energy surface is more anisotropic than at low
temperature. The one dimensional orientation independent
correction of previous work is therefore questionable
whereas our M06 and MO6-L cal culations sampl e potential
energy directly without any corrections.” To address this le-11
issue we have repeated our calculations for the CH,+CH,

association reaction using CASPT 2/aug-cc-pvtz energies

The results are shown in Figure 4. The solid line isthe new, Figure4

large basis set, result. The dotted line is the uncorrected CASPT 2/cc-pvdz result and the dash-dot
lineisour original prediction obtained with the one-dimensional correction to the cc-pvdz
energies. We find excellent agreement between our previous cal culations and the new large basis
set results, especialy at higher temperatures where the two are within afew percent. This
demonstrates that the CASPT 2/cc-pvdz energies accurately describe the anisotropy of the
potential. Also shown in Figure 4 arethe MO6-L (a parameterized DFT method) results from
reference 2. The rate obtained using M0O6-L energiesis amost a factor of three too low at the
higher temperatures. We also note that, for this particular reaction, the DFT calculations are
more than afactor of ten slower than the CASPT2/cc-pvdz calculations.
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FuturePlans

One of the reactions we plan to focus on in the near future is OH+HO,—H,0+0,. Combustion
mechanisms have shown a high sensitivity to this reaction but there is considerable uncertainty in
the rate of thisreaction. Thereis also some evidence for a highly non-Arrhenius temperature
dependence. We also plan to continue our development of techniques for fitting reduced
dimensional potential surfaces.

Acknowledgement: Thiswork was performed under the auspices of the Office of Basic Energy
Sciences, Division of Chemical Sciences, Geosciences and Biosciences, U.S. Department of
Energy, under Contract DE-AC02-06CH11357.
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1. Scope of Project.

Short-lived reactive radicals and intermediate reaction complexes are believed to play
central roles in combustion, interstellar and atmospheric chemistry. Due to their transient
nature, such molecules are challenging to study experimentally, and our knowledge of
their structure, properties and reactivity is consequently quite limited. To expand this
knowledge, we develop new theoretical methods for reliable computer-based prediction
of the properties of such species [18]. We apply our methods, as well as existing
theoretical approaches, to study prototype radical reactions, often in collaboration with
experimental efforts. These studies help to deepen understanding of the role of reactive
intermediates in diverse areas of chemistry. They also sometimes reveal frontiers where
new theoretical developments are needed in order to permit better calculations in the
future.

2. Summary of Recent Major Accomplishments.

2.1 Improved density functionals for ground and excited states.

One of the principal problems with present-day density functional theory (DFT) methods
is self-interaction error, which causes problems ranging from reaction energy barriers
being too low, to radical electrons being overly delocalized to the gross failure of charge-
transfer excited states. We have recently completed the systematic optimization of a new
density functional called ®B97 that includes 100% exact exchange at long range, thereby
eliminating long-range self-interaction error [13]. Tests show that wB97, and an
additional functional, ®B97X [13], which includes a fraction of short-range exact
exchange also, out-perform widely used density functionals such as B3LYP and B97 for
thermochemical properties, reaction barriers, and intermolecular interactions, while
eliminating the worst pathologies for charge transfer excited states and the treatment of
radical electrons [13]. Results for intermolecular interactions can be greatly improved by
inclusion of atom-atom dispersion corrections, yielding the ®wB97X-D functional, which
is fully reoptimized to avoid double-counting correlation effects [25]. The success of
these functionals for thermochemistry stems from their treatment of exchange which is
non-local on the order of a bond-length [27].

2.2 Excited states of large molecules without self-interaction errors.
The density functionals described above are one way to overcome some of the difficulties
of present-day DFT. Another approach is to use wavefunction-based methods, and
modify relatively simple treatments of electron correlation effects to improve accuracy
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and at the same time enable applications to large molecules. For excited states, we
recently proposed the scaled opposite spin (SOS) doubles correction to single excitation
ClI for this purpose. SOS-CIS(D) [6], and its extension to a quasi-degenerate theory [19]
has a number of desirable properties. The cost scales only 4" order with molecular size,
verus 5" order for conventional perturbation methods such as CIS(D). And, because the
method is wavefunction-based, there is no self-interaction error, and charge-transfer
excited states are correctly described. Since there is a single empirical parameter
describing excited state correlations and one describing ground state correlations, it is
possible to also achieve accuracy for excitation energies that exceeds the conventional
CIS(D) method by nearly a factor of two. This approach appears promising for valence
excited states of large organic molecules.

2.3 Spin contamination and low-order perturbation theory.

One of the reasons that the SOS-CIS(D) method described above cannot be
recommended for excited states of radicals is that it is the excited state counterpart of the
ground state second order Moller-Plesset (MP2) method, which can perform very poorly
for radicals because of spin-contamination in the Hartree-Fock (HF) reference. For
instance, if one takes a large conjugated radical such as phenalenyl (C13H9), the HF
determinant exhibits <S*> > 2.0 rather than 0.75 as desired. We have explored a
modification of MP2 that is designed to overcome this problem by optimizing the orbitals
in the presence of electron correlation [5]. We include only opposite spin correlations (as
above) and scale them by a single empirical factor (chosen as 1.2). The resulting
optimized second order method (termed the O2 method) dramatically reduces spin
contamination in calculations on large radicals, and therefore is a promising inexpensive
approach to studying such systems. Returning to the C13H9 example, the O2 reference
determinant has <S> = 0.76, which is virtually free of spin-contamination.

2.4 Pairing methods for strong electron correlations.

To treat large molecules that have strong electron correlations (e.g. singlet biradicaloids),
we have been developing generalized valence bond coupled cluster methods, which
systematically approximate CASSCF. Perfect pairing is the starting point: exact for one
pair, and extensive. The next well-defined level is the perfect quadruples model [29],
which is exact for two pairs and extensive. Methods which correlate only pairs of pairs
suffer from symmetry-breaking problems for molecules with multiple resonance
structures — benzene for example prefers a D3h symmetry structure to D6h. We have
explored methods that reduce this symmetry-breaking by at least an order of magnitude
by including correlations that couple three electron pairs by perturbation theory [10,26].

2.5 Valence bond methods for strong electron correlations.
Instead of approximating the CASSCF limit for treating strong correlations, another,
relatively unexplored possibility is to approximate the spin-coupled valence bond limit
(also exponentially expensive). We have made exciting recent progress on this problem,
yielding a new approximate valence bond method that can break any number of chemical
bonds with only a quadratic number of spin-coupling variables, maintaining extensivity,
and spin-purity [30]. While we only have a pilot program at the moment, there is
tremendous incentive to further explore this technique, as this appears to be a
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tremendously economical and natural way to treat delicate electron correlation effects
that are very difficult to handle otherwise.

2.6 Fundamental studies of chemical bonding.

We have used the ground and excited state methods discussed above in a variety of
chemical applications for which they are appropriate. The coupling of the cation of a
polcyclic aromatic hydrocarbon (PAH) radical and a neutral PAH molecule is one
interesting example that may have relevance to the mechanism of condensation of
charged PAH clusters [1]. Separately we have recently examined the changes in chemical
bonding as a function of oxidation state in 4-membered CuPCuP heterocycles [16], the
coordination of alkanes to transition metal centers [4], and collaboratively explored the
photophysics of cobalt-nitrosyl complexes [24].

3. Summary of Research Plans.

Testing the new density functionals for excited states (including charge-transfer)
Development and testing of pairing methods for radicals

New studies of the properties of reactive radicals and radical reactions.
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Time-resolved infrared diode laser absorption and laser-induced
fluorescence spectroscopy are used in our laboratory to study the kinetics and
product channel dynamics of chemical reactions of importance in the gas-phase
combustion chemistry of nitrogen-containing radicals. This program is aimed
at improving the kinetic database of reactions crucial to the modeling of NOy
control strategies such as Thermal de-NOyx, RAPRENOy, and NO-reburning.
The emphasis in our study is the quantitative measurement of both total rate
constants and product branching ratios.

HCNO Kinetics

Previous to recent studies in our laboratory, there have been no
literature data available on the kinetics of HCNO, the fulminic acid molecule.
Recent modeling studies have suggested the importance of this molecule in NO-
reburning mechanisms.! In combustion, HCNO is primarily formed via
acetylene oxidation:

O + CoHy — HCCO + H (1a)
— CH, + CO (1b)
HCCO + NO — HCNO + CO (2a)
— COy + HCN (2b)

Recent experimental and computational work in several laboratories, including
ours, has identified (2a) as a major product channel.2->

Earlier reports have summarized our results for the OH+HCNO,
CN+HCNO, and NCO+HCNO reactions. We report here results on the
O+HCNO reaction, which has many possible channels (we only show three
here):

O+ HCNO - HCO + NO (32) AH@%=— 286.6 kJ/mol
— CO + HNO (3b) AH@% = — 431.4 kJ/mol
> CO+NO+H (3c) AHE%=— 222.7 kJ/mol
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Because we do not have oxygen atom detection capabilities in our laboratory,
we measured the total rate constant of this reaction using a relative rate
technique, by detecting OCS created from the O+CS, reaction in competition
with the title reaction.

Analysis of our data gives kg = (9.84 + 3.52) x 10-12 exp[(-195 + 120)/T)]
(cm® molecule ! s'1) over the temperature range 298 - 375 K, with a value of kg
= (5.32 £ 0.40) x 10-12 cm3 molec-1s! at 298 K. Detection and quantification of
products indicates that CO forming channels dominate the reaction, with @3,
(CO+ NO + H) >0.74.

We have also performed ab initio calculations on this system. Using
B3LYP/6-311++G(d,p) optimizations followed by single point energy
CCSD(T)/6-311++G(d,p) calculations, we find that O+HCNO readily forms an
HC(O)NO intermediate, which may then dissociate to HCO+NO and again to
H+CO+NO. Initial calculations indicated that the initial intermediate is
formed without any barrier. Further calculations, however, using
optimizations at the CCSD(T)/6-31G(d,p) level have revealed a small barrier of
~3.6 kcal/mole to HC(O)NO formation, which is at least qualitatively
consistent with the rather low rate constants determined experimentally.

We have also begun experiments on the CI+HCNO reaction:

Cl+HCNO - HCl + (NCO) (42)
—> CCl + HNO (4b)
~> ClO + HCN (4¢)

We will measure the total rate constant by a relative rate technique, using

deuterated hydrocarbons as competing reactants:
Cl+ CGD12 (or C2D6) — DCI1 + C5D11 (or C2D5) (5)

We have detected DCI under these conditions, and expect measurement of [DCI]

vs. [CgDq9] to yield the rate constant.
HCCN + NO4 Reactions

The HCCN + NO reaction was studied earlier by Curl et al.6 They found a
fast rate constant at 296 K, and detected but did not quantify products:

HCCN + NO — HCN + (NCO) (6a)
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— HNCO + CN (6b)

We have recently acquired a laser diode in the 3300 cm-! region which for
the first time allows us to detect and quantify HCN products. Using HBryCCN
photolysis followed by detection of HCN, NyO, CO, and COg products, we have
concluded that HCN + NCO is the dominant product channel. (NyO, CO, and
COgy come from the NCO + NO reaction). We did not detect any HNCO (or its
less stable isomer, HCNO). Future work includes product detection in the
HCCN + NOy, reaction.

CN + Oy Reaction

The total rate constant of the CN+Oy reaction has been previously
investigated by many workers over an extremely large temperature range of 13-
3800 K. Two product channels are possible:

CN + Oy —- NCO+0 AH = -56 kd/mole (7a)
— CO+NO AH = -456 kdJ/mole (7b)

Previous estimates of the branching ratio into channel (7b) have ranged from
0.06 to 0.29. A major difficulty in these studies is the possible contribution of
secondary chemistry, especially the reaction

NCO +0O — CO+ NO €)]

All previous work involving detection of channel (7b) have been bulb
experiments; a recent molecular beam study only detected channel (7a).’

Previous work in our laboratory8 attempted to distinguish CO formation
from channel (7b) from the secondary reaction (8) by using SiH, to quench NCO,
suppressing formation of CO from the secondary reaction. Unfortunately, SiH,
also reacts with CN. Using literature rate constants available at the time, we
showed using kinetic modeling that the dependence of CO yield on reagent SiH,
concentration was consistent with direct CO formation from channel (7b).
Subsequent measurements by Macdonald et al, however, showed kg = 2.1x10-10
cm3 molecule-! s-1, about a factor of three greater than previous values.® This
substantially complicates the modeling, and reduces our confidence in our
previous work, forcing us to consider an alternate approach.

The essential difficulty of the above approach is that SiH, reacts with
both CN and NCO. Ideally, one would like to add a reagent that removes NCO,
quenching the secondary reaction, but does not react with CN. In fact, NO is a
nearly ideal choice:
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CN + NO — NCNO 9) (slow at low pressures)
NCO + NO — NyO + CO (10a)
- 002 + N2 (10b)

Of course, this approach will not work if we are detecting CO formation, because
NCO+NO produces CO. We can, however, use labeled 1°N180 to remove NCO,
and then, without spectroscopic interference, probe unlabeled NO formation
from reaction (7b). By using this approach combined with kinetic modeling, we
have conclusively shown that channel (7b) is in fact real, with only minor
contributions from the secondary reaction. We estimate @7, = 0.20 + 0.02 over
the temperature range 296-475 K.
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Program Scope

Predictive chemical computing requires hierarchical many-body methods of increasing accuracy
for both electronic and vibrational problems. Such hierarchies are established, at least conceptually, as
configuration-interaction (CI), many-body perturbation (PT), and coupled-cluster (CC) methods for elec-
trons and for vibrations, which all converge at the exact limit with increasing rank of a hierarchical series.
These methods can generate results of which the convergence with respect to various parameters of calcu-
lations can be demonstrated and which can be predictive in the absence of experimental information.

The progress in these methods and their wide use are, however, hindered by (1) the immense
complexity and cost of designing and implementing some of the high-rank members of the hierarchical
methods and by (2) the extremely slow convergence of electronic energies and wave functions with re-
spect to one-electron basis set sizes, which is compounded with the high-rank polynomial or even facto-
rial molecular size dependence of the computational cost of these methods.

The overarching goal of our research is to address both difficulties for electrons and vibrations.
We will eradicate the first difficulty for electrons by developing a computerized symbolic algebra system
that completely automates the mathematical derivations of electron-correlation methods and their imple-
mentation. For vibrations, the vibrational SCF (VSCF) and CI (VCI) codes will be developed in the gen-
eral-order algorithm that is applicable to polyatomic molecules and allows us to include anharmonicity
and vibrational mode-mode couplings to any desired extent. We address the second difficulty by radically
departing from the conventional Gaussian basis set and introduce a new hierarchy of converging electron-
correlation methods with completely flexible but rational (e.g., satisfying asymptotic decay and cusp con-
ditions) basis functions such as numerical basis functions on interlocking multicenter quadrature grids and
explicit ry, (inter-electronic distance) dependent basis functions. They, when combined with high-rank
electron-correlation methods, can in fact achieve the exact solutions of the Schrddinger equation.

Recent Progress

Significant progress has been made in the last year. Capitalizing upon the developments made in
the previous year,>** we have implemented® complete explicitly correlated coupled-cluster methods in-
cluding up to connected quadruple excitation operator, namely, F12-CCSDT and F12-CCSDTQ for the
first time. Together with the F12-CCSD method reported by us,” these methods form a hierarchy of sys-
tematic approximations that are most rapidly converging toward the exact solutions of the Schrédinger
equations of general polyatomic molecules. In Ref. 6, we have demonstrated that a combination of these
methods can predict the exact eigenvalue solutions of the Schrddinger equation of small polyatomic
molecules such as hydrogen fluoride and water within a few kcal/mol without invoking statistical treat-
ments or empirical extrapolations. While one is rarely interested in total energies, our ability to compute
them with such high accuracy will have a great impact on all areas of chemistry and on some of biology
and physics in which predictive chemical computing is essential.

We have also extended electronic and vibrational many-body methods to solids. In Ref. 5, we ap-
plied rigorous electron-correlation treatments such as second-order Mgller—Plesset (MP2) and CC singles
and doubles (CCSD) as well as perturbative triples [CCSD(T)] to energies, structures, and phonon disper-
sions as well as phonon densities of solid hydrogen fluoride. Our linear-scaling, localized-basis scheme
underlying this application is only loosely coupled with the periodic boundary conditions and can obtain
the frequencies of the phonons that lift the periodic symmetry. Furthermore, not only harmonic frequen-
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cies but also anharmonic frequencies of infrared- and/or Raman-active
phonons have been obtained by vibrational MP2 in the two-mode
coupling and the I" approximations (see below) to provide accurate
predictions. We have also introduced* a new approximation that brings
about one to two orders of magnitude speedup in the MP2 crystalline
orbital (CO) method for energies and quasi-particle energy bands.

We have performed chemical applications of vibrational
many-body methods on 7 key species of hydrocarbon combustion,
interstellar, and/or atmospheric chemistry® as well as on the guanine—
cytosine base pair.! The latter application has shed light on the nature 0+
of vibrational energy dissipation in base pairs (and hydrogen-bonded 0 200 400 600 800 1000
complexes in general) as a DNA photoprotection mechanism.

Since the 2008 DOE Research Meeting (CPIMS), six (6) pa-  Fig.1 Calculated and observed phonon
pers®” have been published and one more! is under review for publica- ~ Teauencies of solid hydrogen fluoride.
tion. In total, twenty-eight (28) publications* have resulted from this
grant in 2006-09. In 2008-09, the Pl has been an invited speaker at fifteen (15) conferences and universi-
ties. The Pl has also been selected to receive National Science Foundation’s CAREER Award and his
students working on the DOE project have won two best poster awards, a best contributed lecture award,
a Japan Society for Promotion of Science fellowship, a dissertation award, and an alumni fellowship. The
Pl has also been invited to contribute reviews or perspectives to Annual Reports of Computational Chem-
istry, Physical Chemistry Chemical Physics, and two books.

Higher-order explicitly correlated CC methods.?® Efficient computer codes for the explicitly
correlated CC (R12- or F12-CC) methods with up to triple (F12-CCSDT) and quadruple excitations (F12-
CCSDTQ), which take account of the spin, Abelian point-group, and index-permutation symmetries and
are based on complete diagrammatic equations,” have been implemented with the aid of the computer-
ized symbolic algebra smITH. Together with the explicitly correlated CCSD (F12-CCSD) method re-
ported earlier,® they form a hierarchy of systematic approximations (F12-CCSD, F12-CCSDT, F12-
CCSDTQ) that converge very rapidly toward the exact solutions of the polyatomic Schrédinger equations
with respect to both the highest excitation rank and basis-set size. Using the Slater-type function 1 — exp(—
nri,) as a correlation function, a F12-CC method can provide the aug-cc-pV5Z-quality results of the con-
ventional CC method of the same excitation rank using only the aug-cc-pVTZ basis set. Combining these
F12-CC methods with the grid-based, numerical Hartree—Fock equation solver,™ the exact solutions (ei-
genvalues) of the Schrodinger equations of neon, boron hydride, hydrogen fluoride, and water at their
equilibrium geometries have been obtained as —128.9377 + 0.0004, —25.2892 + 0.0002, —100.459 + 0.001,
and —76.437 + 0.003 Ej, respectively, without resorting to complete-basis-set extrapolations. These abso-
lute total energies or the corresponding correlation energies agree within the quoted uncertainty with the

accurate, nonrelativistic, Born—-Oppenheimer values derived experi-
mentally and/or computationally.

This and the previous related work®*? have been the focus of
our review on explicitly correlated CC methods that is to be pub-
lished in Annual Reports of Computational Chemistry.’

CC and MP2 study of energies, structures, and phonons
of solid hydrogen fluoride.”> With the binary-interaction method,’
we have optimized the geometry and obtained the phonon dispersion
curves of solid hydrogen fluoride at the CCSD/aug-cc-pVDZ and

Obs. Frequency / cm™’

Fig. 2 Calculated hydrogen- BSSE-corrected MP2/aug-cc-pVTZ levels. The predicted geometries
amplitude-weighted density of states have been in quantitative agreement with the diffraction data. The
(blue) and observed peak positions calculated frequencies of the infrared- and/or Raman-active phonons
(red) of inelastic neutron scattering . . .

from solid hydrogen fluoride do not agree with the observed, with the largest errors exceeding a

few hundred cm™ (Fig. 1). The errors are not due to the electronic
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structure treatment, but are caused by strong anharmonicity in the potential energy surfaces of this hydro-
gen-bonded solid. When we perform a vibrational MP2 calculation in the T" approximation using the po-
tential energy surface scanned by the binary-interaction method, vastly improved agreement is achieved
between the first-principles theory and experiments (Fig. 1). The bands in the observed inelastic neutron
scattering from solid hydrogen fluoride have also been straightforwardly assignable to the peaks in the
hydrogen-amplitude-weighted phonon density of states (harmonic) (Fig. 2).

Efficient Brillouin-zone integrations in MP2 calculations for extended systems of one-
dimensional periodicity.* The validity and accuracy of various ways of drastically reducing the number
of k-points in the Brillouin zone integrations occurring in MP2 calculations of one-dimensional solids has
been investigated. The most promising approximation can recover correlation energies of polyethylene
and polyacetylene within 1% of converged values at less than a tenth of usual computational cost. The
quasi-particle energy bands have also been reproduced quantitatively with the
same approximation (Fig. 3). In the most drastic approximation, in which only
one zone-center k-point (I' point) in the BZ is sampled (the " approximation),
the correlation energies are recovered within 10% of the converged values with
a speedup by a factor of 80-100.

Anharmonic vibrational frequencies and vibrationally averaged
structures of key species in hydrocarbon combustion.® A general scheme to
] predict anharmonic vibrational frequencies and vibrationally averaged struc-
tures and rotational constants of molecules is proposed with applications to
HCO", HCO, HNO, HOO, HOO", CH5", and CHs. A combination of CCSD,
CCSD with a second-order perturbation correction in the space of triples and in
the space of triples and quadruples, and a correlation-consistent basis set series
has been employed to achieve the complete-correlation, complete-basis-set lim-
its of the potential energy surfaces of these species near equilibrium geometries.
A new representation of potential energy surfaces that combines two existing
representations, namely, a fourth-order Taylor expansion and numerical values
on a rectilinear grid, has been proposed and shown to yield accurate frequen-
cies, when combined with vibrational general-order configuration-interaction
Fig. 3 The MP2/6-31G* method. The mean absolute deviation in the predicted frequencies is 11 cm™.

quasi-particle energy First-principles quantum anharmonic dynamics simulations on the
Qigdgrg;f;'x/ae‘f_tg'xe;cet; guanine-cytosine base pair.! The origin of extremely broad features in the
the open circles, the 2800-3800-cm™ region of the infrared spectrum of the guanine-cytosine (GC)
crosses, thtg fiIIedT Eirctlﬁsr base pair remains a mystery. Unraveling this is crucial in understanding the
o ves ara the iF/e.  Ultrafast relaxation (< 100 femtoseconds) of the NH stretching vibrational en-
31G* conduction and ergy that is believed to help protect DNA against a UV damage. We have car-
valence bands. ried out a full 81 dimensional quantum anharmonic vibrational calculations
combined with ab initio potential energy surface to study the spectrum and dynamics of the GC base pair.
A strong vibrational resonance among fundamental tones of intermolecular NH stretching modes (red-
shifted by hydrogen bonds) and various overtones and combination tones of fingerprint modes is shown

to play a vital role in the manifestation of the observed phenomena.

Future Plans

Important extensions of the F12-CC methods include combined F12-CC and perturbation theories,
relativistic F12-CC, the introduction of an explicit three-particle function or F123-CC methods, and the
treatment of ionization and electron-attachment energies. The combinations of the F12-CC methods with
the vibrational many-body methods as well as the binary-interaction method for molecular clusters and
crystals are being examined. The latter methods are being extended to covalently bonded macromolecules.
The k-point downsampling will be applied to CCSD for polymers. The validity of the Born—-Oppenheimer
approximation between low- and high-frequency vibrations is being tested along with the accuracy of its
diagonal corrections.

10

Energy (eV)
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Non-Born-Oppenheimer Molecular Dynamics and Theoretical Kinetics
Ahren W. Jasper
Combustion Research Facility, Sandia National Laboratories
Livermore, CA 94551-0969
ajasper@sandia.gov

I. Program Scope

Excited electronic states play an important role in a wide variety of chemical processes,
including intersystem crossing, photodissociation, internal conversion, charge transfer, etc. The term
“non-Born-Oppenheimer” (NBO) may be generally applied to these systems to emphasize the idea
that the Born—Oppenheimer separation of the nuclear and electronic time scales breaks down and that
electronic surfaces other than the ground adiabatic surface play a key role in the dynamics. The focus
of this program is the development and validation of theoretical methods for making quantitative
predictions of the dynamics of NBO processes using molecular dynamics (MD) simulations, transition
state theory (TST), and quantum chemical calculations.

Molecular dynamics. In NBO MD simulations, classical mechanics is used to describe the
nuclear motion, and electronic transitions between the various electronic states are modeled via
potential energy surface switches. Surface hopping (SH) methods model these electronic transitions as
instantaneous hops, whereas in decay of mixing (DM) methods the surface switches occur over some
finite time. Several variants of the SH and DM methods have been proposed, and these methods differ
from one another in the details of how they treat electronic state coherence, electronic-nuclear energy
transfer, and electronic state tunneling. We have recently summarized our previous systematic tests of
several NBO MD methods against accurate quantum mechanical calculations for a series of triatomic
two-state systems.' The best NBO MD methods predict branching ratios and product rovibrational
energy distributions for these model systems with errors of only ~25%. The computational cost of the
NBO MD methods is similar to that of single surface MD, and these validated methods may be readily
applied to polyatomic systems.

A major goal of this project is the development, application, and validation of NBO MD for
polyatomic systems. We are also developing strategies for using direct molecular dynamics
simulations to compute energy transfer parameters for use in master equation calculations.

Transition state theory. Another major goal of this project is the characterization of the
Kinetics of elementary reactions relevant to combustion systems. In these studies, accurate rate
coefficients are obtained using a combination of variable reaction coordinate TST for barrierless
reactions, variational rigid rotor—harmonic oscillator TST for finite barrier reactions, master equation
calculations, and high level ab initio calculations.

Quantum chemistry. MD and TST calculations require efficient methods for generating a
potential energy surface (and its gradient for MD) for each electronic state over a wide range of
nuclear configurations. One strategy is to generate these surfaces “on-the-fly” by making direct calls to
electronic structure programs. Direct NBO MD and TST calculations for small and moderate-sized
systems are being carried out, and methods for improving the efficiency of these calculations are being
developed. The large number of potential energy surface evaluations required often limits the accuracy
of the electronic structure method that may be used in direct dynamics calculations. Another strategy
is to use a semiautomated surface fitting algorithm. Several such methods have been proposed." In
general, these methods use the results of previous nearby electronic structure calculations to make
interpolated surface fits and require significantly fewer electronic structure calculations than full direct
dynamics. A major goal of this project is the development of semiautomated surface fitting strategies
for NBO MD and TST applications.
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1. Recent Progress
A. Non-Born-Oppenheimer Molecular Dynamics Simulations

Several improvements to the SH and DM methods have been made via systematic
comparisons with accurate quantum mechanical results. In one such study, the accuracy of NBO MD
methods for simulating deep quantum systems (i.e., systems with large electronic state energy gaps)
was reevaluated in light of new quantum mechanical calculations of the photodissociation of the
NaFH van der Waals complex. Previously, it was suggested that the accuracy of the NBO MD
methods would degrade for systems with large energy gaps. In our work and in contrast to the
conclusion arrived at in an earlier study," the semiclassical trajectory methods were shown to be
qualitatively accurate for the Na~FH system, thus validating their use for deep quantum systems. In
the course of this study, a stochastic decoherence (SD) model was introduced into the SH method and
shown to improve the guantitative agreement of the NBO MD and quantum mechanical calculations.

In other work and in collaboration with D. G. Truhlar and R. Valero, the nonadiabatic
photodissociation of HBr was modeled using several semiclassical trajectory methods. The calculated
branching fractions for the H + Br(*Ps,) and H + Br(*P.,) products were found to be in good
agreement with experimental measurements and with the results of more complete theoretical
treatments over a wide range of photon energies. The photodissociation of NH; was also studied, and
the results of the NBO MD calculations were compared with the experimental results of Crim and co-
workers.” The NBO MD calculations adequately reproduced several of the experimental trends, but a
discrepancy remains in the predicted and measured dynamics of NH; photoexcited into a vibrationally
and electronically excited state with one quantum in the antisymmetric stretch.

B. Theoretical Chemical Kinetics

In collaboration with S. J. Klippenstein and L. B. Harding, several detailed kinetics studies of
elementary reactions have been made. Rate coefficients for the CH; + OH bimolecular reaction and for
the decomposition of methanol were obtained over a wide range of temperatures and pressures. Of
particular importance in this study was the use of variable reaction coordinate TST to describe the
kinetics of the barrierless bimolecular channels, the use of a two transition state model for the
important product channel '‘CH, + H,O, and the use of accurate experimental thermochemistry
obtained from the Active Thermochemical Tables of B. Ruscic and co-workers. Comparisons were
made with available experimental and previous theoretical results, including a companion set of shock
tube studies carried out by N. K. Srinivasan and J. V. Michael." The predicted results were found to be
in excellent agreement with the experimental results. The major products of the bimolecular reaction at
1 atm are CH3OH (for T < 1200 K) and CH, + H,O (for T > 1200 K). The H + CH,OH product
channel is also important at high temperatures. The major product channels for CH;OH decomposition
are CH; + OH and CH, + H,0, formed in a ratio of 4:1.

In the course of the methanol study, we computed several rate coefficients useful for
describing the secondary chemistry of methanol decomposition. Rates for the *CH, + OH, *CH, +
3CH,, and 3CH, + CH; barrierless association reactions were obtained: these reactions were previously
not well characterized. The use of the theoretical rate coefficients for these reactions qualitatively
improved the accuracy of the reaction mechanism used to model the long-time behavior of the OH
absorption profiles measured in the shock tube experiments of N. K. Srinivasan and J. V. Michael "

A theoretical study of the kinetics of the CH; + HO, bimolecular reaction was performed at
temperatures and pressures relevant to combustion. The predicted product branching ratio of 4:1 for
the CH;0 + OH and CH, + O, products was found to be in close agreement with revised values
recently obtained in two modeling studies. Earlier theoretical and modeling studies predicted
significantly more formation of CH;O + OH. This result has important consequences for
understanding ignition in hydrocarbon combustion at high pressures. Rate coefficients for the CH;0 +
OH reaction and for CH;OOH decomposition were also presented.
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Direct molecular dynamics calculations were carried out to compute energy transfer

parameters for use in master equation calculations for the CH, 2 CH; + H reaction in Helium. A
computationally efficient strategy (requiring only several hundreds of trajectories) was developed and
employed, and the resulting values of the exponential-down-model energy transfer parameters (a =
110 (T/300 K)®8' cm™) are in good agreement with previous empirically adjusted values. The results
of master equation calculations using the calculated values for «, along with previous ab initio
calculations of the properties of the reactants and the barrierless kinetics, are in good agreement with
experimental results.”" This work provides a complete first-principles characterization of the
temperature and pressure dependent kinetics for this simple single-well system.

1. Future Work
A. Non-Born-Oppenheimer Molecular Dynamics Simulations

A major component of future work will involve the application of the improved NBO MD
methods discussed above to polyatomic systems. Trajectory studies of the photodissociation of the
series of vinyl halides will be used to interpret the experimental results of D. L. Osborn and co-
workers” and others. The doublet-quartet crossing of C,y HCN, has been implicated as an important
dynamical bottleneck in the CH + N, reaction, and, while this process has been studied previously
using quantum chemistry and TST calculations,” future NBO MD trajectory studies will further
characterize the dynamics at this crossing. We will also study intersystem crossing in the spin-orbit
coupled systems formed from the addition of oxygen atoms to hydrocarbons.

Direct NBO MD simulations of the photodissociation of HNCO and the H + NCO reaction
will also be performed. Upon photoexcitation to the S; state, HNCO may decay by one of several
pathways: adiabatically to form *NH + CO, nonadiabatically to 3NH + CO via a spin-forbidden
transition to the T, state, or nonadiabatically via a transition to the S, state to form either H + NCO or
INH + CO. This system has been well characterized experimentally*™ and provides an excellent test
case for the validation and development of the NBO MD methods.

B. Theoretical Chemical Kinetics

We will continue to use established theoretical kinetics techniques to make quantitative
predictions for important elementary combustion reactions. Several applications are underway in
collaboration with theorists and experimentalists T. Selby and D. L. Obsorn (phenyl + propargyl), J.
Zador and C. A. Taatjes (propene + OH), and R. S. Tranter (dioxane decomposition and diacetyl
decomposition). The close collaboration of theoretical calculations and experimental measurements
drives the development of new and more accurate theoretical models as well as extends and clarifies
the experimental results.

We will also study the applicability of TST to systems that are currently not well described by
statistical theories. One such class of systems features spin-orbit split electronic states. We will study
the effect of spin-orbit splitting on the kinetics of barrierless reactions by considering the reactions of
halogen atoms with several hydrocarbon radicals. Barrierless abstraction reactions are also challenging
to treat using TST. For these reactions, variable reaction coordinate TST is appropriate for
characterizing the kinetics at low temperatures, but the assumptions involved in this approach are not
suitable at higher temperatures where the reacting fragments are significantly distorted from their
isolated geometries at the important dynamical bottlenecks. A two transition state approach will be
applied to study these systems.

C. Quantum Chemistry

An important practical bottleneck for performing NBO MD simulations is the need for
inexpensive and accurate potential energy surfaces and their couplings. Two strategies will be pursued
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for obtaining potential energy surfaces in the NBO MD simulations. Direct dynamics methods will be
developed based on single reference methods (DFT, MP2, etc) for spin-orbit coupled systems and
multireference methods (CASPT2, etc) for valence coupled systems. Semiautomated surface fitting
strategies will also be implemented. Schemes for modeling the coupling between the electronic
surfaces will also be developed.
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Probing the Reaction Dynamics of Hydrogen-Deficient Hydrocarbon Molecules and
Radical Intermediates via Crossed Molecular Beams

Ralf . Kaiser
Department of Chemistry, University of Hawai’i at Manoa, Honolulu, HI 96822
ralfk@hawaii.edu

1. Program Scope

The major goals of this project are to explore experimentally in crossed molecular beams experi-
ments the reaction dynamics and potential energy surfaces (PESs) of hydrocarbon molecules and
their corresponding radical species which are relevant to combustion processes. The reactions are
initiated under single collision conditions by crossing two supersonic reactant beams containing
radicals and/or closed shell species under a well-defined collision energy and intersection angle.
By recording angular resolved time of flight (TOF) spectra, we obtain information on the
reaction products, intermediates involved, on branching ratios for competing reaction channels,
on the energetics of the reaction(s), and on the underlying reaction mechanisms. These data are
of crucial importance to understand the formation of carbonaceous nanostructures as well as of
polycyclic aromatic hydrocarbons and their hydrogen deficient precursors in combustion flames.
Chemical reaction networks modeling the formation of polycyclic aromatic hydrocarbons
(PAHS) in combustion flames imply that the phenyl radical, CgHs, presents one of the most
important transient species involved in the formation of PAHs. The crucial steps of these reacti-
on models are believed to be hydrogen abstraction — unsaturated hydrocarbon addition sequen-
ces. All chemical networks concur that reactions of the phenyl radical with acetylene, for instan-
ce, initiates the PAH synthesis via an addition of phenyl to the carbon-carbon triple bond. Due to
the central role of the phenyl — unsaturated hydrocarbon reactions, the kinetics of these systems
have been well-established up to temperatures of a couple of thousand Kelvin. Theoretical stu-
dies of these benchmark systems predicted the initial formation of adducts which either decom-
posed back to the reactants or fragmented to the reactant molecules such as phenylacetylene and
styrene, for instance. Nevertheless, despite the central role of the phenyl — unsaturated hydro-
carbon reactions as the trigger to PAH formation, the theoretical investigations have never been
verified experimentally under single collision conditions and, consequently, the nature of the true
reaction products of these elementary reactions have remained elusive so far. Therefore, we carry
out a systematic research program to investigate the reaction dynamics of phenyl radicals with
unsaturated hydrocarbons.

2. Recent Progress

First, we have expanded our studies of phenyl radical reactions from the acetylene, ethylene,
methylacetylene, allene, benzene, propylene, and molecular oxygen systems and conducted cros-
sed beams experiments of phenyl radicals with four C4Hs isomers: 1,3-butadiene, 1,2-butadiene,
1-butyne, and 2-butyne together with (partially) deuterated molecules. These investigations
explore the important C1oH;1 and C1oH1o potential energy surfaces- among them dihydronaphtha-
lene; theoretical investigations of these surfaces are conducted in collaboration with Prof. Alex-
ander Mebel (FIU); those systems indicated in italics have been published, are in press, or have
been submitted for publication; the data analysis of the 1-butyne and 2-butyne is in progress and
will be released in one single paper. Upcoming reactions of phenyl radicals with diacetylene and
vinylacetylene conclude the study of phenyl radical reactions with unsaturated hydrocarbons at
high collision energies from 80 to 185 kdmol™. Second, in collaboration with Dr. Musa Ahmed
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(ALS, Berkeley), we conducted experiments at the Chemical Dynamics Beamline to extract the
ionization potential and thermodynamics properties of important hydrogen-deficient combustion
intermediates. These are resonantly stabilized free radicals (C,Hs; n=4-6), highly unsaturated,
unstable hydrocarbon intermediates (C,Hs; n=4-6), and oxygen- as well as nitrogen terminated
carbon clusters (C,0 and C,N; n = 2-11). These data are currently being analyzed.

Figure 1: Selected center-of-mass velocity contour flux maps for the reaction of phenyl radicals
(left; 0°) with acetylene (A), ethylene (B), methylacetylene (C), allene (D), propylene (E), and
D6-benzene (F) to form phenylacetylene (A), styrene (B), 1-phenylmethylacetylene (C),
phenylallene (D), 1,- and 3-phenylpropylene (E), and diphenyl (F) (right; 180°). The colors con-
nect data points with an identical flux and range from red (highest flux) to yellow (lowest flux).
The units of axis are given in ms™.
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3. Future Plans

We aim to explore the energetics, chemical dynamics, potential energy surfaces (PESs), and
reactions of key representatives of resonantly stabilized free radicals (RSFRs) and of aromatic
radicals (ARs) under single collision conditions: the propargyl (CsHs; X?B:) and the phenyl
radical (CsHs; X?Ay), respectively. Our studies will focus on three key systems. Firstly, we
explore the hitherto poorly understood stability (unimolecular decomposition) of one of the key
RSFRs: the propargy! radical (CsHs; X?By). This is achieved by accessing various regions of the
CsHs surface through the bimolecular radical-neutral reaction of methylidyne (CH; X*[1) with
acetylene (CzHy; X12g+) and the atom-radical reaction of ground state carbon atoms (C(3P,-)) with
vinyl radicals (CoHs; X?A”). Secondly, we attempt elucidating the collision energy-dependent
dynamics of the reaction of the resonantly stabilized propargyl radical with another propargyl
radical leading via chemically activated CgHs intermediates to CgHs isomers like the phenyl
radical and/or acyclic isomers. So far, this reaction has never been studied under true single
collision conditions, and the detection of the phenyl radical as an aromatic ring product of the
propargyl radical self reaction under collision-less conditions has remained elusive so far.
Thirdly, we investigate the chemical dynamics of the phenyl radical (CgHs; X?A;) under single
collision conditions with selected hydrocarbons at lower collision energies to form individual
PAHs with indene and naphthalene cores and their acyclic isomers utilizing a low velocity
(photolytic) phenyl radical source. These studies access the important CoHy (x=8,10) and CyoHx
(x=6,8,10) PESs, among them crucial combustion intermediates with indene and naphthalene
cores. As of to date, no experiment has been conducted in which an individual PAH(like) species
is formed via a bimolecular gas phase reaction under single collision conditions in crossed
beams experiments.
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DYNAMICAL ANALYSIS OF HIGHLY EXCITED MOLECULAR SPECTRA

Michael E. Kellman
Department of Chemistry, University of Oregon, Eugene, OR 97403

kellman@uoregon.edu

PROGRAM SCOPE:

Highly excited vibrational dynamics of small molecular species are crucial to
understanding fundamental processes important for combustion systems. The goal of our
program is to develop theoretical tools to understand spectra and dynamics of highly
excited systems. It is clear that anharmonic effects lead to profound changes in the
vibrational dynamics of molecules when nonlinearities can no longer be treated as
perturbative effects. The standard picture of anharmonic normal modes breaks down.
We emphasize particularly the role of bifurcations and the “birth of new modes in
bifurcations from the low energy normal modes”. References to numerous examples can
be found in a recent review [1].  We use bifurcation analysis of semiclassical versions
of the effective Hamiltonians used by spectroscopists to fit complex experimental spectra.
Observable phenomena associated with bifurcations such as changes in spectral patterns
have been predicted and observed. A future long-range focus is systems approaching and
undergoing chemical reactivity, including intramolecular (isomerization) reactions.

RECENT PROGRESS: The progress described in the next two headings is in
collaboration with postdoctoral associates Aniruddha Chakraborty and Vivian Tyng,
respectively.

Spectroscopic Hamiltonians for polyad breaking spectra. Spectroscopic fitting
Hamiltonians are enormously useful as a tool to analyze molecular spectra. The fitting
Hamiltonian is an effective quantum matrix Hamiltonian. Virtually all spectroscopic
fitting Hamiltonians to date invoke the “polyad approximation” of a conserved total
vibrational quantum number. However, at sufficiently high energy, the polyad
approximation must fail. Spectra of systems that break the polyad action, time-
dependent transport in these systems, and the representation of these phenomena with a
generalized effective fitting Hamiltonian are mostly unexplored areas. Recently we have
been working to construct an effective spectroscopic Hamiltonian to encompass the
polyad breakdown.

We are testing a simple generalized effective Hamiltonian capable of encompassing the
major dynamical and spectral effects of the polyad breakdown, using a model system of
two coupled anharmonic oscillators as test “data”. Our first results have been published
as a Communication to the Journal of Chemical Physics [3]. We demonstrate that a
generalized effective Hamiltonian successfully describes the polyad breaking by
successively adding a very small number of additional resonance couplings. Each
additional resonance coupling induces bifurcations to give new low-order periodic orbits,
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incompatible with the original polyad number, that reorganize the surrounding phase
space structure into large-scale resonance zones. In a quantum system, the spectrum
shows clear signatures of these new structures that should be observable in experiments.

It is noteworthy that these fits have been obtained using Hamiltonians constructed with
shift operators defined to have the simple action of harmonic raising and lowering
operators, even up to dissociation energy E =1.0. This extends the practice of
spectroscopic fitting at low energy — it has not been necessary to use operators adapted to
the special characteristics of the anharmonic oscillator system, here coupled Morse
oscillators. In this sense we have performed a “fair” test of the effective Hamiltonian,
even though we knew the nature of the exact model system. The success of ordinary
harmonic raising and lowering operators bodes well for fitting real systems without the
need for too much prior knowledge.

FIG. 1. Surfaces of section and spectra of H.... and various effective Hamiltonians indicated in the figure. Top row: surfaces
of section of exact system; middle row: of effective Hamiltonian; bottom row: spectra of exact Hamiltonian and of fits. Axes
of surface of section are I. = n; — ny and conjugate angle ¢ = 1/2(é) — ¢2) at fixed 8 = 1/2(¢ + ¢2) = 0. The columns are
labeled by polyad numbers of the polyad effective Hamiltonian Hyoiyad. For the middle and right columns, the polyad number
is not actually a good approximate constant.
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Spectral intensity patterns. Itis well established that nonlinear effects of
anharmonicity and coupling of normal modes have a profound effect on molecular
vibrational dynamics. Perhaps the first outstanding example was the normal to local
mode transition in the stretch modes of molecules with light atoms, notably O-H and
C-H bonds in molecules such as H,O and benzene. An extended line of theoretical
development from our group employs ideas of classical phase space structure and
bifurcations. Experimental access to these nonlinear effects has been achieved, relying
mostly on energy level patterns, with use of effective spectroscopic fitting Hamiltonians
to make the link between experiment and dynamics. In contrast, there has been far less
systematic use of intensity patterns as a probe of phase space bifurcations. We are
making an effort to begin to fill this gap. We have been using a simple model of
intensities to investigate patterns in the spectra of systems with an anharmonic resonance,
specifically the standard 2:1 Fermi resonance, relying on earlier systematic investigations
in our group of phase space structure in resonant systems.

Resonances lead to bifurcations in phase space in which new modes are born in phase
space out of normal modes or even erupt “out of nothing™ (in saddle-node bifurcations). .
The phase space structure of the polyads for a given form of the resonance Hamiltonian
can be mapped onto the catastrophe map, a kind of phase diagram. Each zone of the map
corresponds to a distinct polyad phase space structure. Distinct energy level patterns are
found for each zone. The patterns consist of well-marked indicators of phase space
separatrix structure when differences in energy levels of adjacent levels in phase space
are plotted.

Our strategy for extending this to intensity patterns is the following. In the 2:1 Fermi
resonance system, the catastrophe map has 4 zones, corresponding to four types of phase
space structure. Inan earlier paper (J. Svitak, Z. Li, J. Rose, and M.E. Kellman, J.
Chem. Phys. 102, 4340-54 (1995)) we examined energy patterns of molecules with a 2:1
Fermi resonance between the local stretch and bend of a C-H stretch. One molecule we
examined was (CF3)sCH with polyads in all 4 zones. We also looked at energy patterns
for different molecular exemplars for each of the 4 zones, using an example for each zone
that brings out the pattern for that zone most clearly.

We follow a parallel path, now comparing intensity patterns to energy patterns. The
four zones differ basically in the phase space structure at and surrounding the zero order
C-H local mode stretch overtone. Our “minimal” intensity model is based on the not
unreasonable supposition that dipole strength is carried by the C-H local mode stretch
overtone. Intensity is then spread among the eigenstates because of mixing of zero order
states by the Fermi resonance coupling. The expectation is that the different phase space
structure surrounding the C-H stretch will be reflected in the intensity patter. This is
confirmed by explicit calculation, as seen in the diagram below.
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PROJECT SCOPE

The need for a computational model of turbulent reacting flow that encompasses a wide range of
length scales and associated phenomena is gaining increasing recognition with the DOE Office of
Science as well as in the broader scientific community. Specifically, a multi-scale modeling
paradigm is needed that is distinctly different from the usual sub-grid parameterization of
phenomena not resolved on the computational mesh. To achieve the fidelity required to address
current scientific, technological, and societal needs in an affordable computation, some reduced
yet physically sound representation of diverse nonlinear processes and their unsteady interactions
over the relevant range of scales is required. Meeting this requirement is recognized as one of the
premier grand challenges of combustion science.

The primary focus of this project is development and demonstration of a computational modeling
approach that is responsive to this challenge, and use of the methodology for scientific discovery
and fundamental explanation of turbulent combustion phenomena. The strategy that is adopted
for time-accurate advancement of unsteady interactions while affordably spanning the needed
range of scales is to employ a novel mesh geometry and associated physical modeling.

The mesh geometry is analogous to the ‘pencil” algorithm long used for 3D Cartesian domain
decomposition. View the flow domain as a collection of pencils, i.e., 1D stacks of cubic control
volumes (CVs). Advancement involves a sub-step within each stack, followed by a stack-
coupling sub-step. The length scale associated with stack coupling is the CV edge length M. The
new idea is spatial refinement of each stack along its axis so that its spatial resolution scale W is
much smaller than M, and the intra-stack advancement time step is commensurately smaller.

If W is the resolution needed to capture small scale processes, then applying this refinement in
one direction rather than all three requires order (W/M)? fewer mesh cells than full 3D
refinement, where M is now the scale at which 3D motions are resolved. This offers the
possibility of orders of magnitude cost reduction relative to 3D direct numerical simulation
(DNS), thereby significantly broadening the scope of applicability of high-fidelity numerical
prediction of turbulent combustion.

The trade-off is that the scale range from W to M is resolved in only one direction (1D) on any
given stack. (The method involves interpenetrating stacks in all coordinate directions, but no 3D
coupling below scale M.) A longstanding focus of this project has been the development of a
physically based mathematical approach for capturing turbulent motions in 1D. A solution to this
problem that captures the relevant phenomenology while obeying applicable conservation laws
has been found within the framework of map-based advection. The familiar (in other contexts)
numerical technique of conservative Lagrangrian displacement of an entire flow field, i.e., a map
of the entire flow onto itself, has been recast into a map-based method that emulates turbulent
motions in 1D (and also has uses in higher-dimensional simulation).

During this project, two map-based 1D formulations have been developed, the Linear-Eddy
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Model (LEM), which predicts mixing under prescribed flow conditions but does not predict the
flow per se, and One-Dimensional Turbulence (ODT), that is a predictive model of turbulence
and turbulent combustion in its own right and is also well suited for use as the 1D flow
representation with the 3D framework described above. In fact, ODT is a complete enough flow
representation so that the coupled array of ODT instantiations can in principle simulate the
complete flow with no higher-level advancement operation. Development and demonstration of a
novel flow simulation strategy, Autonomous Microscale Evolution (AME), based on this concept
is a major goal of planned future efforts.

RECENT PROGRESS

One focus of recent efforts has been the development of algorithmic and physical modeling
capabilities that are of immediate use as well as contributing to the anticipated future completion
of a full-featured AME formulation. Recent and ongoing algorithm efforts, some of which are
subsequently elaborated, include: 1. Domain decomposition within individual LEM and ODT
objects. 2. The recently demonstrated [5] coupling of an array of ODT objects to simulate 3D
constant-property flow, albeit in this instance requiring a higher-level advancement operation,
hence differing from the AME concept. 3. The coupling of a complementary array of LEM
objects that evolve reactive scalars based on turbulent motions prescribed by the ODT array or by
a conventional flow solver implemented at scale M (coarse mesh). 4. Implementation of all of the
above on an adaptive mesh, enabling efficient pseudo-compressible coupling of ODT objects
(which eliminates the need for higher-level advancement) and extension to non-Cartesian meshes.

AME is an inherently scalable approach for simulation on leadership-class platforms because the
time step for coupling of 1D objects at the coarse scale M is much larger than the time step for
fine-grained (scale W) processes. Distribution of the 1D objects among processors is
straightforward and communication requirements are manageable. However, there could be a
need for a further degree of partitioning. ODT is a complete enough flow model so that the
needed fidelity might be achieved using coarser 3D (scale M) resolution than is typically needed
in large-eddy simulations with less complete small-scale treatments. Therefore thousands of
ODT objects could suffice for many applications, but future computers will have orders of
magnitude more processors. Accordingly, a spatial decomposition algorithm applicable to the
individual 1D objects has been formulated. A preliminary numerical implementation targeted on
LEM (because it is a simpler model) demonstrated the feasibility of the approach [A]. In fact, it
provides a substantial speedup even for serial implementation because the map-based model is a
nonlocal formulation that imposes a global (domain-size-dependent) constraint on the time step
for advancement of small-scale processes. Domain decomposition eases this constraint.

A coupled array of uniform-mesh LEM objects has been developed for constant-property flow
and its extension to variable-property flow has begun [B]. Adaptive-mesh implementation will
begin later this year. For some applications, the needed flow information will be provided by
Reynolds-average Navier-Stokes (RANS) steady-state flow solvers, where the LEM advancement
will introduce the unsteadiness and spatial resolution needed for physically sound mixing
simulation.

Nuclear-driven astrophysical flames and detonations present unigue challenges because they
occur at turbulence intensities that would extinguish terrestrial flames. No experiment or
simulation had probed the relevant conditions until a recent LEM study [7]. A regime transition
was found that required five decades of scale resolution to identify, presently achievable for
turbulent combustion only with LEM. Patches of homogeneous mixture occurred sporadically
between more variable regions. Post-processing of LEM mixture states using a compressible
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solver showed that these conditions can induce a natural analog of multi-stage detonation (igniter,
primer, main charge). The astrophysical implication is that the ‘delayed detonation’ scenario for
type-1A supernova explosion, which is dictated by observational data (Doppler measurements of
explosion speed and spectral measurements of composition), can now be reconciled with a
detailed physical picture of the deflagration-to-detonation transition. The newly identified
deflagration regime implies a delayed detonation scenario is quantitatively consistent with
observational constraints, unlike previous analyses based on terrestrially accessible deflagration
phenomenology. Obtaining the first plausible physical picture consistent with observational
constraints is an important step, yet calls for further investigation to verify the correctness of
LEM predictions (see Future Work).

A key feature of ODT relative to LEM is the representation of important physical phenomena
such as buoyant as well as shear forcing, radiative as well as conductive heat transfer, and
immiscible fluids with interfacial surface tension. An obvious target for an efficient numerical
simulation with these capabilities is geophysical flow. As a prelude to planned ODT simulations
of stratiform clouds, an effort to simulate a laboratory analog of these clouds has begun. The
experiment involved an opaque fluid layer atop a transparent layer, initially stable gravitationally
but destabilized by radiant heating from below. The rate of the resulting mixing was dependent
on whether the initial stabilization was imposed thermally or compositionally. Preliminary ODT
results capture this heretofore unexplained dependence and demonstrate that the difference
between thermal and solutal diffusivities is the underlying cause. This shows that ODT captures
molecular transport sensitivities in this context, which is important because it enables
benchmarking to this aqueous experiment as a basis for future application to clouds.

FUTURE WORK

As noted above, the overarching goal of planned efforts is the development of a full-featured
high-fidelity AME formulation with the capability to simulate affordably a wider range of
scientifically and technologically relevant combustion regimes than are accessible using DNS.
Ongoing algorithm and code development addressing this as well as map-based 1D formulations
that are narrower in scope is described in Recent Results. In addition, introduction of 1D gas
dynamics into ODT will be undertaken to enable pseudo-compressible coupling of ODT objects.
This coupling will rely on thermodynamic information provided by the complementary LEM
reactive-scalar objects, which rely for their coupling on flow information provided by the ODT
objects. Care is required to maintain consistency because LEM uses zero-Mach-number
(uniform-pressure) thermodynamics while ODT is pseudo-compressible. (Greater
thermodynamic generality is possible but the planned approach is best for initial proof of
priniciple.)

A planned scientific focus is mixing and related phenomenology of turbulent flows with large
density variations. A recent DNS study [C] reported an asymmetry of the mixing of heavy and
light fluids, seemingly specific to the particular case (Rayleigh-Taylor flow, which is buoyancy
driven), but in fact previously observed in an ODT study of shear-driven flow [D]. ODT of the
Rayleigh-Taylor flow will be run to test, within the ODT framework, the generality of the
asymmetric behavior and to investigate the strong-turbulence limits of some transitional
behaviors observed in the DNS (which cannot affordably explore the limiting behaviors). This
study will validate the ODT representation of flows with large density variations, which will
support a planned ODT application to primary breakup of turbulent liquid jets. For this
application, immiscible fluid phases with interfacial surface tension will be incorporated into
ODT. This application is challenging due to the wide range of droplet sizes that are generated.
An experimental study of primary breakup [E] yielded results consistent with the interpretation
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that breakup ceases when the flow residence time exceeds the time scale for formation of a
droplet as large as the jet width. This interpretation seems counterintuitive; ODT will be used to
check the validity of this versus other possible interpretations.

Several turbulent combustion studies involving comparisons between LEM and DNS results are
planned, both to validate and benchmark LEM and to use LEM to explore a wider parameter
space than is accessible using DNS. Regimes to be investigated in this manner include premixed
hydrogen flames, n-heptane combustion under compression-ignition conditions, and soot-
radiation-turbulence interactions in an ethylene-air jet. DNS of the latter could not fully resolve
thin soot layers. ODT will be used to test the sensitivity of results to spatial resolution of these
layers.

The supernova study (see Recent Progress) indicated the importance of homogeneous patches
predicted by the LEM simulations. There is indirect support for the realism of this intermittency
property predicted by LEM, but this requires further attention. In particular, it is surprising that a
model as simple as LEM would capture this subtle effect. The possibility that this implies an
unexpectedly simple explanation of the effect will be investigated.
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Program Scope

This program again involves the use of the shock tube with laser-schlieren (LS) and time-
of-flight mass spectrometry (TOF), as diagnostics for the exploration of reaction rates
and energy relaxation processes over a range of temperatures and pressures of particular
interest in combustion. We are particularly interested in energy transfer and falloff in
unimolecular reactions This work includes considerable collaboration with R. S. Tranter,
L.B. Harding and S J. Klippenstein at Argonne Nat’l Lab.

Cyclohexane and 1-Hexene Decomposition

The decomposition of cyclohexane (cCgHi2) was examined using laser schlieren (LS) in
1500-2100 K and 50 to 200 torr using mixtures of 2, 4 and 10% cyclohexane in Kr.. The
dissociation of 1-hexene, apparently the only product of cyclohexane dissociation [1],
was also studied over 1200-1700 K for 50 torr and 200 torr using 2 and 3% 1-hexene in
Kr.

The decomposition of cyclohexane has been extensively studied in the past and various
decomposition channels have been proposed [2]. The most likely channels for the present
high temperatures are those reported by Tsang [1]

CCegH12 = 1-CgH1o (L-NEXENE R = . cal/gmo
(1) CeH12 = 1-CgH12 (1-h ) AHR¥®K =19.19 kcal/gmol
and by Braun-Unkhoff et al [3]
(2) cCeH1o = cCeHyy + H AHR?K = 99.32 kcal/gm
(3) cCsH12 = 3 CoHy AHR?**¢ = 66.96 kcal/gmol

Channel (1), isomerization of cyclohexane to 1-hexene, was proposed by Tsang based on
a GC product analysis of single pulse shock tube experiments and trends seen in other
cycloalkanes [1]. Channel (2) and (3) were proposed by Braun-Unkhoff [3] to explain the
production of H atoms in shock-tube H-atom ARAS syudies and the large amounts of
C,H4 found in GC analysis of single pulse shock tube experiments.

The LS Cyclohexane dissociation experiments were characterized by a large and
sustained positive density gradient which is a clear indication of strongly endothermic
secondary chemistry following initial cyclohexane dissociation. Cyclohexyl radical
generated in (2) could dissociate further [4], but our theoretical [5] k., for (2) is so much
lower than the rate constant reported in ref. [3] that no contribution is expected from
channel (2). Channel (3) is also ruled out since the channel is not expected theoretically;
and no stable product like C,H4 can generate a sustained following density gradient.
Channel (1) is thus decisively favored both by theory and experiment. This channel is
immediately followed by the more rapid decomposition

(4) 1-CeH1, = n-CsH7 + CsHs  AHR®¢ = 71.82 kcal/gmol
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This reaction and its accompanying chain processes now produce a density gradient of
the required magnitude and duration. The theoretical basis of all this is illustrated in Fig.
1.

In support of the above, we have successfully modeled an H-atom ARAS profile reported
in [3] using channels (1) and (4) with no contribution from (2) or (3).

1-Hexene dissociation (4) was also observed, and the derived rate constants were fit using
RRKM theory using a restricted rotor Gorin model treatment for the bond-fission
transition state. The optimum high pressure limit rate constant is a factor > 2 higher than
the rate constant reported by Tsang [2]. This disagreement also is seen in the cyclohexane
rates of Figs. 3,4, and is again probably a consequence of residual falloff and some
temperature errors in Tsang’s analysis.

A complete dissociation mechanism for 1-hexene was obtained by modeling and this
mechanism was included in the cyclohexane decomposition mechanism. In cyclohexane
only the initial rate of (1) was varied to accurately model all the density gradients. The
model performs very well for all the higher pressure data (>100 torr), producing the
curved profiles resulting from fast 1-hexene dissociation (see Fig. 2).

It is also possible, as is evident in Fig. 1, that cyclohexane can dissociate via a ‘direct’
reaction through unstabilized 1-C¢H1»

(5) cCgsH1p = C3H7 + C3Hs AHRZQBK =91.01 kcal/gmol
Channel (5) yields the same result as (1) and (4) combined but it changes the
characteristics of the density gradient profile; the upward curvature exemplified in Fig. 2
is missing. Our latest experiments at extremely low pressures (~25 Torr) are somewhat
better fit by (5) than the combination of (1) and (4), but this is not conclusive, mainly
because the modeling is complicated by the likelihood of an unobservable incubation
time. An RRKM model that fits the cyclohexane rates, Fig. 3, is constructed and its
optimum K., is found to be very close to a convincing theoretical calculation [2], as seen
in Fig.4..

Dissociation of s-triazine

The three-body dissociation of 1,3,5-triazine (s-C3H3sN3; — 3HCN) has been observed in
incident shock waves with the laser-schlieren technique. The experiments use 5%
triazine/Kr and cover 1630-2350K, for 100-600 torr. These experiments show
dissociation rates with strong falloff and a slight but fully expected pressure dependence.
The dissociation is without secondary reaction save for a possible, but rather unlikely,
contribution from the isomerization HCN — HNC. Electronic structure calculations of
the transition-state properties (G3B3, HL1, E, = 84.6kcal/mol) are used to construct an
RRKM model whose fit to the rate measurements that suggests a < E>gown 0f 1200cm™.
However, a seemingly better fit is achieved using the barrier of 81kcal/mol proposed by
Dyakov, et al. (J. Phys. Chem. A 2007, 9591). With this barrier k., (s™) = 5.3x10*exp-
86.6(kcal/mol)/RT, and the fit now accepts the more routine < E>gown = 126(T/298)°°. It
seems the dissociation most probably occurs by the direct, one-step “triple” dissociation
to 3 HCN. Vibrational relaxation of the triazine was also examined in 5 and 20%
mixtures with Kr and over 770-1500K for pressures between 6 and 14 torr. Relaxation is
very fast, with an inverse temperature dependence and P rising from 100 to 200 nsec-
atm over the full temperature range. Integated gradients are in good accord with
calculated total changes in density indicating an accurately single exponential relaxation.

136



A separate investigation of relaxation in the related molecule pyrazine (500-1300 K, in 1
and 5% in Kr, between 13 and 66 torr) is included. Again relaxation is rapid, but here the
temperature dependence seems more normal, the relaxation times decreasing with
temperature.

References

[1] W. Tsang. Int. J. Chem. Kinet. 10 (1978) 1119-1138.

[2] B. Sirjean, P. A. Glaude, M. F. Ruiz-Lopez, R. Fournet. J. Phys. Chem. A 110 (2006)
12693-12704.

[3] M. Braun-Unkhoff, C. Naumann, P. Frank, Abstracts Papers Am. Chem. Soc. 227
(2004) U1096.

[4] 1. lwan, W. S. McGivern, J. A. Manion, W. Tsang. Proc. 5th US Combust. Meeting,
San Diego, CA (2007).

[5] L. B. Harding, Y. Georgievskii, S. J. Klippenstein, J. Phys. Chem. A 109 (2005)
4646-4656.

[6] Y. A. Dydakov, A. M. Mebel, S. H. Lin, Y. T. Lee, C.-K. Ni, J. Phys. Chem. A
(2007), 111 9591.

Publications (two years)

1) “Decomposition of Acetaldehyde: Experiment and Theory”, K. S. Gupte, J. H. Kiefer,
R.S. Tranter, S. J. Klippenstein, and L,B. Harding, Proc. Combust. Inst. 31, 167 (2007).
2) “Relaxation, Incubation, and Dissociation in CO,”, S. Saxena, J. H. Kiefer, and R. S.
Tranter, J. Phys. Chem. A, 111,3884-3890 (2007).

3) “Shock tube Study of Dissociation and Relaxation in 1,1-difluoroethane and Vinyl
fluoride”, H. Xu, J. H. Kiefer, R. Sivaramakrishnan, B. R. Giri and R. S. Tranter, Phys.
Chem. Chem. Phys. 9, 4164-4176 (2007).

4) “A Shock tube and Theory Study of the Dissociation of Acetone and Subsequent
Recombination of Methyl Radicals”, S. C. Saxena, J. H. Kiefer and S. J. Klippenstein,
Proc. Comb. Inst. 32 123-139 (2009),.

5) “Shock Tube Study of Relaxation in HCN” N. K. Srinivasan, K. S. Gupte and J. H.
Kiefer, J. Chem. Phys, 129, 074309 (2008).

6)"An Experimental and Theoretical High Temperature Kinetic Study of the

Thermal Unimolecular Dissociation of Fluoroethane”, R.S. Tranter, B. R. Giri, S. J.
Klippenstein and J. H. Kiefer, Phys. Chem. Chem. Phys. 10, 6266 - 6273., (2008),

TS5
1404 T (13L2)
c-OBHLL (117,
1204 (117.2) C2H3 + CAHO (91.9)
| @78 CH3 +C5HO (105.2)
1004 ©7. C2H5 + CAHT (1039)
s | C3H7 + C3H5 (91.9)
o
2
S & 3C2H4
zo ] (636)
< 404 26-C3H6
' 36.
20-c-C6H10 (36
04 263 7.

c-C6H12

137



10% CYH
T,=1490K
P, =103 torr

10% CYH
T,=1419K
P, =110torr

e
5 6
3% 2 4 6 s 0 5 3 5 8
g 10°
g 10% CYH 10% CYH
T,=1437K T =1432K
P, =107 torr P. = 108 torr

-
o

¢ &

ooM

0 2 4 4
t (bs) t(ss)
Figure 2: Semilog plots of curved density gradient profiles produced by pyrolysis of cyclohexane/Kr
mixtures at the indicated temperatures and pressures. The open circles [o] are the measurements and the
solid lines in these figures are simulations generated by the ‘two-step’ process of (1) and (2).
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Figure 3: Arrhenius plot of rate constants for cyclohexane dissociation (1). The 25 [4], 50 [O], 100 [@],
150 [A] and 200 [] Torr groups contain experiments in the following ranges P=25: (16-35 Torr), P=50:
(38-67 Torr), P=100: (97-123 Torr), P=150: (144-162 Torr), P=200: (185-233 Torr). The RRKM fall-off
curves for25 [- - -], 50 [-——], 200 Torr [ - — - —] and, the high pressure limit [—] are also shown.
Figure 4: Comparison with the literature high pressure limit rate constants for cyclohexane dissociation.
[——]: Present work (RRKM); []: Tsang *; [- - - -].. T. C. Brown; K. D. King; T. T. Nguyen, J. Phys.
Chem. 1986, 90, (3), 419-24.; [ - — - —]: Sirjean, et al. Scheme 7 [2], [- ——]: Sirjean, et al. Scheme 8 [2].
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Program Scope

The focus of this program is the theoretical estimation of the kinetics of elementary
reactions of importance in combustion chemistry. The research involves a combination of ab
initio quantum chemistry, variational transition state theory (TST), classical trajectories, and
master equation simulations. The emphasis of our current applications is on (i) reactions of
importance in soot formation, (ii) radical oxidation reactions, and (iii) NOx chemistry. We are
also interested in a detailed understanding of the limits of validity of and, where feasible,
improvements in the accuracy of specific implementations of transition state theory. Detailed
comparisons with experiment and with other theoretical methods are used to explore and
improve the predictive properties of the transition state theory models. Dynamics simulations are
performed as a means for testing the statistical assumptions, for exploring reaction mechanisms,
and for generating theoretical estimates where statistical predictions are clearly inadequate.
Master equation simulations are used to study the pressure dependence of the kinetics and to
obtain phenomenological rate coefficients for use in kinetic modeling.

Recent Progress

Roaming Radical Reactions
In collaboration with Harding and Georgievskii we have been studying the dynamics and
kinetics of roaming radical reactions. Simple bond fission in a closed shell molecule generally
leads to two radicals. In some instances one of these radicals can abstract an atom or group from
the other as they are departing. This roaming
radical mechanism yields two closed shell T —
molecules instead of two radicals. I
We have developed an approach for 0.8
determining the branching between the radical
and molecular channels via rigid body
trajectory simulations. We have applied this
approach to the dissociations of H,CO,
CH3;CHO, and C;H, employing analytic
potentials developed by Harding. For H,CO
our predictions are in good agreement with 02|
photodissociation measurements of Suits and [
coworkers. Interestingly, these calculations ol e ]
predict quantized steps in the branching, 5 6 7 8 9 10
which  correlate  with the vibrational 10000 K/T
frequencies of HCO in the roaming region.
There is some indication of such steps in the experimental data. For CH3;CHO, Michael has

0.6 |

Branching

0.4 |
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recently made the first measurements of the branching to radicals versus molecules in a thermal
dissociation. As illustrated in the Figure, our a priori predictions (lines) quantitatively reproduce
these observations (symbols). These predictions are based on an analytical fit to a CASPT2/aug-
cc-pvdz potential energy data combined with one-dimensional corrections for basis set
extrapolation, geometry relaxation, and vibrational frequency changes along the minimum
energy path. Our predictions for the roaming versus tight channel are also in agreement with the
photodissociation measurements of Osborn and coworkers. We are in the process of applying
these methods to a series of other dissociations including CH;OOH and C,Hé.

Finally, we have developed a TST based approach to estimating this branching.
Calculations with this approach are in good agreement with trajectory simulations, thereby
refuting the claim that the roaming dynamics is non-statistical in nature.

Soot Formation

In collaboration with Tranter and Kiefer we have studied the reaction of two phenyl
radicals. Interestingly, the rate for the abstraction to form CgH4 + C¢Hg is comparable to that for
the addition to form biphenyl. This abstraction does not appear to have been considered in prior
studies of this reaction. There is also some contribution from radical addition across the pi-bond
of the ring. The recombination rate is predicted with direct variable reaction coordinate transition
state theory employing CASPT2/cc-pvdz interaction energies. The properties of the abstraction
and pi-addition saddle points are also studied at the CASPT2/cc-pvdz level. Basis set corrections
are obtained on the basis of extrapolation of energies obtained with the cc-pvdz and cc-pvtz
bases. The predicted rate coefficients are in reasonably satisfactory agreement with experiment.

Hydrocarbon Oxidation

In a collaborative study with Michael we have studied the thermal decomposition of
C,HsOH. We have used ab initio transition state theory based master equation simulations to
predict the rate coefficients for the three primary channels: (1) C,HsOH — C,H4 + H.0, (2) —
CH3; + CH,0OH, and (3) — C,Hs + OH. The predicted rate coefficients, which differ in various
significant ways from related prior calculations, are in quantitative agreement with the
experimental data over a wide range of temperature. The predictions for channels (2) and (3) are
based on our direct variable reaction coordinate transition state theory approach.

NOy Chemistry

In another collaborative study with Michael we have studied the thermal decomposition
of NH,OH. Michael has observed the OH and O time profiles in the shock induced
decomposition of the reactants. The OH profiles are primarily sensitive to the initial
decomposition to NH, + OH. However, secondary sensitivities arise from subsequent reactions
of these primary products. To aid in the interpretation and modeling of these profiles we have
obtained ab initio transition state theory estimates of the rate constants for a number of reactions
in this system, including NH,OH < NH; + OH decomposition, NH; + OH <> NH3; + O, NH, +
OH < NH + H;0, NH,OH + OH — NH,0 + H,0, NH,0OH + OH — NHOH + H,0, NH,0OH +
NH; — NH,O + NH3, NH,OH + NH, — NHOH + NH3, NH+ OH —- N + H,O,NH+ OH —- H
+ HNO, NH + NH — HNNH, NH + NH — N + NH, NH + NH, — HNNH + H, and NH + NH,
— N + NHs.
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Future Directions

We will continue our studies of aromatic ring formation, hydrocarbon oxidation, and NOy
chemistry. In collaboration with Wang (USC) we have begun an analysis of the reactions of
ortho-benzyne with alkynes and alkenes. The reaction with C4H, may provide a significant
pathway to napthalene. We will consider the reaction of CH, with various alkenes, which may be
of importance to hydrocarbon growth processes. We are studying the branching between
different bond fission channels in the decomposition of n-heptane, since this branching affects
the ignition properties in this simple fuel surrogate. Our oxidation studies will now consider the
decompositions of 1-butanol, as a model alcohol. In collaboration with Goldsmith we are
considering the kinetics of O, reacting with CsHgOOH species. This reaction serves as a
prototype for the second oxygen addition, which is a key step in low temperature combustion.
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1 Scope of the project

The goal of our research is to develop predictive theoretical methods, which can pro-
vide crucial quantitative data (e.g., rate constants, branching ratios, heats of formation),
identify new channels and refine reaction mechanisms. Specifically, we are developing tools
for computational studies of spin-forbidden and non-adiabatic pathways of reactions rele-
vant to combustion, and applying these tools to study electronic structure and reactions of
open-shell and electronically excited species involved in these processes.

2 Summary of recent major accomplishments

During the past year, we conducted several computational studies of open-shell and elec-
tronically excited species. The common theme in these studies is interactions between states
of different character and intersections between the corresponding potential energy surfaces
(PESs). The DOE support is acknowledged in four publications[1, 2, 3, 4]. Motivated by
the experiments conducted in Prof. Hanna Reisler group, we investigated the origin of
the dramatic difference (about 1 eV) between the ionization energies (IEs) of the hydrox-
ymetyl (CH,OH) and hydroxyethyl (CH3CHOH) radicals. Based on electronic structure
calculations, we explained the observed large decrease in IE in terms of hyperconjugative
interactions between the ocpy orbitals of the methyl group in CH3CHOH, the singly occu-
pied p orbital of C, and the lone pair p orbital of O. In collaboration with Prof. Hanna
Reisler, we investigated electronically excited states of diazirine[4]. Our calculations of ex-
citations energies and transition probabilities identified the initial electronic state in Reisler
experiments to be a valence 1'A, (m* «— onn) state, which is reached via the intermediate
1'By (7* < n) state in a two-photon process. Using our code for minimal minimum energy
crossing points (MECP) within EOM-CC, we located and characterized the singlet-triplet
MECP in formaldehyde, and investigated|3] mechanistic consequences on formaldehyde pho-
todissociation in collaboration with Prof. Joel Bowman (Emory). The DOE support is
also acknowledged in a review on “Interacting Rydberg and wvalence states in radicals and
molecules: Ezxperimental and theoretical studies” by H. Reisler and A.I. Krylov, which has
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been submitted for publication in Int. Rev. Phys. Chem. Some of the recent results are
highlighted below.

2.1 Vibrational spectra of the hydroxycarbene isomers

In collaboration with J. Bowman and B. Braams (Emory), we computed accurate infra-
red spectra of the two hydroxycarbene isomers[2]. The vibrational levels were computed
by diagonalizing the Watson Hamiltonian including up to four modes couplings using full
dimensional potential energy and dipole moment surfaces calculated at the CCSD(T)/cc-
pVTZ (frozen core) and CCSD/6-311G™* (all electrons correlated) levels, respectively. We
found that anharmonic corrections are very important for these elusive higher-energy isomers
of formaldehyde. Both the energy levels and intensities of stretching fundamentals and all
overtone transitions are strongly affected by anharmonic couplings between the modes. The
results for trans-HCOH/HCOD are in excellent agreement with the recently reported IR
spectra [Schreiner; et al., Nature 453, 862 (2008)) validating our predictions for the cis-
isomer, which has not yet been characterized spectroscopically.
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Figure 1: VCI (top) and harmonic (bottom) IR spectrum for trans-HCOH.

2.2 Photodissociation dynamics of formaldehyde initiated at the
T1/Sp minimum energy crossing configurations

The photodissociation dynamics of HoCO is known to involve electronic states Sy, Ty and Sy,

as depicted in Fig. 2. Recent quasiclassical trajectory (QCT) calculations, in conjunction

with experiment, have identified a roaming H-atom pathway to the molecular products,
Hy+CO [Townsend; et al., Science 306, 1158 (2004)]. These calculations were initiated at

144



Figure 2: Schematic of HoCO T, /Sy reaction profile. The T;/Sy MECP corresponds to a
highly-distorted geometry.

the global minimum (GM) of Sy, which is where the initial wave function is located. The
roaming mechanism is not seen if trajectories are initiated from the molecular transition state
saddle point (SP). In collaboration with J. Bowman and K. Morokuma, we identified the
minimum energy-crossing configurations and energy of the T4 /Sy potentials as a step toward
studying the multisurface nature of the photodissociation (see Fig. 3). QCT calculations
were initiated at these configurations on a revised potential energy surface and the results
were compared to those initiated, as previously, from the Sy GM, as well as the Sy SP. The
product state distributions of Hy + CO from trajectories initiated at the T /Sy crossing are
in excellent agreement with those initiated at the Sy GM.

2.3 Hyperconjugation at play

Analyses of the vertical and adiabatic IEs and hyperconjugation energies in CH,OH and
CH3CHOH computed by NBO suggested that the decrease is due to the destabilization of
the singly occupied molecular orbital in CH3CHOH radical, as well as due to geometrical
relaxation of the cation, which maximizes hyperconjugation. The stabilization is achieved
through the shortening of the CO and CC bonds, whereas changes in torsional angles have a
small effect on the total hyperconjugation energies and, therefore, on the IEs. An interesting
feature of these radicals is that the hyperconjugation involves three interacting orbitals, i.e.,
carbon’s p-orbital hosting the unpaired electron, the lone pair on oxygen, and oop.
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Figure 3: Structures and energies relative
to the HyCO global minimum (kcal/mol)
for the minimum energy crossing points of
the T; and Sy surfaces. The trans cross-
ing point is given in upper panel (a) and
the cis crossing point in lower panel (b).
The upper numbers for the structures were
computed at the MRCI+Q/aug-cc-pVTZ
level of theory and the lower numbers at
the EOM-CCSD(dT)/cc-pVTZ level of the-
ory. The upper energy was computed with
MRCI+Q/aug-cc-pVHZ, and the lower with
EOM-CCSD(dT)/cc-pVTZ. The numbers in
parenthesis are the energies from the fitted
PES for the corresponding structure.

3 Current developments and future plans

Currently, we are pursuing modeling of photoelectron spectra of cis- and trans-hydroxycarbenes,
as well as their isomerisation dynamics (in collaboration with Prof. Joel Bowman). We are
also finalizing for publication the results for EOM-CC MECP calculations for characteriza-
tion of singlet-triplet crossings in several prototypical hydrocarbon diradicals.

References

[1] B. Karpichev, H. Reisler, A.I. Krylov, and K. Diri, Effect of hyperconjugation on ioniza-
tion energies of hydroxyalkyl radicals, J. Phys. Chem. A 112, 9965 (2008).

2] L. Koziol, Y. Wang, B.J. Braams, J.M. Bowman, and A.I. Krylov, The theoretical
prediction of infrared spectra of trans- and cis- hydroxycarbene calculated using full

dimensional ab initio potential energy and dipole moment surfaces, J. Chem. Phys. 128,
204310 (2008).

[3] B.C. Shepler, E. Epifanovsky, P. Zhang, J.M. Bowman, A.I. Krylov, and K. Morokuma,
Photodissociation dynamics of formaldehyde initiated at the T/Sy minimum energy
crossing configuration, J. Phys. Chem. A 112, 13267 (2008).

[4] 1. Fedorov, L. Koziol, A.K. Mollner, A.I. Krylov, and H. Reisler, Multiphoton ionization
and dissociation of diazirine: A theoretical and experimental study, J. Phys. Chem. A
(2009), in press.

146



SYNCHROTRON STUDIES OF COMBUSTION RADICAL REACTIONS
AND AEROSOL CHEMISTRY
Stephen R. Leone, Fabien Goulay, Jared Smith, Kevin Wilson, Daphne Che,
Chen-Lin Liu, Adam Trevitt, and Musahid Ahmed
Departments of Chemistry and Physics and Lawrence Berkeley National Laboratory
University of California
Berkeley, California 94720
(510) 643-5467 srl@berkeley.edu

Scope of the Project

Combustion is a complex process involving short-lived radical species, highly excited states,
Kinetics, transport processes, heterogeneous chemistry on aerosols such as organic liquid nanoparticles
and soot, fluid dynamics, and energy transfer. Detailed measurements of microscopic reaction pathways,
rate coefficients, product state distributions, and thermochemistry result in considerable information to aid
in the understanding of combustion processes. Vacuum ultraviolet (VUV) light from the Chemical
Dynamics Beamline of the Advanced Light Source (ALS) provides a powerful tool to study
photoionization properties of small molecules and radicals, to selectively detect reaction products of
carbon-based species (e.g. CoH, CH) with unsaturated hydrocarbons, and to measure the energetics and
photoionization spectroscopy of important combustion species. A Kinetics apparatus at the ALS was
jointly constructed with David Osborn and Craig Taatjes of the Sandia Combustion Research Facility.
Products from key combustion reactions can now be detected and branching ratios estimated. A new
theme has also been initiated to study aerosol heterogeneous chemistry. This endeavor is exploring
aerosol species, their reactivity from fuel sprays and their production in combustion, and the resulting
particulate species chemistries.

C,H + propyne, allene

Reactions of ethynyl radical (C,H) with propyne and allene are studied by 193 nm photolysis of CF;CCH
to produce C,H followed by single photon ionization mass spectrometry detection of the products using
synchrotron radiation for ionization. By tuning the wavelength of the synchrotron, photoionization
efficiency curves are obtained to determine isomer-specific analysis of the products. For example, the
CsH,4 products of the reaction of C,H with allene (CH,CCH,) are analyzed at room temperature. Using a
suitable model for the cross sections for ionization of the isomer species, the isomer distribution is
obtained to be: 35-45% ethynylallene, 20-25% methyldiacetylene, and 45-30% 1,4-pentadiyne. The other
possible product, diacetylene (C4H,) is not observed for this reaction (<30%), whereas for C,H with
propyne (CH;CCH) the diacetylene product is 50-70%. Isomer results are also obtained for C,H reaction
with propyne. The results provide a new window onto the formation of polyynes, which furthers the goal
of understanding the building up of molecules that eventually may produce PAHSs.

CH + ethylene: Cyclic C3H;

A comprehensive study of the reactions of the methylidyne radical (CH) with ethylene, acetylene, allene,
and methylacetylene (propyne) has been performed at room temperature using the tunable synchrotron for
analysis. The reactions proceed by either CH insertion or addition followed by H atom elimination from
the intermediate adduct. For the CH + C,H, reaction, the C3Hs intermediate decays by H atom loss to
form 70+8% allene, 30£8% methylacetylene (propyne), and <10% cyclopropene. In the CH + C;H;
reaction, the cyclic C3H, product is primarily observed, in contradiction to previous calculations that
suggested linear triplet propargylene (HCCCH) accounts for 90% of the product formation. New
calculations indicate that a somewhat higher production of the cyclic product (27%) should be expected,
however, from these calculations together with D atom isotope studies in the laboratory measurements, it
is shown that H-atom assisted isomerization of the triplet propargylene is likely to be responsible for the
additional large conversion to the observed c-C3H,. Cyclic isomers are also observed for the reactions of
CH with methylacetylene. The reaction of CH with allene produces 23+5% 1,2,3-butatriene and 77+5%
vinylacetylene, and no cyclic isomers are detectable. This study has revised the understanding of the CH
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reaction systems and the formation of cyclic isomers. It demonstrates the power of isomer specific
detection, and it also validates the computational methods through the good agreement with experiment.

CN + C,Hsand CsHg

Radical attack by CN (from ICN photolysis) on C3Hg can occur at either the CH, terminal group or the
central CH group, producing a secondary and primary radical intermediate complex, respectively. From
the CN terminal intermediate there are three plausible exit channels; H + CH3(CH),CN, CH; +
CH,CHCN and addition/elimination forming HCN + CH,CHCH,. If the reaction proceeds via CN attack
on the central CH group then the sole likely exit pathway is H + CH;CCH,CN. A thorough experimental
investigation of the product branching ratios of the CN + C3Hs reaction is needed to quantitatively obtain
the exit channels, to understand the mechanisms leading to the products and to test the theoretical
treatments that have been developed for this and similar systems. Results show that both the CN + C,H,4
and CN + C3Hg reactions proceed predominantly via CN addition to the n-orbital of the olefin. For CN +
ethylene, cyanoethylene (C,HsCN) is detected as the sole product in agreement with recent other studies
of this reaction. Multiple products are identified for the CN + propene reaction. Of the detected products,
cyanoethylene (from a CHj; elimination channel) is formed in a ratio of 3:1 compared to the H elimination
channel, C4Hs. The C4HsN mass channel consists of 57% 1-cyanopropene, 43% 2-cyanopropene and
<15% 3-cyanopropene isomers. No evidence for the direct H abstraction and formation of HCN was
detected.

Aerosol Chemistry — reactions of squalane with OH and CI in the presence of oxygen

New experiments are being developed to investigate the oxidation of fuel droplet sprays, such as biodiesel
nanodroplet surfaces, using the aerosol apparatus. Studies will address the reactions from the fuel
perspective as well as subsequent chemistry relating to the atmosphere. Ambient aerosols are known to
play a significant role in a variety of atmospheric processes such as direct and indirect effects on radiative
forcing. Chemical composition can be an important factor in determining the magnitude of these effects
(optical density, hygroscopicity, etc.). However, a major fraction (80 — 90%) of organic aerosols cannot
be resolved at the molecular level. Recent identification of high mass oligomeric species as a major
component in laboratory and ambient organic aerosols has received attention due to the possibility that
these species may account for much of the unknown organic mass in ambient aerosols. Although, a few
mechanisms have been proposed, the origin and formation processes of these compounds remain largely
unknown. Using VUV photoionization aerosol mass spectrometry we find strong evidence for a
sequential oxidation mechanism of organic aerosols. We observe the rapid condensed phase formation of
high molecular weight species (oligomers), via OH radical initiated oxidation of organic aerosols. Rapid
volatilization, followed by oligomerization, is also important for specific reaction systems (i.e. n-alkane
particles) and can lead to the loss of a large fraction (> 60%) of a particle. Such rapid processing
(oxidation, oligomerization and volatilization) can be driven by radical chain reactions that propagate
throughout the particle when initiated by the surface OH reaction.

The reactive uptake coefficient is a conventional parameter used to quantitatively represent all the
physical effects governing the rate of heterogeneous reaction between gas phase and condensed phase
species. It may be defined as the fraction of OH-squalane molecule collisions in the particle that leads to
reaction. The average value of y in a lower pressure stirred tank reactor at low OH concentrations is
found to be 0.59 + 0.13 upon the exposure of squalane particle to OH concentrations of 1-7 x 10® molec
cm® in 1-3 hour reaction time. The reactive uptake calculated by this method agrees well with the uptake
range, v = 0.2 to 1, found in other experiments. However, other work in our laboratory also measured the
reactive uptake coefficient of OH on squalane particles in a flow tube system at higher OH concentrations
and found a value of y = 0.3+0.7 [OH = 10" molec cm™®]. The discrepancy between the results indicates
the occurrence of secondary chemistry, which plays an important role depending on the OH
concentration. To investigate secondary chemistry further, a series of experiments are investigating the
heterogeneous oxidation of squalane particles initiated by CI radicals in the presence of O,. Squalane
radical (R-) generated from reaction between squalane and CI radical can react with Cl, that has diffused
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into the particle or is arriving at the surface of the particle to generate particle-phase ClI radicals (which
are termed CI' to differentiate these radicals from gas-phase CI radical). This CI' readily reacts with
squalane, creating a chain reaction loop in the mechanism. Furthermore, when O, is present in the
system, squalane radical (R-) can also react with O,. Therefore, there are two reaction channels
competing with each other depending on the Cl,, O, and CI concentrations in both the gas phase and the
particle phase systems; the latter depend on Henry's law constants. Experiments are in progress to
delineate and separate the particle phase and gas-liquid phase chemistries.

Future Plans

New studies will explore radical-molecule and radical-radical reactions using VUV-ionization. Using the
kinetics machine developed in conjunction with Sandia National Laboratory, we will investigate coupled
carbon-nitrogen chemistry by studying the products of CH radical reactions with pyridine and CCN
radical reactions, to determine the carbyne like reactive behavior with saturated and unsaturated
hydrocarbons (e.g. insertion mechanisms). Important experiments will be performed concerning the
reaction of hydrocarbon radicals on biodiesel and oil shale related chemical species in nanodroplets using
VUV ionization to probe volatile and nonvolatile components of the heterogeneous reactions and
secondary chemistry. Major studies will exploit the aerosol generation and detection instrumentation
discussed above. Finally, radical reaction/heterogeneous chemistry on carbonaceous soot particles has yet
to be explored at the level of detail that is now possible by using aerosol introduction instruments, flow
tube reactors, and mass spectrometric detection tools. By preparing fresh soot particles in a flame and
immediately introducing them into a flow tube system, we will study their reactivity and products with
radicals, such as Cl atoms or C;H.
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I.  Program Scope

Hydroxyl radicals are important in combustion and atmospheric environments, where they are
often detected by laser-induced fluorescence (LIF) on the A%Z* - X 2T band system. However, collision
partners known to quench electronically excited OH A”Z* radicals are ubiquitous in these environments.
Thus, great effort has been made to quantify the rates and/or cross sections for collisional quenching, so
that its effects on LIF signals may be taken into account to allow an accurate determination of OH
concentrations.”? Despite extensive kinetic measurements, fundamental questions remain regarding the
fate of the collisionally quenched molecules and the mechanism by which these nonadiabatic processes
occur. The experimental work carried out under DOE funding in this laboratory is aimed at
understanding the fundamental chemical dynamics governing quenching of OH A?:* by molecular
partners (M) of significance in combustion environments.

I1. Recent Progress

Collisional quenching of electronically excited OH A?Z* can occur by two types of processes:
nonreactive quenching that returns OH A”X* to its ground X “IT electronic state

OH A’Z"+ M — OH X*IT + M, AE =-4.02 eV (R1)

and reaction. For H, reactive quenching leads to the formation of highly vibrationally excited water and
hydrogen atoms®®

OH AZ* + H, — H,0 + H, AE = —4.66 eV (R2)

This group has also carried out extensive experimental studies of the nonreactive quenching channel for
OH A%* with H, and D, partners.®® High level theoretical studies of quenching are available for OH
A’L* with only a few partners, including H, and N,.2*° For quenching of OH A’Z* by N,, an
energetically accessible conical intersection leading to nonreactive quenching (AE = —4.02 eV) has been
located theoretically.” In addition, a reactive channel producing H + N,O products (AE = -1.03 eV) is
potentially open, but has not been observed in experimental or theoretical studies.*

Most recently, we have focused on the outcomes of collisional quenching for OH A%t by Ny, O,,
and CO,. These experiments characterize the nonreactive pathway by examining the OH X’IT product
state distribution as well as the branching fraction for OH XIT products. The experiments are performed
using a pump-probe technique in the collisional region of a pulsed supersonic expansion. OH radicals are
generated photolytically, pumped to the OH A’* (v'=0, N'=0) state, and probed after a short delay on
various OH A?Z* - XIT transitions to characterize the OH X?IT products with rovibrational and fine-
structure resolution.

The nascent quantum state distribution of the OH XIT products arising from quenching of OH
A?3* by N, under single collision conditions is shown in Fig. 1 (blue).*> The OH X?IT products from the
nonreactive quenching are released principally in v'=0 with far less in v"=1. The OH X?II products are
generated with a remarkable degree of rotational excitation, peaking around N"=18 and extending to at
least N"=27 in the dominant v"=0 vibrational state. These OH (v"=0) products are released with 6540 +
390 cm™ of rotational energy on average. A similar rotational distribution is observed for v’=1. A
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moderate propensity for pn orbital alignment of the
OH products is observed as evidenced by a preference
for the TI(A") A-doublet. The F; and F, manifolds are
equally populated. The branching fraction for OH
X?I1 products, summed over rovibrational and fine
structure states, shows that more than 88% of
guenching events result in nonreactive quenching.
The remaining 12% is not observed, but is likely
produced in yet higher rotational levels that cannot be
probed by LIF on the OH A-X (0,0) transition.

Quenching of OH A’:* by H, provides an
interesting point of comparison with quenching by N,.
Therefore, we also show the OH X?IT (v"=0) products
of the nonreactive quenching channel following
quenching by H, in Fig. 1 (red). These OH X’II
products have significant rotational excitation, peaking
at N”"=15 with an average rotational energy of 3680 +
160 cm™°® but notably less rotational excitation than
observed with N, as the quencher. In addition, the OH
X211 (v"=0) distribution is clearly broader for N, as a
collision partner as compared to H,. However, the
branching between reactive and nonreactive pathways
is drastically different, as quenching of OH A?Z* by N,
occurs overwhelmingly through the nonreactive
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Fig. 1 Comparison of quantum state distributions
for OH X°IT (v"=0) products arising from
quenching of OH A%Z* (v'=0, N'=0) by N, and H,
under single-collision conditions. Fractional
population is shown for quenching by N, (blue) and
H, (red). Only population for the TT(A") A-doublet
of the F; manifold are shown for clarity.

channel, while this is the minor channel for quenching by H,.?

To better understand these results, the measurements have been complemented by a theoretical
study of the conical intersection (CI) region in the OH-N, system, in particular, the g-h branching plane.*
The energy difference gradient g vector drives the OH and N, moieties toward or away from one another
at the Cl. The interstate coupling h vector puts a large torque on the OH radical, giving rise to the
significant rotational excitation of the OH X1 products. Interestingly, the h vector is found to be
substantially larger in magnitude for OH with N, as compared to H,, consistent with the more extensive

rotational excitation of the OH products upon
guenching by N,.

The branching fraction between reactive and
nonreactive quenching pathways is perhaps the most
striking difference between the two systems. The
topography of the ClI, especially the tilt of the cone, is
predicted to play a large role in determining the
branching between pathways.’® Indeed, the present
calculations indicate a significant tilt of the cone for
OH-N, by comparison with a vertical cone for OH-H,
as depicted in Fig. 2. The —g direction drives the OH
+ N, (or Hy) moieties apart, leading to nonreactive
guenching. On the other hand, the +g direction can
result in reactive quenching. For OH-H,, the forces in
the vicinity of the CI will lead to both reactive and
nonreactive outcomes. For OH-N,, there is principally
a strong gradient in the —g direction causing the OH +
N, partners to separate. Thus, we conclude that the

152

-0.80 e

=+ & 2 4 7
Fig. 2 Upper 2°A’ (OH A’Z" + H,/N,) and lower
1A’ (OH X°IT + H,/N,) potentials are connected by
conical intersections when O-side of OH points
toward H; (red) and N, (blue). The topography of
the cone of intersection is illustrated schematically
with energy (vertical axis) relative to g-h plane (g
on horizontal axis) in atomic units.



product quantum state distribution and branching between reactive and nonreactive products are
dynamical signatures of passage through the CI, reflecting the topography of the potential surfaces in this
region.

Comprehensive quantum state distributions have also been obtained for the OH X*IT products
from quenching OH A”E* (v'=0, N'=0) by O, and CO,.** For both collision partners, OH products are
formed predominantly in v"=0 with less population in v"=1 and none detected in v’=2. With O, as the
collision partner, the ground-state OH X?I1 products are generated with a significant degree of rotational
excitation, peaking at N” ~ 17 with ~4800 cm™ of rotational energy on average. Branching fraction
measurements reveal that 40(1)% of the products are OH X1 (v"=0, 1). With CO, as the collision
partner, OH XI1 radicals are produced with a more moderate degree of rotational excitation, peaking at
N” ~ 5 with an average rotational energy of ~1800 cm™. In the case of quenching by CO,, 64(5)% of the
products are identified as OH X1 (v'=0, 1). Thus, nonreactive quenching is found to be a significant
decay pathway for both systems. The balance may be found in higher OH X?IT vibrational levels v">2 or
reactive quenching channels.

I11. Ongoing Work

Hydroxyl radicals are predicted to form strong hydrogen bonds with water, making complexes of
OH with water important in a variety of environments from the atmosphere to heterogeneous interfaces of
water. This system also provides a framework for understanding solvation of radicals in water.
Spectroscopic studies of binary OH-water complexes using microwave**® and infrared methods are
expected to shed new light on the intermolecular interaction between the OH radical and water
molecule.'” We have predicted,” and recently observed, the rotational band structure associated with
infrared transitions of the OH-water complex as an initial step to our infrared spectroscopic studies of this
complex and OH embedded in small water clusters. In our initial experimental study, the binary OH-H,0
complex is produced by association of photolytically generated OH radicals with H,O from dilute nitric
acid. Infrared action spectroscopy is used to identify the fundamental OH radical stretch of the complex,
which displays a frequency shift of nearly 80 cm™, consistent with theoretical predictions. Following
infrared excitation of OH-H,O, the OH products of vibrational predissociation are detected by laser-
induced fluorescence. By utilizing information from the OH product state distribution, we estimate a
binding energy for the complex of Dy < 5.1 kcal mol™. Work is continuing in other spectral regions using
an improved dual nozzle design for introducing water vapor into the carrier gas.
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Program Scope

This research program is directed at extending fundamental knowledge of atoms and molecules.
The approach combines the use of ab initio basis set methods and the quantum Monte Carlo (QMC)
method to describe the electronic structure and energetics of systems of primarily combustion
interest.

Recent Progress

The continuing quest for better diffusion MC (DMC) trial functions led us to investigate trans-
correlated variational Monte Carlo (TC-VMC) trial functions for DMC. The TC-VMC method has
generated very good VMC energies. TC-VMC trial functions were constructed for the first-row
atoms Li to Ne. The resulting DMC energies were compared with those obtained using Hartree-
Fock and DFT trial functions. Despite major VMC energy improvement with TC-VMC trial
functions with simple Jastrow functions, no improvement in DMC energies was observed for the
first-row atoms studied. A next step is to carry out a similar comparison using more sophisticated
Jastrow functions, a direction that is planned as a collaborative effort with Naoto Umezawa of the
National Institute for Materials Science, Tsukuba, Japan.

In collaboration with Michael Frenklach, reaction pathways were determined for hydrogen-
mediated isomerization of a zigzag graphene edge containing a five-member carbon ring
surrounded by six-member rings. A new reaction sequence in which this embedded five-member
ring moves, or migrates, through the edge was identified. The elementary steps of the pathways
were analyzed using DFT. The Frenklach group determined rate coefficients using classical
transition state theory and the DFT energies, frequencies, and geometries. The results indicate that
this new reaction sequence is competitive with other important zigzag edge reactions allowing
embedded five-member rings to move freely within a zigzag edge. The embedded rings have slight
thermodynamic preference for the interior of the edge over the corner for large substrates.

More recently, in collaboration with the Frenklach group, we initiated a study of soot oxidation. As

the first step in this direction, we began the study of the thermodynamic stability of critical
oxygenated intermediates. The initial analysis revealed a somewhat unexpected but systematic
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trend in the relative stability of graphene-edge oxyradicals. A series of pentacene oxyradicals were
selected for a detailed theoretical study. The results revealed that the relative stability of the
oxyradical species can be rationalized on the basis of the concept of local aromaticity. Qualitative
and quantitative measures of delocalized bonding showed that formation of the m-aromatic
fragments associated with different prototypical w-aromatic systems explains the trends in relative
energies and thermodynamic stabilities of one-dimensional graphene-edge oxyradicals.

In research laboratories, academic institutions produce some of the most advanced software for
scientific applications. However, this software is usually developed only for local application or for
method development. In spite of having the latest advances in the particular field of science and
engineering, such software often lacks adequate documentation and therefore is difficult to use by
anyone other than the code developers. Typically, as such codes become more complex, so do the
input files and command statements necessary to operate them. Many programs offer the flexibility
of performing calculations based on different methods that have their own set of variables and
options to be specified. Moreover, situations can arise in which certain options are incompatible
with each other. For this reason, users outside the development group can be unaware of how the
program runs in detail. The opportunity can be lost to make the software readily available outside of
the laboratory of origin. This is a long-standing problem in scientific programming. Rappture,
Rapid Application Infrastructure is a new GUI (graphical user interface) development kit that
enables a developer to build an 1/0 interface for a specific application. We have used the Rappture
toolkit to generate a GUI for our Zori QMC computer code.

Future Plans

During the past year following research with the Frenklach group to determine the energetics and
kinetics of a series on newly discovered reactions of graphene layer growth, we jointly turned our
attention to soot oxidation. We have initiated the investigation of the thermodynamics of
oxygenated edges of graphene emulated by polycyclic aromatic hydrocarbons (PAH). We
performed quantum chemical calculations on a series of 5-ring PAH substrates. The quantum
chemical calculations were carried out at both the PM3 semi-empirical and B3LYP/3-21G DFT
levels of theory. The initial set of studies explored modes of attack of oxygen on a zigzag edge of a
polyaromatic substrate.

Upon completion of these studies, our focus will shift to DMC computations in order to accurately
assess the energetics indicated in these system. From the computed energetics, a series of
thermodynamic equilibrium calculations will be carried out to compare the relative stabilities of the
oxidized 5-ring species. The results indicate that oxygen bonded on interior rings is more stable
than oxygen bonded on exterior rings. Further calculations and analysis are in progress.

Recent photodissociation studies of propargyl, propynl, and phenyl by the Neumark group provide
an excellent opportunity to test further the benchmark capability of the DMC method and to
contribute to understanding fundamental chemical physical processes. The plan is to characterize
fully the energetics of the pathways to dissociation of these systems. Although
theoretical/computational studies have been carried out on these systems, there is considerable
uncertainty concerning the nature of the excited states accessed in both radicals.
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Investigation of approaches for the computation of forces in the DMC formalism will be continued
in collaboration with Dr. Roland Assaraf [Chargé de Recherches in the Laboratoire de Chimie
Théorique at the Université Pierre et Marie Curie (Paris VI)]. The goal is to develop and test
improved force estimators in which the statistical error is independent of molecular size. Obtaining
such estimators is highly desirable, since statistical fluctuations in the total energy grow as the size
of the molecule increases. The primarily local nature of chemical bonds promises that the statistical
fluctuations in the force should be independent of system size. Preliminary computations appear to
indicate that DMC bond dissociation energies based on valence bond trial wave functions are
accurate for hydrocarbons, and therefore it is promising that this research will yield accurate forces
for hydrocarbons. DMC calculations will be performed on closed and open-shell hydrocarbons and
the accuracy and statistical error of the energies and forces will be studied as a function of molecule
size
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Advanced Nonlinear Optical Methods for Quantitative Measurements

in Flames
Robert P. Lucht
School of Mechanical Engineering, Purdue University
West Lafayette, IN 47907-2088
Lucht@purdue.edu

I.  Program Scope

Nonlinear optical techniques such as laser-induced polarization spectroscopy (PS), resonant wave
mixing (RWM), and electronic-resonance-enhanced (ERE) coherent anti-Stokes Raman scattering
(CARS) are techniques that show great promise for sensitive measurements of transient gas-phase
species, and diagnostic applications of these techniques are being pursued actively at laboratories
throughout the world. We have continued our fundamental theoretical and experimental investigations of
these techniques. We have also initiated both theoretical and experimental efforts to investigate the
potential of femtosecond (fs) laser systems for sensitive and accurate measurements in gas-phase media.
Our initial efforts have focused on fs CARS.

The objective of this research program is to develop and test strategies for quantitative
concentration and temperature measurements using nonlinear optical techniques in flames and plasmas.
We are investigating the physics of these processes by direct numerical integration (DNI) of the time-
dependent density matrix equations for the resonant interaction. Significantly fewer restrictive
assumptions are required using this DNI approach compared with the assumptions required to obtain
analytical solutions. Inclusion of the Zeeman state structure of degenerate levels has enabled us to
investigate the physics of PS and of polarization effects in DFWM and ERE CARS. We are
concentrating on the accurate simulation of two-photon processes, including Raman transitions, where
numerous intermediate electronic levels contribute to the two-photon transition strength. The DNI
numerical methods can be extended to the calculation of the interaction of laser pulses as short as 50 fs
simply by decreasing the integration time step (for pulses shorter than this the rotating wave
approximation will no longer be valid and the density matrix equations will need to include terms that are
negligible for longer pulses).

During the last year we continued our numerical simulations of high-resolution two-photon-
induced laser-induced fluorescence (LIF) spectroscopy and ERE CARS spectroscopy of nitric oxide
(NO). We have incorporated an effective intermediate electronic level in our calculations to account for
the effects of the numerous intermediate electronic levels for the A%Z*-X?I1 two-photon resonances.
During the last year we made significant progress in developed a unified intermediate electronic level
model for both two-photon absorption and Raman transitions in the nitric oxide molecule based on the
results of pure rotational CARS measurements of NO. We also continued a detailed investigation of ERE
CARS spectroscopy of nitric oxide, concentrating on a DNI analysis of saturation effects in the ERE
CARS process, and we have developed a DNI model for broadband Stokes, single-pulse ERE CARS
measurements. We have modified significantly our numerical code for calculations of H-atom PS and
resonant six-wave mixing (6WM). We have continued a detailed DNI analysis of the fs CARS process
for gas-phase N,. We have demonstrated the acquisition of single-shot fs CARS signals from flames
using a chirped pulse probe pulse following excitation of the Raman coherence using nearly Fourier-
transform-limited pump and Stokes pulses. We are presently concentrating on the development of
analytical techniques and numerical codes for the accurate determination of temperature from chirped-
pulse probe fs CARS signals. We have also continued our development and application of injection-
seeded optical parametric sources for high-resolution spectroscopy. In particular, we have demonstrated
the use of an optical parametric oscillator (OPO) system with pulsed dye amplification (PDA) for the
generation of pulsed, tunable, single-axial-mode laser radiation. This system was used for dual-pump
CARS spectroscopy.
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I1. Recent Progress

A. Electronic-Resonance-Enhanced CARS Spectroscopy of Nitric Oxide

We continue to investigate the physics and explore the diagnostic potential of ERE CARS for
measurements of NO [P2,P3,P4,P7,P10,P11]. The primary motivation for the work is to determine
whether ERE CARS can be used to measure NO in high-pressure environments, where LIF measurements
are very difficult because of interfering LIF signals from species such as O,, H,0, and CO,. ERE CARS
is inherently more selective because of the requirement for both electronic and Raman resonance for
signal generation. We have developed a method of performing single-shot NO ERE CARS
measurements using a broadband Stokes laser, and we applied this during the last year to measurements
in counterflow diffusion flames. We have completed a detailed investigation of saturation effects in
narrowband, scanning NO ERE CARS spectroscopy. The coupling of saturation effects for the Raman
transition and the ultraviolet probe transition is quite complex and was investigated in detail, and we have
obtained excellent agreement between experimental and calculated ERE CARS spectra. As was
discussed above in terms of two-photon NO LIF, an effective intermediate level is used in the DNI
calculations to allow us to account for the numerous intermediate levels that contribute to the two-photon
Raman cross section. We have also recently developed a DNI model for single-shot, broadband Stokes
ERE CARS. The broadband Stokes laser is simulated using a multimode laser model with random phases
for the modes and Gaussian-distributed mode amplitudes. The temporal dependence of the resulting ERE
CARS signal is calculated using DNI methods, and the signal is then Fourier transformed to generate the
ERE CARS spectrum for comparison with experiment. The theoretical spectra are in good qualitative
agreement with experimental single-shot spectra.

B. Femtosecond CARS Calculations

Fs CARS offers several major potential advantages compared with nanosecond (ns) CARS; i.e.,
CARS as usually performed with nanosecond pump and Stokes lasers. These potential advantages
include an elimination of collisional effects in the generation of the signal and the capability of
performing real-time temperature and species measurements at data rates of 1 kHz or greater as compared
to 10-50 Hz for ns CARS. Single-laser-shot temperature measurements at a data rate of 1 kHz were
performed in a room-pressure cell at temperatures of 300 K, 500K, 700K, and 900K. The measurements
were performed using a laser system at Wright-Patterson Air Force base in collaboration with Drs. Sukesh
Roy and James R. Gord; a schematic diagram of the experiment is shown in Fig. 1. The single-laser-shot
measurements were performed by using a chirped probe pulse to map the time-dependent frequency-
spread decay of the Raman coherence into the spectrum of the CARS signal pulse. Temperature was
determined from the spectral shape of the chirped-probe-pulse (CPP) fs CARS signal for probe delays of
approximately 2 ps with respect to the impulsive pump-Stokes excitation of the Raman coherence.
Measured and calculate CPP fs CARS spectra are shown in Fig. 2, and comparison of experiment and
theory is excellent.

The physics of the CPP fs CARS process was analyzed using a time-dependent density matrix
analysis [P5]. The time-dependent density matrix equations for the fs CARS process were formulated and
manipulated into a form suitable for solution by direct numerical integration (DNI). The temporal shapes
of the pump, Stokes, and probe laser pulses are specified as an input to the DNI calculations. Based on
these numerical results, a much faster fitting code was developed to generate synthetic CPP fs CARS
spectra. The parameters in the fitting code were varied to obtain the best fit theoretical spectrum for a
given experimental spectrum, and temperature was determined as one of the best-fit parameters. A
histogram of 1000 single-laser-shot measurements, recorded in 1 second) for the 900 K case is shown in
Fig. 3. The temperature histogram has a width that is comparable to that typical of single-shot ns CARS
experiments at 900 K.
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probe beams was investigated,
and spectra were recorded by scanning the
pump beam across the two-photon 1s-2s
resonance and the probe beam across the
single-photon 2s-3p resonance. The DNI
computer code for the calculation of 6WM
and PS signals from atomic hydrogen was
significantly modified to incorporate all of
the different possible photon mixing
processes that can potentially contribute to
both the 6WM and PS signals. The
modeling of collisional processes in atomic
hydrogen has also been modified to account
for coherence transfer as well as population
transfer.

D. Further Development of Optical
Parametric Sources Coupled with
Pulse Dye Amplifiers

We have continued to develop
optical parametric systems coupled with
pulsed dye amplifiers. We are currently
operating OPO/PDA systems to produce
high-resolution laser radiation at 452 nm
and 560 nm. The 452-nm laser radiation is
frequency-doubled to generate 226-nm laser
radiation for high-spectral-resolution PLIF
imaging of NO in high-speed flows. The
560-nm laser radiation is used as the second
pump beam in dual-pump CARS. The use
of single-mode laser radiation for both
pump beams in dual-pump CARS increases
the precision and reduces the potential for



systematic errors in temperature and concentration measurements.

I1l. Future Work

We plan to pursue further theoretical and experimental investigations of the ERE CARS process
for NO, CH, and C,H,, especially at higher pressures where collisional narrowing may result in
significant improvement in the detection limits. The DNI code for single-pulse, broadband Stokes ERE
CARS has been developed and will be used to explore the physics of the single-pulse ERE CARS
process. Further theoretical investigations of the interaction of fs laser radiation with gas-phase
resonances will be performed, and the computer code to extract temperature from single-shot, chirped-
probe fs CARS signals will be optimized. Our investigation of the physics of two-photon, two-color PS
and 6WM for H-atom measurements will continue in collaboration with Tom Settersten at Sandia. We
will continue to explore the physics of these processes using our DNI code. We plan to develop the
capability for simultaneous operation of injection-seeded OPG/PDA and OPO/PDA systems. We will use
the systems for two-color PS and 6WM measurements of atomic hydrogen and atomic oxygen.
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Time-Resolved Infrared Absorption Studies of Radical Reactions

R. G. Macdonald
Chemistry Division
Argonne National Laboratory
Argonne, IL 60439
Email: rgmacdonald@anl.gov

Background

Information about the dynamics of radical-radical reactions is sparse. However,
these processes are important in combustion being either chain propagating or
terminating steps as well as potentially producing new molecular species. For almost all
radical-radical reactions, multiple product channels are possible, and the determination of
product channels will be a central focus of this experimental effort. In the current
experiments, both transient species are produced by excimer laser photolysis of suitable
photolytes, and if possible, two species are detected simultaneously using different
continuous-wave laser sources operating in the red, near infrared and infrared spectral
regions. This approach allows for the direct determination of the second-order rate
constant under any concentration conditions if the appropriate absorption cross sections
have been measured. The time dependence of individual ro-vibrational states of the
reactants and/or products is followed by frequency- and time-resolved absorption
spectroscopy. The simultaneous detection of multiple species ensures that species
concentration profiles can be normalized to a common set of reaction conditions. In
order to determine branching ratios and second-order rate constants, it is necessary to
measure state-specific absorption coefficients and transition moments of radicals. These
measurements play an important role in this experimental study.

Recent Results
NH,(X?B;) + NH,(X?B;). The NH, radical is an important intermediate in both the
production of NOx in combustion processes and the removal of NOx from combustion
exhaust gases. The removal processes are based on the addition of NH3, (HOCN); or
(NH2)2CO to the gas stream, resulting in the Thermal DeNOx, RAPRENOx and
NOxQUT treatment processes, respectively. A key reaction in these processes is the NH,
+ NO reaction. The NH, radical also plays a key role in the pyrolysis of NH3 and other
environments where nitrogen chemistry is important. However, in spite of its
importance, the chemistry of the NH; radical, especially in reactions with other transient
species, has not been widely studied. As the first step in investigating the chemistry of
NH; with other radicals, and in particular the reaction with OH, a study of the self-
reaction of NH, at low pressure and a temperature of 293K was undertaken and
completed. Previously, this laboratory has investigated the self-reaction of the OH
radical at low pressure near room temperature.

There is only a singlet and triplet spin manifold but still many product channels:

NH; + NH, — NoHs(PA) +H  AHor=  74.3 ki mole™

— NHs + NH(X®Y) = -58.3 kJ mole™ (1a)
— NNH, + H, AHg, = -71.1 kJ mole™ (1b)
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— NzHy(cis) + Ha -149.1 kJ mole™ (1c)
— NaHa(trans) + H, -170.0 kJ mole™ (1d)

M 5 N,H, =-267.5kimole™.  (le)

In the present investigation, the NH, radical was created by the 193 nm photolysis
of NHs dilute in CF4. Temporal concentration profiles of both NH; and NH; were
recorded simultaneously using time- and frequency-resolved absorption spectroscopy. At
the low pressures of the present experiments k. is close to the pure three-body limit and
the total removal rate constant of NH, is given by k; = ko + kie[M], where kg is the sum of
the two-body disproportionation channels and ke is the recombination rate constant. The
results of the present experiments are significantly different from previous measurements.
The value of ki was found to be (8.0£0.5)x102°cm® molecules™ s™ a factor of ten larger
than previous determinations (K. Fagerstrom, J. T. Jodkowski, A. Lund and E. Ratajczak,
Chem. Phys. Lett.236, 103 (1995)).

NH,(X?B;) + NH(OX®E) and NH2(X?B1) + H(®S). The 193 nm photolysis of NHj is
known to produce small quantities of the NH radical by a variety of one or two photon
processes (A. Kaes and F. Stuhl, J. Chem. Phys. 97, 7362 (1992)). This allowed for the
direct determination of the NH; + NH rate constant. Two spin manifolds, corresponding
to doublet and quartet spin states, correlate to the NH, + NH asymptote with four
possible product channels:

NH, + NH — NH3 + N(*Sy) AHg, = -117 kJ mole™ (2a)
— NaHa(cis) + H(®S) = -103 kJ mole™ (2b)

— NuHa(trans) + H(%S) = -124 kJ mole™ (2c)

M 5 N,H; = -314 k] mole™. (2d)

The reverse of reaction 2a is assumed to have a large activation barrier. The rate constant
for reaction 2 was found independent of pressure (3-10 Torr), and the most likely reaction
products are channels 2b and 2c, N,H, + H. Both NH, and NH were monitored
simultaneously, NH, in the red spectral region, at 14800.59 cm™ and NH in the infrared,
at 3242.890 cm™. The modeling of the system required a source of the NH radical as the
reaction proceeded. The mostly likely source of the NH radical is the NH, + H — NH +
H, reaction, and the data analysis provided a measurement of the rate constant for this
process. Although the initial concentration of NH, was several hundred of times larger
than the initial NH concentration, the NH concentration profiles were not described by a
single exponential decay. The rate constant for the NH, + NH — N,H, + H reaction was
(9.6+3.2)x10™* cm® molecules™ s™ in good agreement with the only previous
measurement of (1.3+0.5) x10™** (P. Dransfeld, H. Hack, H. Kurzke, F. Temps, and H. G.
Wagner, 20" Sym. (Int.) Comb. 655 (1984). The rate constant for the NH, + H reaction
was found to be (7.7+14)x10™® cm® molecules™ s™. There are no previous measurements
near 300 K.

NH,(X?B;) + OH(XII). Preliminary experiments have begun on the NH, + OH reaction
system. The OH radical possess electronic angular momentum so that the singlet and
triplet spin manifolds now have A’ and A” electronic symmetry in planar Cs geometry.
There are several possible product channels:

NH, + OH — NHz + OCP) Ao = 495 kimole - (33)
— H,0 + NH(XY) =-106 kJ mole™ (3b)
s H, + HNO(X'AN =-124 kJ mole™ (3c)
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M NH,OH(X'A") =-258 kJ mole™, (3d)
NH; and either OH or NH were detected simultaneously on each photolysis laser pulse.
The chemical model describing this system is more complicated than the sum of the
individual self-reaction mechanisms because of the large number of cross-reactions
between the two systems. Under the
conditions of the experiment, reactions 3b
and 3d are expected to dominate with the
recombination channel the major channel.
Over 3 to 9 Torr pressure range, the value
of ksp, was found to be (6.4+4.2)x10™*% cm?
molecules™ s* and accounted for about
6% of the total reaction rate. Typical
concentration profiles are shown in the
figure for a total pressure of 4.79 Torr.
The open symbols are the experimental
data shown every 10 data point and the
solid curves are the model predictions
optimizing kie, with H,O as third body,
kgb, kgd, and kNH+OH- The NH
concentration profile was fit by varying
the NH + OH rate constant, and Knn+on
was estimated to be 1.3+0.7x10™° cm® molecules™ s*. Further work requires the
determination of pressure broadening parameters on the OH spectroscopic transition and
the direct measurement of the NH,OH product from channel 3d.

Publications 2007-present.

Determination of the rate constant for the NCO(X?77) + CH3(X?A,™) reaction at 293 K
and an estimate of possible product channels.

-Y. Gao and R. G. Macdonald

J. Phys. Chem. A 110, 977-989 (2006).

Determination of the rate constant for the OH(X?I7) + OH(X2I7)—~O(P) + H.0 reaction
over the temperature range 293-373 K.

-Mi-Kyung Bahng and R. G. Macdonald

J. Phys. Chem. A 111, 3850-3861 (2007).

Determination of the rate constant for the NH,(X?B1) + NH2(X?By) reaction at low
pressure and 293 K.

-Mi-Kyung Bahng and R. G. Macdonald

J. Phys. Chem. A 112, 13432-13443 (2008).

Determination of the rate constants for the radical-radical reactions NH,(X?B;) +
NH(3%2") and NH2(X?By) + H(*S ) at 293 K.

-Mi-Kyung Bahng and R. G. Macdonald

J. Phys. Chem. A 113, 2415-2423 (2009).
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Theoretical studies of chemical reactions related to the formation and growth
of polycyclic aromatic hydrocarbons and molecular properties of their key

intermediates
Alexander M. Mebel
Department of Chemistry and Biochemistry, Florida International University
Miami, Florida 33199. E-mail: mebela@fiu.edu

Program Scope

We perform theoretical studies of the reactions of PAH formation and growth using ab
initio molecular orbital and density functional calculations of potential energy surfaces (PES) and
statistical (RRKM and TST) computations of absolute rate constants and relative product yields.
In particular, we address the reactions of cyclopentadienyl radicals and cyclopentadiene involving
the CyioH11, Ci0H10, and CioHg PES and producing naphthalene, azulene, fulvalene, and indene,
and investigate the formation mechanisms of naphthalene and indene from smaller hydrocarbons,
alternative to the HACA sequences. Our studies also include related chemical reactions under
single-collision conditions, such as crossed molecular beam reactions of singlet and triplet C,
with C4Hg isomers and CgHg accessing previously unexplored regions of the CgHg (benzene) and
CgHs (phenylacetylene) surfaces and the reactions of phenyl radical with C3H4, C3Hs, and C4Hs
occurring on the CgHg, C9Ha3, and CyoH1; PES and directly linked to the indene, naphthalene, and
azulene formation routes. The objective of these studies is to untangle elementary reaction
mechanisms for these complex reactions and to predict their rate constants and product yields in a
broad range of reaction conditions. In addition, we investigate molecular properties, potential
energy surfaces, and dissociation mechanisms of hydrocarbon cations, which are relevant to the
photoionization spectroscopy and mass spectrometry diagnostics of various products of
elementary combustion reactions.

Recent Progress

Variational calculations of thermal rate constants for the C¢Hs + O, association reaction
using density functional and ab initio potentials. Variational calculations of thermal rate constants
for the CgHs + O, — C¢HsOO barrierless association reaction have been carried out using
canonical variational transition state (CVTST) and variable reaction coordinate transition state
(VRC-TST) theories with minimal energy reaction path (MEP) potentials computed employing
the ab initio multireference CASPT2(19,14)//CASSCF(9,9)/aug-cc-pVDZ,
CASPT2(9,9)//CASSCF(9,9)/aug-cc-pvVDZ, and density functional B3LYP/6-311++G**
methods. The best agreement of the calculated rate constants, within a factor of 2 from the
available experimental data in the low-temperature 297-473 K range, is achieved when the most
accurate CASPT2(19,14)//CASSCF(9,9)/aug-cc-pVDZ MEP potential is utilized in conjunction
with CVTST. The CVTST approach with the CASPT2(9,9)//CASSCF(9,9)/aug-cc-pVDZ
potential gives very similar results despite the fact that the CASPT2(9,9) method greatly
overestimates the energy of the forming C-O bond. The results demonstrate that the behavior of
the potential energy at large separation between the CgHs and O, fragments is most critical for
accurate description of the rate constant. The CCSD(T)/aug-cc-pVDZ long-range potential
exhibits an artificial barrier for the reaction and therefore is not suitable for rate constant
calculations. The CVTST B3LYP/6-311++G** approach gives qualitatively similar thermal rate
constants but overestimate the experimental values by factors 3-5. The rate expression obtained
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by fitting our best CVTST CASPT2(19,14) calculated rate constants, k(T) = 4.54x10
1571058exp(910.3/RT) for T = 298-3000 K, qualitatively reproduces the observed experimental
temperature dependence both in the 297-473 K (negative) and 418-815 K (positive) temperature
ranges and generally underestimates the experimental rate constants by a factor of 2.

Potential energy surface of CyoHyo related to the recombination of two cyclopentadienyl
radicals and the production of C1oHg (naphthalene and its isomers) + 2H and CyoHg + Ho.

.. According to multi-
761 9 ‘.' w% “‘, reference CASPT2/CASSCF
de r—"”_’) ‘5 calculations,  if  9,10-
51+H dihydrofulvalene SO formed
by the recombination of two
CsHs radicals does not lose
an H atom immediately, it
can eventually rearrange to

oy 9,10-dihydronaphthalene
b D3, with the latter producing
naphthalene either by four-
center 9,10-H, loss or via
two consecutive H
eliminations. The
mechanism of the S0-D3
isomerization involves the
formation of a tricyclic
intermediate D1, which then
ring-opens to a ten-member
cyclic structure D2
rearranging in turn to 9,10-
dihydronaphthalene. RRKM
calculations of rate constants
and product branching ratios
are currently underway to
compare relative importance
of the CigHg + H and CqoHsg
+ H; product channels
depending on the reaction
. conditions, such as

NP H<+H AZ<H, o I temperature and pressure.

Theoretical study of unimolecular decomposition of allene and propyne cations. Ab initio
CCSD(T) and CASPT2 calculations with geometry optimization at the density functional B3LYP
or multireference CASSCF levels have been carried out to compute ionization energies and to
unravel the dissociation mechanism of allene and propyne cations, CsHs™" (n = 1-3). The results
indicate that the dominant decomposition channel of the monocation is c-C3Hs* + H, endothermic
by 37.9 kcal/mol and occurring via a barrier of 43.1 kcal/mol, with possible minor contributions
from H,CCCH" + H and HCCCH" + H,. For the dication, the competing reaction channels are
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predicted to be c-C3H;™ + H*, H,CCCH" + H*, and CCCH" + Hs", with dissociation energies of -
20.5, 8.5, and 3.0 kcal/mol, respectively. The calculations reveal an H,-roaming mechanism for
the Hs* loss, where a neutral H, fragment is formed first, then roams around and abstracts a
proton from the remaining molecular fragment before leaving the dication. According to RRKM
calculations of energy-dependent rate constants for individual reaction steps, relative product
yields vary with the available internal energy, with c-CsHs" + H* being the major product just
above the dissociation threshold of 69.6 kcal/mol, in the energy range of 70-75 kcal/mol, and
CCCH* + H3" taking over at higher energies. The CsH,*>* trication is found to be not very stable
and to decompose with thresholds of 18.5 and 3.7 kcal/mol for allene and propyne, respectively,
producing H,CCCH*" + H*, CHCHCH?** + H*, C,H,*" + CH,", and CCH,** + CH," with high
exothermicity of 98-185 kcal/mol. The tetracation of CsH,4 is concluded to be unstable and
therefore no more than 3 electrons can be removed from this molecule before it falls apart.

Future Plans

We will continue theoretical calculations of rate constants for the recombination reaction
of two cyclopentadienyl radicals and further rearrangement and decomposition routes on the
Ci0H10 PES. The emphasis will be on predicting a reliable rate expression for the CsHs + CsHs
association step using CVTST and VRC-TST approaches and determining relative yields of the
Ci0Hg + H and CyoHg + H; product channels at various temperatures and pressures. Next, we will
map out the PES for naphthyl radical oxidation, CioH7 + O,, carry out RRKM calculations of the
reaction rate constants and product branching ratios (including variational calculations for the
initial reaction step), and will compare the naphthyl + O, and phenyl + O, reactions. We will also
continue our systematic survey of chemical reactions potentially leading to the formation of
indene and/or naphthalene in combustion flames, including C;/C, (toluene + C,H;), C¢/Cs
(benzene, fulvene, or phenyl + C3Hs, and phenyl + allene C3H,), Cs/C, (cyclopentadienyl +
2C,H,), Cs/C4 (cyclopentadienyl + vinylacetylene), and Cg/C4 (phenyl + C4Hg isomers, benzene +
C4Hs). In relation to cross molecular beams experiments carried out by Dr. Kaiser’s group within
the DOE/GPCP program, we will complete our ab initio/statistical theory studies of the reactions
of phenyl radical with C4Hg isomers, including 1,2-butadiene, 1- and 2-butynes, and will
investigate mechanisms of the C, + C4Hg reactions in singlet and triplet electronic states
potentially leading to the formation of the first aromatic ring (phenyl radical).
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FLASH PHOTOLYSIS-SHOCK TUBE STUDIES
Joe V. Michael

Gas Phase Chemical Dynamics Group, Chemistry Division
Argonne National Laboratory, Argonne, IL 60439
E-mail: jmichael@anl.gov

The scope of the program is to measure high-temperature thermal rate constants for
use in high-temperature combustion with the reflected shock tube technique. As described
earlier, we have used a multi-pass optical system for detecting OH-radicals'* and Atomic
Resonance Absorption Spectrometry (ARAS) for detecting H- and/or D-atoms.>”’

During the past year, the reflected shock tube technique using OH-radical absorption at
308 nm has been used to study two thermal decompositions and twelve bimolecular
reactions at path lengths ranging from 1.75 to 7.00 m with [OH]; being determined from
measured absorbance through an earlier determination' of the absorption cross-section at
308 nm (coyg = (4.516 - 1.18 x 10° T) x 10" cm* molecule™ ). The present optical
configuration gives an S/N ratio of one at ~1.0 x 10'* radicals cm™.

Alkanes + OH

High temperature rate constant experiments on OH with five large (Cs-Cg) saturated
hydrocarbons (n-heptane, neo-octane, n-pentane, n-hexane, and 2,3 dimethylbutane) were
performed with the reflected shock tube technique over the T-range, 789-1308 K, using
multi-pass absorption spectrometric detection of OH radicals at 308 nm. The
experimental data and the evaluations obtained for these five larger alkanes in the present
work have been used along with prior data/evaluations obtained in this laboratory for H
abstractions by OH from a series of smaller alkanes (Cs-Cs) to derive rate rules for
abstractions from various types of primary, secondary, and tertiary H atoms. Specifically,
the current group scheme has been applied with good success to H abstractions by OH
from a series of n-alkanes (n-octane through n-cetane) and serves to reduce the
uncertainties in rate constants for this class of reactions. The results can be expressed in
Arrhenius form (in units, cm® molecule™ s™) as:

Ko +n-heptane = (2.48 £ 0.17) x 10™° exp(-1927 + 69 K/T) (838-1287 K) (1)
Kom2.233mv8 = (8.26 £ 0.89) x 107! exp(-1337 £ 94 K /T)  (789-1061 K) )
Kot +n-pentane = (1.60 £ 0.25) x 107" exp(-1903 + 146 K /T) ~ (823-1308 K) (3)
Kottnnexane = (2.79 £ 0.39) x 10" exp(-2301 £ 134 K /T)  (798-1299 K) 4)
Korr2some = (1.27£0.16) x 100 exp(-1617 + 118 K/T)  (843-1292 K) (5)

Using the next nearest neighbor (NNN) group method of Cohen,® earlier experimental
results for smaller n-alkanes, and experimental evaluations including low-T data,” rate
constants per H atom were derived for primary and two secondary abstraction groups in
n-alkanes. In addition we have identified a third type of secondary abstraction for n-
alkanes C; and larger, and the use of the derived groups allows accurate rate constants for
H abstraction by OH from any large n-alkane (e.g., n-cetane) to be determined.

NH;OH Thermal Decomposition

We have studied, for the first time, the thermal decomposition of hydroxylamine,
NH,OH. The motivation and goal of the study is to demonstrate the possibility of using
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this molecule as an additional OH-radical source for bimolecular reaction studies at
somewhat lower-T than is possible with CH3OH, thereby bridging the temperature gap
between CH3OH and tert-butyl peroxide (tBH) sources. The utility of this new OH source
was demonstrated in our recent study of the reactions of OH with acetylene and
ethylene.'” The present analysis of the NH,OH decomposition employs a combination of
theory and experiment to explore the products and rate constants. High level ab initio
calculations suggest two possible product channels, NH, + OH and NH; + O.
Experimental observations of the OH and O time profiles demonstrate that only the NH,
+ OH channel is significant.

The experimentally observed OH profiles arising from the NH,OH decomposition are
found to have secondary sensitivity to two additional reactions, namely, OH + NH,OH —
products and, OH + NH, — NH + H,0. Figure 1 shows a typical example of an
experiment at 1535 K. In this experiment, we identified three processes

NH,0H (+ M) = NH, + OH (+ M) (6)
NH,OH + OH — products (7)
NH, + OH = NH + H,0 (8)

that, in different time regimes, determine the shape of the profile over the entire time
range of 1.4 ms. Hence, estimates for these sensitive reactions could be determined. The
results for k¢ can be described in Arrhenius form between 1355 and 1880 K by

log[ke/(cm® molecule™ s™)] = (~10.12 + 0.20) + (6793 + 317 K/T) )

A first principles theoretical description with <AEg> = 500 cm™ provides a good fit to the
experimental data for reaction (6). In the intermediate time regime, reaction (7) becomes
important, and, from profile fits, the rate constant for (7) is obtained as:

log[ks/(cm® molecule™ s™)] = (=9.75 + 0.08) + (~1248 + 123 K/T) (11)
From long time fits, kg can be obtained as:
log[ks/(cm® molecule™ s™)] = (~10.00 £ 0.06) + (879 + 101 K/T) (12)

For reactions (7) and (8), rate constants were also theoretically determined and moderate
agreement with experiment is obtained in both cases. Also, there is little known about the
rate coefficients for the subsequent reactions of NH. A number of these reactions,
specifically, NH + OH, NH + NH and NH + NH, might be expected to have a significant
impact on the OH profiles. Thus, for these reactions a priori theoretical predictions of
their rate constants were obtained and incorporated in the modeling of the OH time
profiles. Finally, during the course of the theoretical analysis we derived rate constant
predictions for the NH, + OH — NHj3 + O reaction. These various reactions in the
NH,OH decomposition system are also important in the thermal de-NOy mechanism''
and the present rate constant estimates should prove useful for modeling studies of NOy
formation during combustion.
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Ethanol Dissociation

Dissociation rate constants for ethanol have been measured at high-T in reflected
shock waves using OH optical absorption at 308 nm with a multi-pass optical White cell
and H-atom ARAS. Three dissociation processes are dominant at high-T are (1) C;HsOH
— C,Hy + H,0, (2) — CH; + CH,0H, and/or (3) — C,Hs + OH. Reaction (3) could be
measured directly. In order to measure the other channels, high sensitivity H-atom ARAS
detection was used to measure the sum of (2) and (3) since H-atoms are instantaneously
formed from CH,OH and C,Hs. By difference, rate constants for (1) were obtained. A
potential low-T complication is the scavenging of OH by unreacted ethanol in the OH
experiments, and therefore rate constants for OH + C;HsOH — products were measured.
The experimental results are compared to earlier work and are rationalized in terms of
modern unimolecular reaction rate theory. The experimental branching ratios and the
theoretical predictions are shown in Fig. 2.

We also have completed work on the bimolecular reactions of D with ethanol and
acetaldehyde, and on the thermal decompositions of CH3;CHO and C;Hg. Additional atom
and radical with molecule reaction studies (e. g. Cl + hydrocarbons) are in the planning
stage. We are also planning thermal decomposition studies using H/D-atom ARAS on
C,Hy4, toluene and benzyl.

This work was supported by the U. S. Department of Energy, Office of Basic Energy
Sciences, Division of Chemical Sciences, Geosciences, and Biosciences, under Contract
No. DE-AC02-06CH11357.
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Fig.1: [OH] profile at 1535 K. The experimental conditions are P; =
5.97 Torr, M, = 2.471, ps = 1.129 x 10'® molecules cm™, [NH,OH], =
2.944 x 10" molecules cm™, and [H,0]y = 4.235 x 10" molecules cm’
3. The bold solid lines in all 3 panels are simulations using a full
reaction mechanism scheme and the final fitted values for ke, k7, and
ks. Dashed lines in the upper panel: Simulation using the same reaction
mechanism scheme as the solid line and changing only ke by + 20%.
Dotted lines in middle panel: Simulation using the same reaction
mechanism as the solid line and changing only k; by £50%. Dash-Dot-
Dot lines in the lower panel: Simulation using the same reaction
mechanism as the solid line and changing only kg by + 30%.
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