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Foreword

This collection of active research abstracts illustrates the breadth and depth of basic
research supported by the Department of Energy's Office of Basic Energy Sciences (BES) and,
in large measure, by the chemical physics program that contributes to the development of a
predictive capability for combustion processes. 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.

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. We look forward to our assembly in 2014 for our 34" annual meeting. A DOE
Combustion Research Meeting was not held in 2013.

Michael Casassa
Mark Pederson
Wade Sisk
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Kinetic processes of importance in combustion

Millard H. Alexander (mha@umd.edu),' Lifang Ma," Jacek Klos*
Department of Chemistry and Biochemistry, University of Maryland, College Park, MD 20742-2021
Paul J. Dagdigian® and Qianli Ma'
Department of Chemistry, The Johns Hopkins University, Baltimore, MD 21218-2685

I. Program Scope

Our group studies inelastic and reactive collisions of small molecules, focusing on radicals important in
combustion environments. Our goal is the better understanding of kinetic processes which may be
difficult to access experimentally. An essential component is the accurate determination of potential
energy surfaces (PES’s). After fitting' the ab initio points to obtain global PESs, we treat the dynamics
using time-independent (close-coupling) methods. Cross sections and rate constants for collisions of are
determined with our Hibridon program suite,” which we continue to modify and extend.

II. DOE Synergy

Alexander and Dagdigian maintain a close interaction with Hall and Sears at Brookhaven. In addition to
the work on relaxation of methylene (described below), they have developed together a new Matlab-based
algorithm for solving the kinetic master equation.” Alexander’s group has also collaborated closely with
Chandler’s group at Sandia Livermore on the inelastic scattering of the NO radical.* The work of
Dagdigian and Alexander on transport properties (described below) was initiated by extensive discussions
with Brown at the Lawrence Berkeley Laboratory. Work on relaxation of the methyl radical has been
used by Douberly, in DOE supported work® on this radical in He droplets. Also, Alexander and
Dagdigian plan to collaborate with Lester in the interpretation of her DOE supported work® on electronic
quenching of OH.

III. Recent Progress and future work

This section reports several highlights of the work done so far under the direction of Alexander (as
Principal Investigator) and Dagdigian (as Senior Investigator), and the proposed continuations contained
in a renewal proposal they have submitted to DOE. Two of the main research thrusts are:

a. Inelastic scattering of polyatomic hydrides

Inelastic collisions of the methylene radical (CH,) are currently under experimental study at
Brookhaven.” Since the inception of our DOE-funded program (fall 2009), we focused on the study of
collisions of He with methylene in its @ '4, state'® and, more recently, in its X ’B, ground state,' as well
with the methyl radical (CHs) in its X *4,” ground electronic state.'> "> Our work is among the first
detailed simulations of state-to-state relaxation of asymmetric and symmetric top molecules.

Most recently, we have extended our earlier investigation in several directions: First, we have determined
the CH;—He and CH,—He PES’s to include the dependence on the umbrella motion (in the case of CHs)
and the bending vibration (in the case of CHy; the vibrational potential and wave function for the v=3
state are displayed in Fig. 1 on the next page). By averaging the PES’s over the vibrational wave
functions associated with these low-frequency vibrational modes, we can determine the coupling between
the low-lying vibrational levels. This has allowed us to study, for the first time ever, ro-vibrational
inelasticity in collisions of polyatomic hydrides.

For CH;—He, we predict ro-vibrational relaxation to be nearly two orders of magnitude less probable than

! Principal investigator; 'Graduate student; ‘Research Assistant Professor; “Senior investigator.
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rotational relaxation for CHs. This confirms what one might have expected, based on far cruder
dynamical models. Notwithstanding, it is important to have a firm prediction for the relative magnitude
of vibrational compared to rotational relaxation probabilities, for guidance in developing combustion
simulations. In the vibrational relaxation of the v=1 umbrella level of CHj;, we find that the relaxation is
enhanced by rotational excitationn; in most models for vibrational relaxation, the effect of rotation is not
included. As seen in Fig. 2, ro-vibrational relaxation is a complex interplay between vibrational energy
loss and change in the rotational angular momentum and its projection.

b initial level: 51 ‘ b initial level: 5;

' Fig. 2. Bar plot of the integral cross
sections for v=1—0 ro-vibrationally
inelastic scattering of para CH; (k
not a multiple of 3) in the jk,=5, and
55 levels of the v=1 state
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collision with He at a collision
energy of 300 cm .
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The (0,0,0) vibrational level of the a state of CH, lies just above several excited bend levels of the
electronic ground state. Certain rotational levels of these two electronic-vibrational states are
(accidentally) nearly degenerate. Perturbational mixing between these states provides a collisional
“gateway" for energy flow from the 4 to the X state. With our highly accurate PES’s and using the
experimentally known positions of the ro-vibronic states of CH,, we are now carrying out calculations to
quantify the efficiency of this process. Cross sections (and, subsequently, rate constants) can be obtained
by taking linear combinations of the S matrix elements for scattering of the CH, molecule in either one or
the other of these two states. Ultimately, we would like to obtain a complete characterization of the
collisional relaxation of CH; in its two lowest electronic states. Dagdigian has written a review of our
work on inelastic collisions of small polyatomic intermediates."*

We will extend our calculations on collisional energy transfer to other polyatomic intermediates, for
example, the HCO radical, which is a marker of the flame front.

ii. Exact determination of transport properties

Chemical kinetic models describing non-homogeneous reacting systems require knowledge of the
relevant transport properties for an accurate description of the temporal and spatial dependence of the
species concentrations, as well as for the calculation of flame velocities and shapes and the production of
pollutants in combustion media. To assess the accuracy of the simple models currently used to model



transport,’’ we have used our accurate ab initio PES for collisions of OH and CH, in their ground
electronic state with He to determine transport cross sections, collision integrals and temperature
dependent rates.'® !

In the case of OH, inclusion of the full anisotropy leads to differences of only a few percent in the
transport properties when compared with spherical averaged potentials or even simple Lennard-Jones
potentials. For the case of CH,, however, the larger degree of electronic anisotropy, particularly in the
excited 4 state (due to the Lewis amphoterism of the electronic distribution') results in a substantial
deviation from the predictions of a spherical model. This can be seen in Fig. 3.
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We will continue this investigation of the influence of the anisotropy of the PES on transport properties in
for collisions of H atoms with H,0, a system of some relevance to combustion. In addition, we will
investigate transport in collisions in which chemical reaction can occur. Since it is the small-impact-
parameter collisions that lead to large-angle inelastic scattering, which make the largest contribution to
transport properties, we anticipate that transport properties will be substantially decreased in the presence
of a reactive channel. For the calculation of transport properties for systems that have a barrierless
insertionllgjathway, we are adapting the quantum statistical capture theory of Manolopoulos and co-
workers.

IV. Interaction with other groups

Our work on the interaction of the methyl radical with He has encouraged work in the group of Orr-
Ewing in Bristol, UK on the determination of differential cross sections for the scattering CH; with He.
As mentioned above, our work on the CH;—He PES was invaluable to Douberly and co-workers in their
analysis of the spectroscopy of CH; in He droplets.” Our interactions with both of these groups continues.
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Theoretical Studies of Elementary Hydrocarbon
Species and Their Reactions

Wesley D. Allen and Henry F. Schaefer III
Center for Computational Chemistry and Department of Chemistry
University of Georgia, Athens, GA 30602-2525
E-mail: wdallen@uga.edu and sch@uga.edu; Phone: (706) 542-7729

Methylhydroxycarbene: Tunneling Control of a Chemical Reaction

In joint theoretical and experimental work published in Science within the last year,>® methylhydroxycarbene
(1, Me—C—OH) was generated for the first time by high vacuum flash pyrolysis (HVFP) of pyruvic acid (at 900 °C)
and spectroscopically (IR, UV/Vis) characterized via immediate matrix isolation in solid Ar at 11 K. The identity of
1 was unequivocally confirmed by precise agreement between observed IR bands and theoretical anharmonic
vibrational frequencies computed from an all-electron (AE) CCSD(T)/cc-pCVTZ complete quartic force field. The
UV/Vis spectrum of 1 displays a broad band with maximum absorption at 393 nm (3.2 eV) that extends to around
460 nm (2.7 eV), in full accord with our aug-cc-pVTZ multireference coupled cluster [Mk-MRCCSD(T)]
computations that gave a gas-phase vertical (adiabatic) excitation energy of 3.4 (2.7) eV. Surprisingly, we observed
rapid disappearance 1 after cryogenic trapping. Upon standing in Ar at 11 K in the dark, the IR peaks of 1 decayed
gradually via first-order kinetics with a half-life of #;, = 66 (= 5) min. In stark contrast, the bands of the deuterium
isotopologue Me—C—OD (d-1) did not change under identical conditions for extended periods of time (at least 16 h).
The kinetic experiments thus revealed that 1 isolated in its ground vibrational and electronic state exhibits facile
[1,2]-hydrogen tunneling and that two conspicuous phenomena occur simultaneously: efficient penetration of a
formidable 28.0 kcal mol™ barrier to yield acetaldehyde (3), and complete obstruction of the formation of vinyl
alcohol (4) despite a much lower 22.6 kcal mol™" barrier.

We established the theoretical basis for the remarkable behavior of methylhydroxycarbene by computing pure
tunneling rates for both 1 — 3 and 1 — 4. The AE-CCSD(T)/cc-pCVTZ method was employed to precisely map
out the associated intrinsic reaction paths (IRPs) descending from transition states TSy¢3 and TSy¢4 (Fig. 1) and to
determine zero-point vibrational energies (ZPVEs) along these steepest-descent routes. Final potential energy
curves for the isomerization paths were then constructed from high-quality AE-CCSD(T)/cc-pCVQZ energy points
appended with the ZPVEs. Tunneling probabilities for our high-accuracy IRPs were computed by exact numerical
methods and also by WKB theory. This theoretical analysis yielded a tunneling half-life of 71 min for 1 — 3, in
close agreement with the observed rate of decay. Moreover, the computed half-life for 1 — 4 was 190 days, nicely
explaining why vinyl alcohol is not the preferred product of methylhydroxycarbene isomerization, despite the lower
barrier for formation of 4.

I'RE: Figure 1. Energetic profiles for [1,2]H-shift
T; H.. , + { E;cAé isomerizations of trans-methylhydroxycarbene (1t);
§ HHv,C/\C” HTS“_S relative energies (in kcal mol™) pinpointed from
s TS1eat +28.0 convergent focal-point analysis (FPA)
3 +226 computations. The bond lengths (A) and angles (°)

given for 1t are ground-state optimum geometrical
parameters given by AE-CCSD(T)/cc-pCVQZ
theory. The curves are drawn quantitatively with the

intrinsic  reaction coordinate (IRC) in mass-
weighted Cartesian space as the abscissa in order to

\ H
H\C)\O,H oy reflect the proper barrier heights and widths for the
H at H two competing reactions. Simple visual inspection
_s98 > /go thus indicates a higher hydrogen tunneling

probability for the more narrow energy profile of

‘ w07 path a.

intrinsic reaction coordinate

Methylhydroxycarbene highlights the possibility of reactions in which the observed product is neither the one
requiring the lowest activation barrier nor the one with the lowest free energy but rather the one most readily
reached by quantum mechanical tunneling. It is worth emphasizing that the remarkable tunneling behavior of



methylhydroxycarbene is not an isolated occurrence, as our earlier research demonstrated that both
hydroxymethylene [Nature 453, 906-909 (2008)] and phenylhydroxycarbene' spontaneously isomerize to their
respective aldehydes via H-tunneling under large barriers near 30 kcal mol ™.

Explicitly Correlated R12 Methods for Radicals

The Coulomb singularities in the electronic Hamiltonian require the exact wave function to display a cusp and
corresponding depletion of electron density (Coulomb hole) when any interelectronic distance (r,) approaches zero.
Unlike conventional electronic structure methods, approaches using wave functions that depend explicitly on r; can
effectively treat the cusp region without the need for large orbital basis sets. While closed-shell and spin-orbital
explicitly correlated (R12) methodologies for coupled-cluster theory have been well developed, open-shell, spin-
restricted R12 methods are lacking, which is problematic for the free-radical chemistry predominant in combustion
applications. An ideal starting point for open-shell R12 methods is the symmetric exchange or Z-averaged approach.
By introducing a symmetric exchange operator for o and S electrons, the number of wave function parameters is
drastically reduced. This formalism has negligible spin contamination compared to unrestricted methods, and the
imposed spin constraints do not introduce size-consistency errors as in many other spin-adapted schemes. Building
on our previous work on ZAPT2-R12 perturbation theory for open-shell systems,® we have now developed
capabilities for the more complicated and robust ZA-CCSD-R12 method.”” We have demonstrated the excellent
basis set convergence of our ZA-CCSD-R12 method for a series of atomization energies. Specifically, with only a
triple-£ (TZ) quality basis, ZA-CCSD-R12 surpasses the accuracy of conventional computations with augmented
sextuple-£ (aV6Z) basis sets.

The Propyl + O, Reaction System

Reactions of alkyl radicals (R-) with O, are ubiquitous in combustion, atmospheric chemistry, and biological
processes. As the size of the alkyl radical grows, R + O, reactions rapidly become more complex, and isomerizations
to hydroperoxyalkyl radicals (QOOH) can increase in importance relative to concerted elimination of HO,. The
need for definitive ab initio theoretical research on propyl + O, is demonstrated by the disparity between the reaction
energetics from the best existing electronic structure computations and parameters derived from master equation
kinetic models that best reproduce the available body of experimental measurements. In a herculean investigation,
we have fully optimized geometries at the CCSD(T)/cc-pVTZ level of theory for all chemically relevant minima and
transition states of the n-propyl and i-propyl + O, systems (Fig. 2). Final energetics for combustion models were
derived from explicit computations with basis sets as large as cc-pV5Z and correlation treatments as extensive as
coupled cluster through full triples with perturbative inclusion of quadruple excitations [CCSDT(Q)]. Focal point
analyses (FPA) targeting the complete basis set (CBS) limit of CCSDT(Q) theory were executed with inclusion of
auxiliary corrections for core correlation and relativistic effects. For the n-propyl + O, system, the critical transition
state (TS1) for concerted elimination of HO, lies 3.4 kcal mol™ below the reactants and 2.6 kcal mol™ lower than
the key isomerization transition state (TS2) for CH;CHCH,OOH radical formation. Even the robust CCSD(T)/cc-
pVQZ method yields a concerted elimination barrier that is 1.8 kcal mol™ too high, a striking result because such
shifts of barrier heights in R + O, reactions can change branching fractions by an order of magnitude.
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Figure 2. Energetic results from rigorous
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Mechanisms for n-Propyl + O,

A new discovery is that two distinct, nearly isoenergetic transition states (Fig. 3; TS2, —-0.84 kcal mol™; TS2’,
—0.71 kcal mol™) exist for producing the CH;CHCH,OOH radical by hydrogen transfer from the peroxypropyl
intermediate. Earlier master equation kinetic models did not include the TS2” path, resulting in an empirically-



adjusted barrier height for CH;CHCH,OOH formation that is too low. Our definitive energetics for propyl + O,
provide benchmarks for critical assessment and improvement of current kinetic models.
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Figure 3. Competing CCSD(T)/cc-pVTZ transition states (TS2, left; TS2’, right) for formation of hydroperoxypropyl QOOH
radicals from peroxypropyl intermediates.

Vibrational Anharmonicity in Combustion Kinetics; Radical-Radical Abstraction Reactions

Collaborations with Stephen Klippenstein and Larry Harding at Argonne have been undertaken with two
primary objectives: (1) Exploration of the effects of vibrational anharmonicity in combustion kinetics by rigorous
investigation of the H + H,0, - H,0 + OH and H + H,0, » H, + HO, reactions at the highest possible levels of
electronic structure theory. Full quartic force fields and vibrational anharmonicity constants (x;) were computed for
the reactants and transition states of these two reactions at the coupled-cluster CCSD(T)/aug-cc-pVQZ level of
theory. Anharmonic vibrational state counts were employed with various options for computation of rate
coefficients. (2) Examination of paradigmatic potential energy surfaces for radical-radical abstractions, a general
class of reactions in combustion chemistry. Our multireference coupled cluster methods (Mk-MRCC) were applied
to the CH; + C,H; —» CH, + C,H, hydrogen-abstraction reaction path, as well as the CH; + CH; — C,H¢
recombination curve. These rigorous results provide important benchmarks for validating more approximate
electronic structure methods for studying radical-radical abstraction and recombination.
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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) 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 or Rayleigh
scattering at 355 nm 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 and partially premixed combustion, the workshop and
this program have expanded their scope in recent years to address a broad range of combustion
modes, including premixed and stratified flames. We are also working to extend our quantitative
multiscalar diagnostics to more complex hydrocarbon fuels. Entry into these new research areas
has prompted developments in both hardware and methods of data analysis to achieve
unprecedented spatial resolution and precision of multiscalar measurements. Within the CRF we
collaborate with Jonathan Frank, who applies advanced imaging diagnostics to turbulent flames,
and with Joe Oefelein, who performs high fidelity large-eddy simulations (LES) of our
experimental flames in order to gain greater fundamental understanding of the dynamics of
multi-scale flow-chemistry interactions.

Recent Progress

Multiply Conditioned Statistics on the Structure of Premixed and Stratified Turbulent Flames

Stratified combustion, in which a flame propagates through non-uniformly mixed reactants, is
common in practical systems and is often used to improve flame stability in overall-lean
combustion strategies. However, fundamental questions regarding the structure and dynamics of
turbulent stratified flames remain unanswered, experimental data for model testing has been
limited, and the state of modeling of stratified combustion remains less advanced than that of
nonpremixed or fully premixed combustion. In collaboration with Cambridge University (M.S.
Sweeney and S. Hochgreb), we have conducted extensive investigations of a series of premixed
and stratified turbulent CHy4/air flames, stabilized on the co-annular bluff-body burner shown in
Fig. 1. The test matrix includes fully premixed cases (same equivalence ratio in both annular



streams) and nonswirling cases, as well as two levels of stratification and two levels of swirl. In
all 9 cases the global equivalence ratio is the same, ¢, = (4 + ¢,)/2=0.75. Axial velocities of
the inner flow, outer flow, and coflow were held constant, with U; = 8.31 m/s, U, = 18.7 m/s, and
U= 0.4 m/s, giving Reynolds numbers based on hydraulic diameter of Re;=5,960 and
Re,=11,500 for the annular flows. Even with modest Reynolds numbers, shear-generated
turbulence yields relatively high «’/Sp. (up to ~25) in the region where the flame brush crosses the
mixing layer, especially in the higher swirl cases.

Flame S o/ds O do
SwB1 0 1 0.75 0.75
SwB2 0.33 1 0.75 0.75
SwB3 0.55 1 0.75 0.75
SwB5 0 2 1.0 0.5
SwB6 0.33 2 1.0 0.5
SwB7 0.55 2 1.0 0.5
SwB9 0 3 1.125 0.375
SwB10 0.33 3 1.125 0.375
SwB11 0.55 3 1.125 0.375

Figure 1. Diagram, photo, and matrix of test parameters for the Cambridge/Sandia stratified swirl burner.
Swirl number S is the ratio of tangential to axial momentum from LDA measurements 2 mm above the
exit.

Since our last BES abstract, we have published results on differences in scalar structure of
stratified vs. premixed flames (Sweeney et al., Combust. Flame 161, 2012), based upon multiply
conditioned statistics from large data sets (30,000-shot records) taken with the 6-mm probe
centered at the location in each stratified case where the flame brush crosses the center of the
mixing layer (¢ = 0.75). These records were acquired and processed using a method of spatial
oversampling (~20 um spacing) and wavelet filtering, which significantly reduces noise while
preserving the ~60 mm optical resolution of the line-imaging system. In the conditional analysis
we first isolate those realizations in the stratified flames that have a measured equivalence ratio
at the location of maximum CO mass fraction, ¢co, within £2.5% of the average value,
¢co=0.751, measured in the turbulent premixed flames. The spatial location of maximum Ycq
is well resolved in these experiments, and it aligns within 10 microns of the location of peak heat
release in Chemkin premixed flame calculations for 0.7 < ¢<0.8. These realizations were
further conditioned on the degree of local stratification, which was determined from the change
in ¢ across the flame in each realization.

In Fig. 2a pdfs of the stratification metric, A@Ar, are shown for the three high-swirl cases
(SwB3, SwB7, and SwB11) at 30 mm above the burner. Results for the two stratified cases are
conditioned on ¢oo=0.751 +£2.5%. These distributions were separated into bins centered at
AgAr =0.0, 0.1, ..., 0.4, and doubly conditioned averages were calculated. Results show that
stratification produces significantly higher H, and CO mass fractions throughout the flame,
compared to the uniformly premixed case. High values of A@/Ar produced increases in |VT| and
|Vc| throughout the flame and corresponding decreases in flame thickness, as shown in Fig. 2b.
Stratification also causes broadening of the distribution of flame curvature. All of these effects
of stratification on scalar structure are present in the unconditioned results, but they are better
quantified and more obvious in the conditionally averaged results. In all, this is the most
comprehensive data set we have created on any burner.
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Figure 2. a) Pdfs of Ag/Ar conditioned on ¢co =0.751 £ 2.5%. b) Doubly conditioned distributions of
flame thickness, 6; = (T* — Trin)/|VT | max, Where T is the temperature at the location of angle-corrected
maximum gradient, |VT|,,.., in each realization.

Development of Quantitative Raman Scattering Diagnostics for DME Flames

Another research priority identified by the TNF Workshop community is to extend model
validation efforts to fuels beyond methane. This presents a significant challenge for
Raman/Rayleigh diagnostics because the stable hydrocarbon intermediates in DME flames (CHa,
C,Hg, CoHy, C,H,, CH,0) have mole fractions that are far from negligible and scattering cross
sections very different from the parent fuel. Furthermore, the main C-H vibrational bands
overlap for most of these species, theoretical Raman work on these molecules is limited or
nonexistent, direct calibrations and spectral measurements on individual species can only be
achieved over a limited temperature range, and signals from intermediate species in flames are
small. Fuest et al. (Combust. Flame 159, 2012) developed a method of Raman/Rayleigh data
analysis based on the use of laminar flame calculations to tabulate effective Rayleigh and Raman
scattering cross sections for the “hydrocarbon channel” as a function of temperature. This is a
reasonable approach for fully connected turbulent jet flames, and it is also likely that an
analogous approach would work well for turbulent premixed flames into the regime of thin
reaction zones, provided that preferential transport effects, such as reported by Barlow et al.
(Combust. Flame 159, 2012), are not present. However, it is expected that this approach, based
on an assumed flames structure, would be inappropriate for flames with strong turbulence-
chemistry interactions, such as localized extinction. Consequently, we are developing methods
to directly measure concentrations of the main stable hydrocarbon intermediates.

In collaboration with Isaac Ekoto, (funded by a Sandia Early Career LDRD award with R.
Barlow as mentor) and Dirk Geyer, TU Darmstadt, we have developed experimentally based,
temperature dependent Raman spectral libraries for CH4, C;H,, C,H4, C;Hg, DME, and C;Hs.
Libraries of these relatively low resolution Raman spectra have been represented by skew-
normal functions to facilitate interpolation, extrapolation, and tabulation. We will use these
spectral libraries in the same way that we currently use theoretically based Raman spectral
libraries from the RAMSES code from TU Darmstadt. That is to generate temperature
dependent response curves (tabulations) for Raman signals from each molecule collected onto
specific binned regions on the Raman detector. A Sandia report is complete, and publication is
pending. Measurements on a series of partially-premixed, piloted DME/air jet flames are in
progress.
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Future Plans

Experimental priorities for the next year include further developments on data
acquisition/analysis methods for extension of spontaneous Raman scattering to achieve
quantitative measurements in turbulent DME flames, including direct measurement of some
stable intermediates (collaboration with TU Darmstadt, UT Austin, and Ohio State) and
completion of experiments on a series of piloted partially premixed DME/air jet flames
(collaboration Jonathan Frank and with Jeff Sutton and Frederik Fuest, Ohio State University).
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l. Program Scope

This study addresses issues highlighted in the Basic Energy Needs for Clean and Efficient
Combustion of 21st Century Transportation Fuels (DOE BES, 2006) under the topic of
Combustion under Extreme Pressure. It is there noted that “the most basic concepts of thermal
autoignition” are “based on experience and theory at near atmospheric pressures” and that “as
pressure increases significantly..., many of these conceptual pictures begin to change or
disappear”. It is also stated “A better description of the coupling and interaction of high
pressure flow and molecular transport processes with chemistry is also necessary”, particularly
because “Ignition and flame propagation of alternative and renewable fuels, as well as of the
changing feed stocks of conventional fossil-based fuels, are very likely to be much different at
very high pressures than under the more familiar, lower pressure conditions of current
engines.” Recognizing that “Under such (increasing pressure) conditions distinctions between
gas and liquid phases become moot, new equations of state must be used...”, it is immediately
apparent that there must be “a re-examination of the basic assumptions that govern the physics
and chemistry related to combustion; and the need for this type of re-examination increases as
the combustion pressure increases.” This recognition is also stated under the topic of
Multiscale Modeling since due to the new equations of state “The combination of unexplored
thermodynamic environments and new physical and chemical fuel properties results in
complex interactions among multiphase (according to the above, the multiphase distinction
becomes moot with increasing pressure) fluid dynamics, thermodynamic properties, heat
transfer, and chemical kinetics that are not understood even at a fundamental level.” From the
theoretical viewpoint for “systems at high pressure, fluid dynamic time scales can be
comparable to chemical time scales.” and therefore “completely diffusion-controlled reactions
... can become important”.
Thus, the objective of this study is the investigation of the coupling among thermodynamics,
transport properties, intrinsic Kkinetics and turbulence under the high-pressure and the
relatively (with respect to combustion) low-temperature conditions typical of the auto-ignition
regime, with particular emphasis on the manifestation of this coupling on the effective kinetic
rate. As planned, we established collaboration with Dr. Joseph Oefelein of the Combustion
Research Facility at Sandia Livermore to work together towards implementing the models
developed in this research into the high-pressure Large Eddy Simulation code under
development by him at Sandia.

. Recent Progress
This report contains results obtained during the last year of study. The focus of this last year
was to understand the features of high-pressure multi-species mixing before undertaking
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reactive flow simulations. To this end we have performed a suite of Direct Numerical
Simulations (DNS) realizations and analyzed them; the eight DNS realizations were obtained
in the context of a temporal mixing layer by considering the effect of the initial Reynolds
number (Re), the effect of pressure and that of the initial composition (various amounts of n-
heptane, nitrogen, oxygen, carbon dioxide and water). The DNSs use accurate transport
properties computed according to mixing rules and utilize the Peng-Robinson equation of state
[i]. The thermal conductivity and viscosity are computed using the mixing rules described in
[ii]. The binary mass-diffusion coefficients are computed according to [iii], and they, together
with the EOS, form the building blocks for computing the (5%5) mass diffusion coefficient
matrix according to [iv]. The thermal diffusion factors are also computed according to [iv]
mixing rules. For each specified value of Re, a reference viscosity is obtained to enable DNS
at the specified Re value; the ratio of the reference viscosity to the physical viscosity yields a
factor by which all other physical transport properties are scaled so as to maintain the physical
values of the Schmidt (Sc) and Prandtl (Pr) numbers. Each DNS realization reached a state
having turbulent characteristics, and the analysis was mainly performed on this particular
state. Because each species mass flux depends on the gradients of all species, on the
temperature gradient and on the pressure gradient, in order to understand the salient aspects of
the flow, a diagonalization has been performed which enabled the definition of an effective
mass-diffusion coefficient for each species and an effective Sc. The same strategy was used
for the heat flux to define an effective thermal conductivity and an effective Pr. Some results
from the computations are illustrated in Fig. 1 showing that n-heptane which was initially
segregated in
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Figure 1. Effective diffusivities (left column), effective Schmidt numbers (middle column) and
mass fractions (right column). n-Heptane - top row; water - bottom row. p=60 atm in the free
stream and Rey= 600. Results are depicted in a spanwise plane at the transitional time
corresponding to Re=1264, where Re is based on the momentum thickness.
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the lower stream, and water which was present in both streams behave very differently.
Whereas the n-heptane effective diffusivity is positive, that of water (and CO, which was also
initially distributed over the entire field) has both positive and negative values; the negative
effective diffusivity values indicates species spinodal decomposition, meaning that the species
naturally segregates into regions of high density and low density as seen in the last column of
Fig. 1. The effective Sc exceeds unity for all species, as does the effective Pr and the effective
Lewis number (Le), this last result being an indicator that if this fact persists for reactive flow
simulations, despite the possible evidence of flamelets [v], the flamelet model of Peters [vi]
may not apply. The effective values of Pr were generally in the 1-5 range which encompasses
the 4-5 range of R-12 liquid refrigerant. We showed that a necessary and sufficient condition
for species spinodal decomposition occurrence is that the particular species be initially present
in both streams; this is why n-heptane, nitrogen and oxygen never experienced spinodal
decomposition during the physical time of the simulations. We also found that the typical
requirement that each species undergoing spinodal decomposition must be initially uniformly
distributed [vii] is not necessary; in fact non-uniformity will promote, through gradients, the
diffusion causing spinodal decomposition. At otherwise same initial conditions except for the
species distribution, mixtures where spinodal decomposition occurs are more turbulent than
those where it does not, this being due to the additional gradients created by the spinodal
decomposition; these gradients act akin to a solid mesh in creating turbulence.

We also demonstrated the crucial effect of off-diagonal diffusion in terms of depicting the
physics of the problem.
Indeed, a thorough
comparison  between the
diagonal elements of the
species mass-diffusion matrix
and the corresponding
effective species-specific
diffusion  coefficients, as
shown in Fig. 2 for oxygen
and n-heptane, elucidated the
crucial effect of the off-
diagonal terms of the species-
mass diffusion matrix, all of
which are by a factor of
0(10%)-0(10%) smaller than o o
the diagonal terms. If one oo MW H® = e M=
were to neglect these off- Figure 2. Product of the density and diagonal diffusion
diagonal terms, then (1) a coefficients (left column). Product of the density and effective
major  portion of the diffusion coefficients (right column). Units: 10° kg/(m s).
diffusivity small-scale Oxygen — top row; n-heptane -- bottom row. p=60 atm in the
structure in the mixing layer free stream a_nd Reo=2000. Results are depicted at the
transitional time when Re based on the momentum
thickness is 3804.

235 241 248 254 1 267 274 B0

would be missed, (2) since all
diagonal elements are
positive, then no species spinodal decomposition would be observed for the species for which
it occurs, (3) the qualitative aspect of diffusion would be distorted from reality (i.e. incorrect
placement of high and low diffusivity regions) for a species as important as oxygen, and (4) the
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magnitude of the diffusivity for light species (e.g. oxygen) could be in error by a factor of 2
implying a correspondingly erroneous mixture ignition-delay time. Clearly, without the off-
diagonal terms, the physics of the problem would be entirely missed. Therefore, one must be
cautious about utilizing the popular zeroth-order approximation of the diffusion matrix which
describes the diffusion of each species into the mixture and results in a diagonal matrix which
not only would be entirely inadequate for portraying small-scale molecular mixing but would
additionally be unable to describe species spinodal decomposition because all the matrix
elements are positive. Mathematically, the importance of the small off-diagonal terms is
consistent with asymptotic expansion concepts wherein the crucial behavior is embodied in a
small parameter.

We have extended our model and code to reactive flows; the reactive-flow code is operational.
We also have defined an appropriate Damkdhler number (Da). Currently, the activities are
focused on selecting a Da value which will permit reaching ignition at the transitional state,
when the flow is turbulent, so as to allow the study of turbulent ignition.

The PI has continued the collaboration with Dr. Oefelein by providing the information
developed in [3], and Dr. Oefelein indicated that experiments will focus on this new physics.

I11.  Future Plans
The following activities are planned:
« Conduct a series of reactive-flow DNS to examine and understand turbulent ignition.
« Analyze a priori the reacting-flow database and propose subgrid-scale models for the
turbulent reaction terms.
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Towards predictive simulations of soot formation: from surrogate to turbulence

Guillaume Blanquart
Department of Mechanical Engineering
California Institute of Technology
1200 E. California Blvd., Pasadena, CA 91125

Objectives
The combustion of hydrocarbon fuels, including kerosene, gasoline, and diesel, leads to the formation of
soot particles which are known to be the source of several health problems and environmental issues.

The objective of the proposed work is to reduce the gap in the present understanding and modeling of
soot formation both in laminar and turbulent flames. This effort spans several length scales from the
molecular level to large scale turbulent transport. More precisely, the objectives are three fold: 1)
develop a single combined chemical and soot model validated for all relevant components usually found
in real fuel surrogates; 2) develop a framework able to explain the complete evolution of soot particles
from cluster of PAHs to oxidation of large fractal aggregates; 3) understand and model the interplay
between unsteady chemistry, differential diffusion, and turbulent transport.

Recent progress
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Figure 1. Temperature for the 2D coflow diffusion flame (left). Comparison of dopant mass fraction profiles for the
conventional and modified flamelet models (center). Linear relation between the measured YSI in the literature and the

numerically computed YSI (right).

L]
Numerical sooting tendencies

Predicting sooting tendencies

The intent of this part is to predict the experimental sooting tendencies [Combust. Flame 148 (2007) 10-
222] from a detailed chemical mechanism with relatively low computational cost, using a flamelet-based
model. Towards that goal, direct numerical simulations using finite-rate chemistry are conducted on a
methane-air confined axisymmetric co-flow diffusion flame to provide reference data. Soot transport
model is excluded in these direct simulations for both simplicity and to be unbiased from the choice of
soot model used. Sooting tendencies are estimated exclusively from the increment of polycyclic
aromatic hydrocarbon (PAH) dimer production rate along the centerline when the flame is doped.
Calculations using the conventional steady state diffusion flamelet model are performed and this model
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is shown to be inadequate in reproducing the correct species profiles on the centerline of the flame,
where the sooting tendencies are defined. The main reason for the failure of the conventional flamelet
model is due to the neglect of multidimensional convection and diffusion effects. In an effort to
overcome these deficiencies, a new numerical framework based on modified flamelet equations is
proposed. The flamelet equations are re-derived for species mass fractions along the centerline of the
co-flow diffusion flame considered. These equations take into account the effects of multidimensional
diffusion and convection of species in mixture fraction space due to non-unity Lewis numbers. The
modified flamelet equations take as input the temperature, convective velocity, and scalar dissipation
rate profiles calculated from the direct simulation of the diffusion flame. The numerical sooting
tendencies for both non-aromatic and aromatic test species are then calculated using on the PAH dimer
production rate generated from the flamelet solutions doped by the test species. These first
numerically-computed sooting tendencies are derived from a detailed chemical kinetic mechanism and
are in good agreement when compared to experimental values (Figure 1).

This work has been accepted recently for publication in Combustion and Flame.

100
Molecular Weight [AMU]

Figure 2. Energy difference between ground state and first excited state for a series of PAH molecules (left). Two different
configurations of a benzene excimer (parallel — center; rotated — right).

Soot nucleation from excimers

We conducted an ab-initio quantum computational study to address certain issues present in current
models of soot nucleation. Most models base soot nucleation upon the dimerization of gas phase
polycyclic aromatic hydrocarbons (PAHs) that arises through collisions between these gaseous
molecules. These models contain three major flaws and ultimately violate the second law of
thermodynamics. Firstly, soot particles are formed at all temperatures, including room temperature, a
phenomenon that is not observed experimentally. Secondly, these models predict that collisions
between aromatic molecules of any size, including benzene, will form a soot particle. Thirdly, the dimers
produced by these collisions are predicted to be infinitely stable. In an attempt to correct for the first
two issues, we hypothesized that only collisions that included at least one excited state PAH, which
would not be found at low temperatures, could form a stable dimer. The calculations of the excitation
energy difference between excited and ground states were performed at the B3LYP level with the
Dunnings Correlation Consistent basis sets. The cc-PVDZ basis set proved itself sufficient, as its excitation
energy calculations differed from those of higher order Dunning’s sets by only a few percent. The results
suggest that, while the excitation energy negatively correlated with molecular weight, it was strongly
dependent upon the structure of the given PAH (Figure 2). PAHs that more closely resembled the n-
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acenes in structure had lower excitation barriers than other PAHs of similar mass. Using the calculated
excitation energies, we evaluated the population of excited states at a given temperature assuming a
Boltzmann equilibrium distribution. We found that only higher mass PAHs, particularly anthracene and
tetracene, form a sufficiently large population of excited molecules at common sooting flame
temperatures. Then, to tackle the third issue presented by current models, we used benzene and
naphthalene as test cases to determine the stability of any dimers formed from a successful collision.
Even though we found such dimers unlikely to form, they provided computationally efficient results that
should generalize to higher order PAHs. These calculations were carried out using the MP2/cc-PVDZ
level of theory. We compared the energy of two molecules, one in its ground and one in its excited
state, an ”infinite distance” apart to two in close proximity (3-4 angstroms) and found that, for benzene,
dimerization provides significant stabilization to the two molecules (30 kJ/mol) (Figure 2). The present
results suggest that a collision based model involving one ground state and one excited state PAH might
adequately capture the physics of soot nucleation.
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Figure 3. Overview of the chemistry relaxation model under turbulent fluctuations (left). Dependence of chemical source
term on the species mass fraction for naphthalene for various initial scalar dissipation rates (right).

A PAH relaxation model for soot formation in turbulent flames

In this paper, the response of different species to turbulent unsteadiness is investigated utilizing the 1D
unsteady laminar diffusion flamelet model. Turbulent effects are modeled solely through an abrupt
change in the scalar dissipation rate. Steady-state flamelets are perturbed by the modeled turbulent
effects. One-dimensional flamelet calculations assuming unity-Lewis number for all species are
performed. Based on the numerical results, relations between the chemical source terms and species
mass fractions are examined for various representative species. It is found that the smallest turbulent
time scale remains much larger than that of the gaseous phase chemistry for some small species. The
steady state flamelet assumption for these species is well justified and their mass fractions can be pre-
tabulated using the flamelet library legibly. On the other hand, PAH chemistry is relatively slow, and
these PAH species cannot react instantaneously to the abrupt change in the local scalar dissipation rate.
Based on the above considerations, a relaxation model is proposed for the chemical source terms of
light species, species of moderate molecular weights, and heavy hydrocarbons. These source terms can
be decomposed into a positive production term and a negative consumption term. The production term
is observed to be constant for a given mixture fraction value, whereas the consumption term is found to
be linearly dependent on the local species concentration. The dependence of the consumption term on
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the species mass fraction is found to be determined only by the scalar dissipation rate after its abrupt
change (Figure 3). This observation suggests that the relaxation model can be fully pre-tabulated using
the results of steady state flamelets. Based on the relaxation results, the validity of different chemistry
tabulation models is assessed.

Current and future work
Direct Numerical Simulations of turbulent sooting flames

Simultaneously to the development of the chemistry and soot models, we have started setting up the
Direct Numerical Simulations of soot formation. The first configuration to be analyzed is a diffusion
mixing layer. Currently, the focus is placed on two elements: 1) developing an accurate and robust
numerical scheme for the transport of soot quantities in a highly turbulent flow field, and 2) identifying
the most relevant initial conditions to study the inception of soot in a turbulent flow field.

Publications
Xuan, Y., Blanquart, G. « Numerical Modeling of Sooting Tendencies in a Laminar Co-flow Diffusion Flame
» Combustion and Flame (2013), accepted.

Bartlett, A., Blanquart, G., « Investigation into the Mechanism of Soot Deposition from Gaseous
Polycyclic Aromatic Hydrocarbons », Proceedings of 8th US Combustion Meeting, Salt Lake City, Utah
(2013)

Xuan, Y., Blanquart, G., Mueller, M., « Impact of mixture fraction field curvature on chemical species
transport in diffusion flames », Proceedings of 8th US Combustion Meeting, Salt Lake City, Utah
(2013)

Xuan, Y., Blanquart, G., « A flamelet-based relaxation model for polycyclic aromatic hydrocarbons in
turbulent flames », Proceedings of 8th US Combustion Meeting, Salt Lake City, Utah (2013)
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Theoretical Studies of Combustion Dynamics (DE-FG02-97ER14782)
Joel M. Bowman
Cherry L. Emerson Center for Scientific Computation and Department of Chemistry,
Emory University Atlanta, GA 30322, jmbowma@emory.edu

Program Scope. The research supported by this Department of Energy grant is focused
on development of rigorous computational methods to model and predict the chemical
and physical processes of importance in gas-phase combustion reaction dynamics. This
includes developing full-dimensional, global ab initio-based potential energy surfaces
(PESs) that describe complex unimolecular and bimolecular reactions. The dynamics on
these potentials, which may contain multiple minima and saddle points, are done mainly
using classical trajectories, for long times and can reveal new pathways and mechanisms
of chemical reactions. Large amplitude motion, including isomerization, "roaming",
energy transfer in collisions with atoms and molecules can be studied with these
potentials. The choice of reaction system to study is generally motivated by experiments
that challenge and ultimately advance basic understanding of combustion reaction
dynamics. Quantum approaches are also employed mainly to study the rovibrational
states of polyatomic molecules.

Recent Progress: Potential Energy Surfaces for F, Cl, and O(3P)+CHj4 reactions. We
developed full-dimensional, ab initio-based potential energy surfaces (PESs) for the title
reactions,”1-P7 based on fitting roughly 20 000 highly accurate composite electronic
energies, using fitting methods developed in the group.”® These PESs are the most
accurate ones available and have been used in detailed reaction dynamics calculations,
motivated by experiments of Lui and co-workers.! The PESs have been used by us and
by other groups to investigate the applicability of the “Polanyi rules”, which state what
the effect of vibrational excitation should be in accelerating (or not) a chemical reaction.
These rules were formulated based on many experimental and theoretical studies atom-
diatom reactions and recently there has been considerable interest in! (and some
controversy?® about) whether these rules apply to these reactions, notably the Cl+CD3H
reaction. The aspect of these reactions that makes the rules perhaps problematic is the
presence of an entrance channel van der Waals well. In some cases this well can steer
the reactants away from the reaction saddle point and the issue is whether this steric
steering-away increases with vibrational excitation of the CH-bond that is broken in the
reaction.

Three-state surface hopping calculations of acetaldehyde photodissociation to
CH3+HCO. We reported three electronic-state surface-hopping calculations of the
photodissociation of CH3CHO with a particular focus on the So/T1 branching ratio and
final-state distributions of the CH3+HCO channel(s) versus photolysis energy using full-
dimensional ab initio PESs and spin-orbit coupling.”® Comparison with experiment?3
showed good agreement and provided insight into the detailed multi-surface dynamics.
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Potential Surfaces for HOCO Dynamics and Spectroscopy. In collaboration with Hua
Guo and Richard Dawes, a global, ab initio potential energy surface for the OH+CO
reaction has been developed and used in several dynamics calculations already.P10P11 A
3500 v - - - - new PES and dipole moment surface, which
are focused in the region of the two isomers
and barrier separating them has also been
developed and employed in exact
calculations of vibrational energies and IR
intensities.’12 The potential along the
relaxed torsional path is shown to the left.

The PES is highly accurate, producing a

o e 1= o 20 a0 a0 barrier to isomerization within 6 cm! of

e direct benchmark calculations. The
vibrational energies for both isomers are in very good experiment* and this PES and
dipole moment surface can be used to probe isomerization states with predictive
accuracy. Ro-Vibrational Calculations and Line-list Spectroscopy of C2Hs. The

MULTIMODE code using a very reduced mode coupling scheme was shown to produce

vibrational energies in high accuracy®!3 (less than 1 cm1) in comparison to benchmark

12-mode calculations for roughly 120 states.> More recent calculations of the “line-list”
ro-vibrational IR spectrum were reported, using a new ab initio dipole moment
surface.P1* The results agree very well with available experiments.

Future Plans. We plan to study collision-induced isomerization, energy transfer,

dissociation and recombination in highly energized molecular complexes with rare

gases. This will be a major new direction for our research and is aimed at addressing a

dearth of research in this very important process in combustion chemistry
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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

In our previous work [Bastien et al., 2010 and Loisy and Brown, 2012], we demonstrated
that simple Lennard-Jones potentials are adequate for transport property calculations, which
recently has been verified by Dagdigian and Alexander [2012]. Bastien et al. also
demonstrated that many which recently has been verified by Dagdigian and Alexander
[2012]. Bastien et al. also demonstrated that many that many different (&ii, 6;;) pairs can yield
predicted viscosities that agree with experimental values with less than 1% error over a wide
range of temperatures. These results all suggest a surprising insensitivity of the transport
properties to the potential, which should be explored further. Since our study of thermal
diffusion, thermal diffusion factors (TDFs) revealed some sensitivity to the potential shape,
we have conducted a sensitivity study of the TDF to the potential surface using the LJ 9-6
and 12-6 potentials. By conducting the study of TDF sensitivity, we de facto conduct a
study of the other transport properties because the collision integrals and other parameters
required for TDFs include those that are important for diffusion, viscosity, and thermal
conductivity.

Methodology: The sensitivity study was conducted with classical mechanics by applying
a local perturbation to the reduced LJ 9-6 and 12-6 intermolecular potentials. Ideally the
perturbation would be a Dirac delta function, but this would cause a discontinuity. This
was avoided by approximating the delta function with a Gaussian, and defining the
perturbation as:

(1)
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p(r*)=Ke \' %

where p(r”) is the perturbation at the reduced intermolecular distance r*, 7, is the
location of the Gaussian maximum, K is the amplitude of the perturbation, and w is the
width. The parameters of the Gaussian were given fixed values determined by trial and
error as K= 0.05 and w=0.001. For a specific reduced energy and reduced impact

*

parameter, the potential was perturbed at a number of r* positions between r; = 77, the
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distance of closest approach and r; = 10, an intermolecular distance where the potential
is effectively zero.

Results: Fully normalized sensitivity coefficients of the deflection function, cross
sections, collision integrals Q" for 1=1,2 and s=1-3, functionals, TDFs and other
transport proPerties to the intermolecular potential were computed. The deflection
function, cos X (b*,G*), which is the scattering angle as a function of reduced energy and
impact parameter, depends on the intermolecular potential, and is evaluated by
performing an integral over the reduced intermolecular distance. The cross section is
obtained by integrating the cosine of the deflection function (raised to the power 1 or 2)
over the reduced impact parameter weighted by it. Collision integrals are obtained by
integrating the cross section over a Boltzmann distribution with a weighting factor, which
is the reduced energy raised to an appropriate (for the transport property of interest)
power. Functionals are ratios of collision integrals or ratios of differences of collision
integrals.

The location of the maximum sensitivity of the deflection function, cos'X (b*,G*) is
located at the distance of closest approach. The maximum sensitivity of the cos'X (b*,G*)
deflection function versus (b*?) and G* and for 1=2 is shown in Figure 1:

cos(y)? maximum sensitivity vs. (b*%,g*?)

Figure 1 Maximum sensitivity of Cos’X versus the square of the reduced impact
parameter and the reduced energy

where maximum values are between 1 and 12 for small values of G* less than 5 and
values of (b*%) between 1 and 4. Examination of the maximum cross section sensitivities
to the potential as a function of G* revealed that they had decreased by two orders of
magnitude due to the weighting of the integrand by the impact parameter. The integrand
of the collision integral was examined for different values of the reduced temperature, T*
(kT/e); low values of T* favored small values of the energy over a limited range of
energies, and as T* increased, the maximum contribution shifted to higher energies and
decreased in magnitude while the range of energies that contributed to the integrand
increased. This behavior was manifested in the collision integral sensitivities computed
for different values of T*, when T* >1.0. The collision integral sensitivities and those
associated with the functionals decreased by another order of magnitude with maximum
values of approximately 5 x10~ and were dominated by the repulsive portion of the
potential. The TDF sensitivities as a function of perturbation position for different
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temperatures for N, + H; is shown in Figure 2. The sensitivities have maximum values of
3.5x 107 and are dominated by the repulsive portion of the potential as the temperature
Thermal diffusion factor sensitivity vs. perturbation position r*,
H2-N2 mixture; x(H2)=0.50; LJ 9-6 potential; Kihara's method
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Figure 2 The TDF versus perturbation position for various temperatures. The TDF for the
figure was calculated with a LJ 9 6 potential and the Hirshfelder approximation.

Conclusions: The conclusions of this study are that transport properties do not constrain
the potential at the energies that are important for the temperature range 250 K to
adiabatic flame temperatures, considered in our studies. The TDF is an order of
magnitude more sensitive to the potential than the other transport properties, but the TDF
and the other transport properties are very insensitive O(10™). In contrast, flame property
sensitivity to rate coefficient and transport properties can achieve values of magnitude 10.
The sensitivity is dominated by the repulsive portion of the potential. A parameter, which
provides a measure of the steepness of the repulsive portion of the potential, is (o/ry,), and
this suggests that there is an important relationship between the length and energy scaling
parameters. The parameter 1, , the internuclear separation at the potential minimum, is
related to o for LJ potentials. Of the intermolecular potentials considered in our study, the
LJ 9-6 potential is the least repulsive. Bastien et al. found that a curve (trough) exists in
(og) space, which can be approximated as a straight line, where the parameter pairs on the
curve generate a calculated viscosity in good agreement with measurements for a pure
gas or binary mixture. The low sensitivity, the importance of the repulsive portion of the
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potential for transport, and the relationship between ¢ and € provide an explanation the
Bastien et al. finding.
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I. Program Scope

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 investigate the dynamics of the
product channels that arise from long-lived radical intermediates along the bimolecular reaction
coordinates. Our work uses the methodology developed in my group in the last twelve 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 study the
branching between the ensuing product channels of the energized radical as a function of its
internal rotational and vibrational energy under collision-less conditions.

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 at Taiwan'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 experimental work in the second funding period focused on three systems,
the radical intermediate when OH adds to the end carbon of allene, two radical intermediates in
the reaction of OH + propene, and the photodissociation of BrCH,CH,ONO at 351 nm. The last
is in collaboration with Terry Miller’s group. In collaboration with Joel Bowman, we have also
been doing substantial theoretical modeling, described below, of our experiments on the OH +
ethene radical intermediate, CH,CH,OH. We are scheduled for March 10, 2013 to take data on
the OH + allene system, so I'll just describe the work on BrCH,CH,ONO at 351 nm and the
classical trajectories on the OH + ethene intermediate below. The results develop insight on
product channel branching in reactions that proceed via an addition/elimination mechanism and
provide a key benchmark for emerging electronic structure and dynamics calculations on
polyatomic reactions that proceed through unstable radical intermediates.

II. Recent Progress

A. Photoproduct Channels from BrCH,CH,ONO at 351 nm

Terry Miller’s group has been interested in studying the spectroscopy of substituted
alkoxy radicals, so had photolyzed at 351nm a series of substituted alkyl nitrites, XCH,CH,ONO
(X=F, Cl, Br, OH) and obtained spectra of the observed products. They reported (J. Phys. Chem.
A, 116, 12032 (2012)) that only for X=F did they observe the spectrum of substituted alkoxy
radical, XCH,CH,O; for all systems they observed electronic transitions of formaldehyde and
vinoxy radical, CH,CHO. Our experimental work in this second year of funding characterized the
primary photodissociation channels of BrCH,CH,ONO at 351 nm to help Miller’s group to
understand the sources of the photoproducts they were detecting. We were particularly interested
in whether the vinoxy product might result from primary HBr photoelimination or from a
competing channel in the unimolecular dissociation of the nascent BrCH,CH,O radicals (most of
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those radicals would be expected to dissociate to BrCH, + CH,O, the source of Miller’s
formaldehyde signal). We have not yet published our experimental results as we wish to take a
spectrum of the BrCH, products from the secondary dissociation of BrCH,CH,O radicals on our
velocity map imaging apparatus, but the experimental results on our scattering apparatus are
complete. They definitively show that the only primary photodissociation channel of
BrCH,CH,ONO at 351 nm is O-NO fission to form NO + BrCH,CH,O radicals. The upper limit
on a potential HBr photoelimination channel is <2%, so any HBr photoelimination co-fragment,
CH,CHONO, would certainly be in too small a yield to be responsible for Miller’s vinoxy signal.
(This radical would dissociate to vinoxy + NO, but it is not present to do so.) We then turned to
characterizing the internal energy distribution of the nascent BrCH,CH,O radicals. Although most
of those radicals would be expected to dissociate to BrCH, + CH,0, there is a higher energy HBr
elimination channel from this radical which might produce some vinoxy signal if the radical were
formed with high internal energies. Figure 1 shows the internal energy distribution determined in
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Figure 1. Internal energy distribution of the BrCH,CH,O radicals produced from the 351 nm
photodissociation of BrCH,CH,ONO. The internal energy carried away by the NO co-fragment
was estimated to be 13.94 kcal/mol (it has been subtracted from the total internal energy).

our experiments. The nascent BrCH,CH,O radicals do not have enough internal energy to
dissociate to vinoxy + HBr when they are produced from the 351 nm photodissociation of
BrCH,CH,ONO. Thus we cannot determine the source of Miller’s vinoxy spectra. We are
presently taking data in our velocity map imaging apparatus to characterize the secondary
dissociation of BrCH,CH,O radicals to BrCH, + H,CO. Our new tunable VUV ionization
capability can resolve the BrCH, signal from that from dissociative ionization of stable
BrCH,CH,0 radicals. We plan to write the results up for publication this spring.

B. Theoretical Study of the Dissociation Dynamics and Product Branching of the
Partially Deuterated Radical Intermediate, CD,CD,OH, of the OH + ethene reaction

Our prior experimental work on the OH + ethene reaction evidenced four product
channels from the CH,CH,OH radical intermediate formed in the addition mechanism of this
reaction (Ratliff et al, J. Phys. Chem. A 115,9097 (2011)). Though the dissociation of the radical
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back to ethene + OH and the product channels of ethenol + H and methyl + formaldehyde (with
minimal contribution from H + acetaldehyde) were expected based on the RRKM work of
Klippenstein and co-workers (Senosian et al., J. Phys. Chem. A 110, 6960 (2006)), our
experiments evidenced a surprising branching to water + vinyl. The barrier for this channel is
quite high from the radical intermediate (these products are produced in the H atom abstraction
channel of the OH + ethene bimolecular reaction via a much lower transiton state) so had not
been included in Klippenstein’s study (or any prior one) as a possible product channel from the
radical intermediate. Concurrently with our experimental work, Bowman and co-workers (J.
Phys. Chem. Lett. 1, 3058-3065 (2010)) were investigating this reaction with quasiclassical
trajectories. Both the experimental results and Bowman’s trajectores evidence a H,O + vinyl
product channel from the radical intermediate. However, his trajectories, calculated with J=0 and
44 kcal/mol of internal energy, show less than a 2% branching to these products, while the
experiments detected that 14.5% of the dissociating radicals (from a broad internal energy
distribution with high angular momentum J) resulted in water + vinyl. To test the possible role
of tunneling, in the last funding period we took data on the partially deuterated radical.* We
found that the branching to this channel remained high, so tunneling cannot explain the different
branching to this channel predicted in the trajectories. Thus, we posited that it may be important
to assess the role of angular momentum in the dynamics, as the P-hydroxyethyl radical
intermediates in our experiment are produced photolytically rather than from the OH + ethene
bimolecular collision (producing the intermediate photolytically allows us to separate the direct
abstraction reaction from the addition/elimination reactions). Thus, we sought to run the
trajectory calcuations appropriately counting for the direction and magnitude of the angular
momentum imparted to the radicals.

This year, in collaboration with J. Bowman and E. Kamarchik, my student Ben McKown
wrote additional code to allow Bowman’s QCT code to correctly include the initial angular
momentum imparted to the radical intermediate in the experimental work. We also corrected our
model for estimating the rotational energy in the radical from the measured recoil kinetic energy
distribution for the C-Br bond photofission that generates the radical. The revised model may be
used in the general case where the radical’s rotation is not about a principle axis. Figure 2 below
shows the derived distribution of J in the nascent radicals from the trans photolytic precursors,
with an individual plot at one of the lower recoil kinetic energies that generates radicals with high
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Figure 2: Representative angular momenta derived from expt for classical trajectory calculations.
enough internal energies to dissociate. Our trajectory results thus far give an excellent prediction

for the measured recoil kinetic energy between the OH and ethene products from the high
rotational energy CD,CD,OH radicals; this is shown in Figure 3 below. This validates our model
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for deriving the distribution of energy between rotation and vibration. The product branching
from the rotationally excited radicals interestingly predicts that although the H + ethenol channel
would dominate, the surprising water + vinyl channel is comparable in importance to the channel
producing methyl + formaldehyde. The branching predicted for the OH + ethene channel is much
larger than that measured experimentally, however, so Bowman and co-workers plan to further
improve the fitted potential energy surface.
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Figure 3: Comparison of the measured energy imparted to recoil kinetic energy when the
rotationally excited radicals dissociate to OH + ethene to that predicted by the classical
trajectories with J=127. The prediction for J=0 is much different, peaking near E;=0.

We explored three dimensionality reduction methods to understand the trajectory
results; we found that Ceriotti’s sketch maps (M. Ceriotti et al, PNAS 108, 13023 (2011)),
originally developed for protein folding, give new physical insight on the unexpected H,O +
vinyl product channel from this intermediate. A manuscript describing these results is in
preparation.
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Program Scope:

My research focuses on the field of chemical dynamics of gas phase molecular species. 1 define
chemical dynamics as the detailed study of the motion of molecules and atoms on potential
energy surfaces in order to learn about the details of the surface as well as the dynamics of their
interactions. We have tested simple bimolecular potential energy surfaces by the careful study
of collisional energy transfer processes in crossed molecular beam arrangements utilizing
Velocity Mapped lon Imaging techniques. We use laser light to state-selectively excite the
reagents and detect the products of collisional energy transfer processes and therefore we can use
the polarization qualities of the light to learn about not only the angular distribution of scattering
processes but the alignment and orientation of the angular momentum vector of the products.
We attempt to do this with high velocity resolution when possible and with single quantum-state
preparation of the reagent molecules. We recently have found that we can use laser excitation to
electronic states at the crossing of the molecular beam with either an atomic or molecular beam
to create a state-selected transient species for which energy transfer can be studied while in the
excited electronic state.

Chemical Dynamics Progress Report: Electronically excited state scattering:

We first realized that we could record the differential cross section of scattering from
electronically excited state species produced at the crossing of two beams when studying elastic
collision of Kr atoms [1]. This Kr tagging experiment and the observation of scattering spheres
from elastic scattering of metastable Kr atoms at delay times as short as 400 ns implies that a
molecule that is in an electronically excited state for only 400 ns could undergo sufficient
collisions to generate a scattering image from which a differential cross section and alignment
moments could be recovered. NO(A, j=0) state has a lifetime of 200 ns, and we excited it with
near-UV light around 226 nm at the crossing of a 5%NO/He beam and a neat beam of He, Ne or
Ar atoms [2,3]. A 400-ns delay between the excitation and performing state-selective REMPI of
the NO(A) state molecules is sufficient time to allow for collisions in the crossed molecular /
atomic beams. During this delay ~90% of the NO(A”E") state molecules have decayed back to
the ground state and of those remaining in the excited state approximately 1% have a collision.
Those collisions cause rotational energy transfer to about 20 possible quantum states. Quantum-
state resolved ionization detection of the collision products reveals both the differential cross
section and the alignment of the angular momentum vector of the product molecule. Ionization
is accomplished by selectively ionizing the NO (A, N) molecules by (1 + 1) REMPI through the
NO(E) state at ~620 nm, and those ions are velocity-mapped Ion Imaged. In Fig. 1 are sum
images (image taken with vertical plus image taken with horizontal polarization of the detection
laser) of NO(A, N=4, 5, 7, 9) from such an experiment where the NO(A) collision partner is Ne.
Analysis of the sum images gives us information on the differential cross section and the
alignment of the angular momentum vector.
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Figure 1: (a) DCS from QS calculations at 543 cm-1 collision energy with correction for detection sensitivity using
both QS and KA models. (b) Predicted angular intensities for V + H image from QS and KA models together with
experimental angular intensities. (c) Experimental V + H images for N’ =4,5,7 and 9.

What we have concluded from this study is that the best potential energy surface for the
scattering of NO(A) state molecules from rare gas atoms does accurately reproduce the
experimental results for the differential cross section except for the very most forward scattering
peak for N=7 [4]. The calculations also reproduce the alignment of the angular momentum
vector that is observed. An interesting side note is that there is much more quantum interference
in the scattering of NO(A) with rare gas atoms that for scattering of NO(X) with rare gas atoms.
Considering the excited state is a more spherical Rydberg, X" state and the ground is a more
ellipsoidal shaped °I1,/, state this is a little surprising. The answer, I believe, lies in the softness
of the potential energy surface as different scattering interactions actually scatter from different
parts of the potential as only the component of velocity along the Apse angle of the collision is
useful in the collision dynamics. Analysis of this data has led to a simple classical “Kinetic Apse
model”, KA, for the prediction of the alignment of the angular momentum vector upon collision
that can predict classically about 80% of the observed alignment that is observed in scattering
experiments [5]. This work is being done by postdoctoral fellows Jeffrey Steill and Jeff Kay in
collaboration with the groups of Ken McKendrick and Matt Costen (Harriott-Watt Univeristy)
and Millard Alexander and Jacek Klos (University of Maryland).

Present and Future work: Collision Induced Dissociation of NO;:

The shape of the collisional energy transfer function, P(E, v, j: E’, v/, j'), for a collision of a
polyatomic molecule has been the subject of many experiments as this collisional energy transfer
process activates and deactivates molecules in real-world collisional environments. Over the
years many efforts have been made to measure the average energy transferred in a collision
between a hot and a cold molecule as this dictates how fast molecules come to thermal
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equilibrium [For example 6,7]. Highly reactive systems such as flames and explosions many
times are not in thermal equilibrium since the energy transfer collisions cannot keep up with the
reactive collisions that generate heat release.

Collisional stabilization is critical to understanding complex gas phase kinetics of reactions
where the potential energy surface has multiple minima [8,9]. Several groups have prepared
vibrationally excited ground-state molecules by exciting large aromatic molecules to the first
electronically excited state [for example 10]. Internal conversion of the energy generates a
translationally and rotationally cold, but vibrationally-excited ground-electronic-state molecule
suitable for the study of energy transfer. Much theoretical effort has accompanied these
experimental efforts. Much has been learned about the shape of the energy transfer function,
P(E, v, j: E', v, j) from various studies but what has not been measured directly is the collisional
energy transfer from highly vibrationally excited states of a molecule into the dissociative
continuum: collision induced dissociation (CID). This collision-induced dissociation is the final
step in a pyrolysis reaction where a cold molecule is heated in a hot bath and collisionally
dissociates. In addition this measurement has direct bearing on three-body recombination
reactions as they are related by microscopic reversibility.

In a new set of experiments we have recently started we will measure directly the shape and
extent of collisional energy transfer between a highly vibrationally excited triatomic molecule
and an atom. NO; seeded into a skimmed supersonic molecular beam is electronically excited to
the first electronic *B; state around 398.7 nm. At this wavelength the molecule does not have
quite enough energy to dissociate (dissociation energy is 25,129 cm-1 or 397.9 nm). The
electronic “B, state is strongly coupled to the ground *A, state and internal conversion is quick,
sub-picoseconds. In this manner we are able to generate an NO, molecule with a precise
amount of vibrational energy. This hot molecule undergoes a collision with a rare gas atom from
a supersonic expansion with a center-of-mass collision energy approximately 560cm™ for
collision with Ar. Any collision transferring mor e than 50 cm™ of energy will deposit sufficient
energy for the NO, molecule to dissociate and form NO(X) + O atoms. In order to determine
the shape of the energy transfer function P(E) we taken images of many energetically
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Figure 2: Schematic of NO, collisional dissociation experiment and data on the photo-dissociation of NO,
showing that particular quantum states are preferentially formed at certain excitation energies. Images of NO
(J=1.5 (left) and J = 7.5 (right)) produced from collision of hot NO, with Ar atoms. The feature on the right side
of the left hand image of the NO collision induced dissociation product is NO(J=1.5) impurity in the Ar beam
used to scatter with the NO,.
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accessible quantum states of the product NO molecule a few milliseconds after excitation of the
NO; molecule, Fig. 4. This data combined with data on the product branching ratio of NO; into
NO(X, J) as a function of energy will give us a direct measure of the collisionally induced energy
transfer process. Theory to compliment our data and help with the analysis is being performed
by Dr. Ahren Jasper (Sandia).
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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 phenomena in turbulent combustion. The simulations address fundamental issues
associated with chemistry-turbulence interactions at atmospheric pressure that underly practical
combustion devices: extinction and reignition, premixed and stratified flame propagation and structure,
flame stabilization in autoignitive coflowing jet flames and reactive jets in crossflow, and flame
propagation in boundary layers. In addition to the new understanding provided by these simulations, the
resultant DNS data are used to develop and validate predictive mixing and combustion models required in
engineering Reynolds-Averaged Navier Stokes (RANS) and large-eddy (LES) simulations.

Recent Progress

In the past year, computer allocations from a DOE Innovative and Novel Computational Impact on
Theory and Experiment (INCITE) grant have enabled us to perform several petascale three-dimensional
DNS of turbulent flames with detailed chemistry. These studies focused on understanding: 1) Extinction
of stratified counterflow Hy/air flames under intense turbulence and strain [1], and 2) Lean premixed
H,/air flames in intense sheared turbulence [2]. DNS data were also used to assess various mixing and
and flame wrinkling models for RANS and LES [3-6]. Highlights of our accomplishments in the past
year are summarized below, followed by a summary of future research directions.

Extinction of stratified counterflow H,/air flames under intense turbulence and strain

Highly turbulent lean premixed hydrogen-air flames stabilized against non-adiabatic stoichiometric
combustion products in chemical equilibrium are investigated in a joint direct numerical simulation
(DNS) and experimental approach [1]. The effects of turbulence, strain rate, non-adiabaticity and
composition stratification on flame structure, local flame quenching and re-ignition are studied using
three-dimensional DNS and laser induced fluorescence (LIF) imaging of OH. Combustion was
established at an elevated turbulent Reynolds number of 1,000 in a compact cylindrical volume delimited
by the two co-axial nozzles of diameter 12.7 mm and separation distance 12 mm. The reactant and
stoichiometric product streams are specified at temperatures of 294 K and 1475K, respectively, and at 1
atm. The DNS was performed with a detailed chemical kinetics mechanism for hydrogen-air that involves
9 species and 19 elementary reaction steps. The analysis of the combined simulated and measured data
quantifies the local extinction levels, and reveals the morphology of the extinguishing and re-light events.
The joint approach focuses on the turbulence-flame interactions and assessment of the driving mechanism
that leads to local extinction and identifies the main re-ignition patterns and the probability of their
occurrence.

A parametric study was performed where two parameters, the equivalence ratio of the reactant stream
(Flames A, C, D) and the length scale of the turbulent structures (Flame E), were varied in the DNS.
Systematic increase of the reactant mixture equivalence ratio, from 0.2 to 0.6, leads to higher overall
burning rate as depicted by a comparison of the heat release rate isocontours between Flame A
(equivalence ratio of 0.2) and Flame D (equivalence ratio of 0.6) in Figs. 1a and 1b. Increasing the
length scale of the turbulent structure in Flame E by ten-fold over Flame C (ratio of integral turbulence
scale to nozzle diameter is 0.3 for Flame E) while maintaining a constant equivalence ratio of 0.4 leads to
a significantly thicker flame brush with apparent higher corrugation, as shown in Figs. 1c and 1d.
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Figure 1: (a-d) Heat release rate, in the middle spanwise plane for the simulated flames A,D, C and E
(from left to right). The equivalence ratio of flames A,C,D and E is 0.2, 0.4, 0.6 and 0.6, respectively.

Figure 2 shows the mass fraction of OH in the middle spanwise plane between the opposed nozzles at a
representative time from the DNS and experiment performed under similar flow/flame conditions in the
same counterflow configuration [1]. Both the DNS and experimental data illustrate the presence of a
thick flame stabilized approximately 3mm downstream of the tip of the reactants nozzle. The inflowing
turbulence interacts with an initially flat laminar flame and induces significant corrugation and a highly
curved instantaneous flame surface morphology. Three-dimensional motions contorted by the large scale
turbulent eddies aid the formation of flame branches, which in the two dimensional view, appear as
detached from the main flame surface indicating the strong effect of turbulence on the flame topology.
Successive low heat release rate events occurring on the reactants stream of the configuration
characterized by low levels of OH are classified as local extinction events. The extinguished regions
appear as holes in the flame structure and are convex towards the counterflowing products gases. This
suggests that as the flame is convected downstream by the turbulent straining motions, it is forced to
interact with the sub-adiabatic hot product stream and exhibits partial quenching.

1

Measurement
window
(white box)

Figure 2: a) Instantaneous OH mass fraction from Flame E by DNS (left), and experiments (right).

Once formed, the locally quenched regions grow in physical extent with time; however, full quenching of
the reaction zone is not observed. Instead, favorable thermochemical and flow conditions lead to local re-
ignition events. The observed recovery modes in the DNS include a combination of edge-flame
propagation and expansion of an ignition kernel that forms within the extinguished region.

DNS and a priori LES modeling of turbulent premixed flames in intense sheared turbulence

DNS were performed of a lean premixed hydrogen flame with a detailed chemical kinetic model in shear-
driven turbulence [2]. The DNS configuration is a canonical flow of two initially planar flames
propagating towards each other into a temporally developing plane jet of premixed reactants. The jet
Reynolds number of 10,000 necessitates using nearly seven billion grid points to resolve the fine-scale
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turbulent structure and obtain reasonable statistical convergence. While the principal novel contribution
of the present database is the consideration of a strong mean shear which drives intense turbulent mixing
within the flame structure, in addition, the turbulence Reynolds numbers are higher than previous DNS
studies (turbulent Reynolds numbers of up to 1000) which have similar resolution of fine-scale structure.
The turbulent kinetic energy spectrum exhibits over a decade in the inertial range with Kolmogorov’s k™?
scaling with wave number k. Three cases were simulated with different Damkdhler numbers, while
Reynolds number was held fixed. The flames burn in the thin reaction zones regime where the Karlovitz
number is high. The integrated burning rates up to approximately six times the laminar burning rate were
obtained. It is shown that increased flame surface area accounts for most of the enhanced burning while
increases in the burning rate per unit area also play an important contribution.

The DNS database was then used to assess a new model for the unresolved flame surface area, i.e. the
subfilter flame wrinkling, intended for LES. The approach draws on concepts from fractal geometry,
requiring the modeling of an inner cut-off scale representing the smallest scale of flame wrinkling, and
the fractal dimension controlling the resolution dependence of the unresolved flame surface area. In
contrast to previous modeling, it was argued that the inner cut-off should be filter-size invariant in an
inertial range. Then, dimensional and physical reasoning together with Damkohler’s limiting scaling laws
for the turbulent flame speed were used to infer the cut-off and fractal dimension in limiting regimes. Two
methods of determining the fractal dimension were proposed: a static, algebraic expression or a dynamic
approach exploiting a Germano-type identity. Finally the model was compared against the DNS in a
priori tests and was found to give excellent results, quantitatively capturing the trends with time, space,
filter size, and Damkdéhler number.

Future Work:

Flame characterization and blow-off of jet arrays in a turbulent cross-flow

Reactive transverse fuel jets in cross-flowing turbulent flow are widely encountered in aeronautical and
land based combustion devices where they are used to improve mixing and minimize pollutant formation.
The designed injection nozzles need to provide the desired rapid mixing between the fuel and the cross-
flowing oxidizer stream and prevent flame stabilization in the near field of the fuel injection nozzle,
which is challenging for gas turbines operating with hydrogen enriched fuels. Combustion in such flows
has been identified to occur in mixed modes downstream of the injector, which poses a significant
challenge for modeling. Earlier studies [7,8] have investigated the stabilization of isolated transverse jets
injected perpendicularly and at an angle of 75° with the transverse direction.

The proposed research aims to build upon previous findings by investigating the flame structure and
stabilization of a) multiple interacting transverse jets, b) isolated jets injected obliquely, at various
injection angles in the spanwise direction, and c) isolated jets injected in high pressure environments. The
proposed computational study will be performed using high-fidelity direct numerical simulation (DNS)
resolving all the relevant time- and length-scales of turbulence and chemical kinetics. The analysis will
provide detailed benchmark data augmenting previous parametric studies in the JICF configuration,
which will provide in-depth fundamental understanding about mixing processes and flame stabilization.
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I. Program Scope

This research program pursues unique studies of transient neutral species and collision complexes
relevant to combustion phenomena. The experimental approach involves photodetachment of precursor
molecular and cluster anions, allowing direct measurements of the stability and dissociation dynamics of
energy-selected reactive intermediates. This technique combines photoelectron spectroscopy with
photofragment translational spectroscopy to yield photoelectron-photofragment coincidence (PPC)
spectroscopy to fully characterize dissociative photodetachment (DPD) processes. In the final year of this
grant we have continued to exploit a new cryogenic electrostatic ion beam trap (CEIBT) to study the
photoelectron spectra and examine the DPD processes of cooled anion precursors of species important to
combustion processes. This general experimental advance was described in detail in the Review of
Scientific Instruments in 2011 [1]. Using this apparatus, we have carried out a number of experiments on
reactive intermediates important to combustion processes as discussed below. The primary effort
currently underway involves preparation of vibrationally excited anions prior to injection in the CEIBT.

II. Recent Progress

A. Studies of the Effects of Vibrational Excitation on the Reactivity of Combustion Intermediates
We are working to demonstrate the ability to selectively vibrationally excite anions prior to injection
into the CEIBT. Using a Nd:YAG-pumped mid-IR OPO/OPA system (LaserVision), IR radiation in the
2000 — 5000 cm’ range is injected into the ion source region and
counterpropagates relative to the ion beam using a mirror the ion beam

50001l 03(1)

l

4000{-

|

expected OH(v=1) signal
3000

Ny

2000
I P3(2)
[
[ .Juu
1000 “-'N{l"\*l

Wi

| o

r '.TJHN:J\ iy

P A LR I ' L L TR
0z

o 0.01 0 0.03 0.04
eKE [eV]

Figure 1: Near threshold

‘jumps’ over. This allows excitation of the full ensemble of ions produced
in the 10 Hz ion source prior to injection into the CEIBT, where the kHz
PPC experiment is carried out. We are currently working to demonstrate
excitation of OH using threshold photodetachment to photodetach only
OH (v=1). In this sets of experiments trapped OH anions are irradiated
with tunable laser light close to the photodetachment threshold around
(~680 nm). Since all ions have typical rotational temperatures well below
100 K only a few transitions are allowed in the photodetachment process.
A typical photoelectron spectrum that has been obtained from a
measurement at 679.7 nm (1.824 eV) is shown in Fig. 1. The two peaks in
the spectrum are assigned to P3(2) and Q3(1) rotational branches from
OH (v=0) (for notation see reference [2]) and the arrow denotes where the
expected contribution from vibrationally excited anions should appear. To

date we have seen no clear evidence for vibrational excitation and are
working to optimize IR beam transport and overlap with the ion beam.
Once infrared excitation is optimized we will examine the effects of OH
stretch excitation on the dynamics of the HOCO, OH(H,0) and the OH(OH) neutral systems produced by
photodetachment of the vibrationally excited anions.

B. Transition State Dynamics of the F + H,O — OH + HF Reaction

photoelectron spectrum of OH™

A fundamental reaction of particular interest in the scope of vibrationally excited systems is the
fluorine-water reaction F + H,O — HF + OH. Crossed beam studies of this reaction have revealed rich
reaction dynamics in the fluorine-water system, including an inverted product vibrational distribution and
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non-adiabatic surface hopping [3]. From a theoretical point of view, a full six-dimensional treatment of
the quantum dynamics of this system, although theoretically challenging, has recently become possible
[4].

Using a photon energy of 4.80 eV the
DPD of F (H,O) was studied. In the
measured PPC spectra, shown in Fig. 2,
the energetic onsets (KE,..) for two
different dissociation pathways are
marked: fragmentation into A) the lower
in energy HF + OH + ¢ products and B)
the higher lying reactant side asymptote F
+ H,O + ¢. Although the configuration of
the nascent FH,O is thought to be more
“reactant-like” the spectra clearly show
that a majority of all events proceed to
form HF + OH products.

Further KE..« limits in the PPC
spectrum shown in Fig. 2 (marked as Al
and A2 in the plot) denote dissociation
into vibrationally excited OH and HF

; g _ , fragments, respectively. For the HF
0 0.2 0.4 0.6 0.8 1 1.2 fragments signficant vibrational
Translational Energy Release (E, / eV) excitation in (v=1) is observed, exceeding
the population found in the ground state.
In comparison the OH fragments show

e- Kinetic Energy (eKE / eV)

Figure 2: PPC spectrum for the F(H,0) dissociation at a photon less excitation and can be considered
energy of 4.80eV. Diagonal limits indicate the energetic thresholds

for fragmentation into A0) HF + OH, A1) OH(v=1) + HF, A2) Of + Yicrationally —cold.  All  vibrational
HF(v=1) and B) F + H,0 features show a broad band structure

assigned to the population of high
rotational levels.

Studies of the neutral reaction have shown that the OH products are formed in the two 1), and 15
spin-orbit states. While these two states are only spaced by 150cm™ in OH they adiabatically belong to
two different potential energy surfaces that are separated by several hundred meV along the reaction
pathway. Along the diagonal ridge assigned to the HF(v=1) state (A2) two distinct features can be
identified, one with an intensity maximum near KER=0.05 eV and the second one near KER=0.25 eV.
Since both of these features are found on the same diagonal line, they must belong to identical (or in this
case nearly degenerate) states. We assign these features to DPD events which end up on the two different
surfaces (characterized by different repulsive energies) that lead to the two OH spin-orbit state products.

In a recent study on vibrational predissociation of F (H,O)*Ar clusters the wavefunction of the
F (H,0) cluster has been analyzed with respect to the role of the shared F—H—O proton [5]. McCoy et
al. find that already in the ground state the structure of the anion must be partially described as a
(FH)OH  cluster. This effect becomes more dominant upon vibrational excitation of the shared proton
bond, which would increase the efficiency of dissociation into HF + OH since the (FH)OH  structure has
a better Franck-Condon overlap into the this reaction channel. This indicates that once the infrared
excitation scheme is optimized, the F (H,O) cluster will be an interesting test case to study mode-
selective reaction dynamics.
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C. State-Resolved Predissociation Dynamics of the Formyloxyl Radical - HCO,/DCO,

Building on our recent work on the HOCO radical, we have 20 R e )
returned to further examine the isomeric formyloxy radical, . :
HCO,. Accessing several low-lying electronic states (*B,, *A,, and
’A,) [6], photodetachment at 290nm (4.27 eV) yields the neutral
formyloxyl radical with substantial excitation in the O-C-O
bending mode. This O-C-O bending excitation is coupled to
bending excitation in the CO, product. Each vibrational state in
the neutral can predissociate to several CO, product states
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sequence bands,

R wherein a given bending state of the radical as determined
35 (2A) in the photoelectron spectrum can predissociate to form
7 several bending excited states in CO,, as determined in the
- Er spectrum. In Figure 3, a coincidence spectrum is shown,
wherein the right-most KE,,.x corresponds to formation of
D + CO,(000). The other KE,,« limits at lower total kinetic
energy represent sequential excitation in the bending mode
of the CO, product. While the signal-to-noise in the
coincidence spectrum is not great, slices in eKE selecting
different predissociated vibrational modes in DCO, provide
Figure 3: Electron kinetic energy slices for = state-resolved CO, bending distributions as shown by the
selected peaks ~ corresponding  to the fits o the data in Figure 4. These results offer a direct
0~C~0 bending mode in the “A; state for comparison to the much colder bending vibration
peaks. distributions calculated by Ma and Guo [7]. Our
experimental results indicate greater excitation of the O-C-
O bending mode in the CO, products than predicted, with results peaked around w, = 3 depending on the
available energy as determined by the intial neutral state formed by photodetachment. Even the ground
state of the neutral formyloxyl radical results in CO, products with significant populations (on the order
of 20 - 30%) in m, = 2, 3, and 4, consistent with our previous findings [6].
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D. Photodetachment and DPD of Alkoxides and Hydroxy Carbanions

More complex oxygenated organic radicals are of considerable interest owing to their role as
combustion intermediates in the oxidation of new fuel stocks such as biofuels. In experiments using the
CEIBT we have carried out a study on the photodetachment of tert-butoxide with both non-deuterated and
deuterated precursors, (CH3);CO™ at m/e = 73 and (CD3);CO  at m/e = 82 respectively. The experiments
provided confirmation that the primary product is the tert-butoxy radical, consistent with prior results by
Lineberger and co-workers [8].

However, PPC spectra also revealed a DPD process involving the loss of a methyl radical. There are
two possible reaction pathways for dissociation by loss of a methyl radical: from the carbanion isomer: (a)
(CH3)2COHCH27 +hv — CH3 + CH3COHCH2 or tert-butoxide: (b) (CH3)3C07 +hv — CH3 + (CH3)2CO
(acetone). The PPC spectrum shown in Figure 5 compares the experimental results at 3.2 eV photon
energy with calculated energetics using the CBS-Q//B3 level of theory for the transition state barrier and
product energetics for each dissociative pathway. The horizontal lines indicate the maximum eKE
expected for dissociation above the transition state barrier for formation of the products (a) or (b). The
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Figure 5: PPC spectrum for m/e = 73 at 3.2 eV
photon energy of (CH;3),COHCH, with calculated
energetics  displayed for the pathways (a)
(CH;),COHCH, + hv — CH; + CH;COHCH,
(propen-2-ol) or (b) (CH3);CO + hv — CH; +
(CH;),CO (acetone). Horizontal lines, at 1.30 eV and
0.73 eV represent the maximum eKE for dissociation
over the barriers to yield pathways a and b,
respectively. KE . limits at 1.77 eV and 1.16 eV
indicate the maximum available energy for pathways
a and b, respectively.

diagonal lines indicate the KE,,, available assuming
ground state products using the calculated reaction
enthalpies. The calculated energetics indicate that
pathway (b) is not viable as a result of not only the
barrier height but also conservation of energy as
shown by the diagonal line (b), under the assumption
that the parent anions are not vibrationally excited.
This leads to the conclusion that photodetachment of
the hydroxyl carbanion forms an unstable radical that
dissociates to CH; + CH;COHCH, (propen-2-ol).

III. Future Work

During the final months of the present grant the
primary focus will be on pursuing the experiments on
vibrational excitation of the precursor anions, as well
as obtaining new results on oxygenated radicals such
as the carboxyl radical derived from 2-propynoic acid,
HC=C-CO,H and related unsaturated carboxylic acids.
In addition, we are currently completing the develop of
an electrospray ionization source with other support
(ACS Petroleum Research Foundation New Directions
Grant, ending September 2013) that will open up a
variety of new systems for study in the future,
including large oxygenated organic molecules
important to the combustion of the increasingly

important biofuels that are coming into use. This will be an important future direction for this research

program.
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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.

Our recent experiments have used ion imaging to follow the adiabatic and nonadiabatic dissociation
pathways in ammonia, to study the influence of vibrational excitation on the dynamics at conical intersec-
tions in phenol, and to obtain new vibrational spectroscopy on the formic acid dimer. These studies have
set the stage for our newest measurements on the spectroscopy and vibrational predissociation dynamics
of ammonia dimers and trimers. Our goal is to understand and prepare vibrations in the ground electronic
state, to study the vibrational structure of the electronically excited molecule, and to probe and control the
dissociation dynamics of the excited state in clusters.

Spectroscopy of Ammonia Oligomers

The detailed insights that have come from our experiments on the influence of vibrational excitation on
the excited state dynamics of ammonia suggest that the vibrationally mediated photodissociation of am-
monia dimers and of complexes of ammonia with other small molecules could reveal novel behavior. Our
two central concerns are the influence of complexation on the dynamics at the conical intersection and the
changes that complexation produces in the vibrationally mediated photodissociation of ammonia. There
are detailed studies of the photodissociation of bare ammonia molecules that provide a starting point for
our work. We have studied the vibrational predissociation of ammonia dimers and trimers as a prelude to
experiments that add electronic excitation.

A supersonic expansion of ammonia in He produces the oligomers we study. Exciting the N-H stretching
vibration in an oligomer produces vibrationally and rotationally excited ammonia fragments that we de-
tect by (2+1) REMPI through the B state, as illustrated on the left-hand side of Figure 1. The right-hand
side of the figure shows the infrared action spectrum obtained by observing NH; fragments with one
quantum of excitation in the umbrella bending vibration (v,). As the lower trace in the figure shows, these
features are consistent with the transitions observed in He droplets (Slipchenko et al., J. Phys. Chem. A
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111, 7460 (2007)) and show that excitation of either the symmetric N-H stretch or the antisymmetric N-H
stretch initiates vibrational predissociation.
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The key to obtaining these action spectra and to the analysis of the predissociation dynamics described
below is the ability to interrogate individual vibrational rotational states (v, J, K) of the ammonia products
using REMPI detection. A collaboration with Dr. Collin Western at the University of Bristol has been
critical to simulating and assigning the spectra. Along the way, we have been able to identify new transi-
tions and refine some spectroscopic constants.

Dissociation Energy and Dynamics of Ammonia Dimers

Velocity-map ion-imaging detection of fragments NH;(v, J, K) directly provides the distribution of recoil
speeds of the undetected partner fragment NH;(v’, J’, K*) formed in the vibrational predissociation of the

dimer,
(NH3), + hv;zg — NH;(v, J, K) + NH3(v', J', K),

where J and K are the quantum numbers for the total angular momentum and its projection on the sym-
metry axis, respectively. Because the distribution of recoil energies mirrors the distribution of internal
energies £ ,(NH;) of the undetected fragment, analysis of the recoil distributions yields the binding ener-
gy of the dimer. , , , , ,

. NH — NH,(v,=2*,J=6,K=6) + NH,(v/ J, K’
Even though there are many available states, clear patterns of (NH); () $(V,=27,J=6,K=6) + NH,{v: ;)

state population are apparent in the distribution of recoil speeds. J=8 6 4 0
For example, Figure 2 shows the distribution extracted from the
ion image of the product, NH3(v,=2", J=6, K=6). As the vertical
lines indicate, the maxima in the distribution align with recoil
speeds corresponding to the formation of the undetected product
in various J’ states with K=0. The identification of the features

. . . 1 1 | | 1
marked in the figure comes from using conservation of energy 0 200 400 600 800 1000
Recoil Speed (m/s)

Figure 2
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and a dissociation energy of 658 cm™. Introducing all of the possible values of K’ in the analysis produc-
es the simulation of the recoil speed distribution shown as the dashed line in the figure. Performing this
same analysis self-consistently for a total of 17 different detected rovibrational states (v, J, K) produces
comparably good fits to all of the data and gives a dissociation energy for the dimer of Dy = 660+20 cm™.
This value is much more precise than previous experimental estimates and is consistent with recent calcu-
lations. Calculating the dissociation energy is challenging because of the large contribution of zero-point
energy (about 40% of the well depth D,) in this loosely bound complex

The analysis of the images also shows that most of the available energy appears as vibrational excitation,
with there being at least two quanta of umbrella bending excitation distributed between the fragments.
Producing NH;3(v,=3") requires almost all of the available energy and leaves the undetected partner with
no vibrational energy. In many cases, NH;(v,=2") appears in partnership with NH3(v=0) although there
are cases where it is possible to make NH;(v,=1). In cases where the detected product is NH3(v,=1"), the
distributions suggest that the partner is born with a quantum of umbrella bending excitation as well, re-
flecting the transfer of vibrational energy between the two moieties during dissociation. Although the an-
tisymmetric umbrella bending vibration (v,) is energetically accessible, we see no evidence of its for-
mation, perhaps reflecting a dynamical bias in the vibrational predissociation.

Dissociation Energy of Ammonia Trimers

Features corresponding to higher-order clusters appear in the infrared-action spectra in the regions of the
intramolecular symmetric N-H stretching vibration (vygs) and the intramolecular antisymmetric N-H
stretching vibration (vyz4) shown in Figure 1. The spectra illustrate the influence of expansion conditions
on the relative intensities of the features in the spectrum. The top trace is for an expansion containing 5%
NH; in He and the middle trace is for one containing only 1% NHj. The spectra in both the symmetric and
antisymmetric stretching regions differ markedly for the two different expansion conditions, with the
lower energy feature being more prominent in the expansions containing more NH;. Because these larger
seed ratios should favor the formation of larger clusters, the changes between the spectra suggest that the
lower energy feature comes from the trimer and that the higher energy feature comes from the dimer, in
agreement with the assignments from the He droplet spectra.

Removing an NH; fragment from the cyclic trimer requires breaking two hydrogen bonds, and, thus, the
dissociation into monomer and dimer fragments,

(NH3); + Aviz — (NH3), + NHs(v, J, K),

consumes more energy than cleaving the single hydrogen bond of the dimer. Indeed, as the left hand side
of Fig. 3 shows, the trimer feature is prominent in the infrared-action spectrum for detection of NH3(v, =
1',J=1,K=0) but is essentially absent for detection of NH;3(v, = 3,J=3,K= 0). The relative intensi-
ties of the dimer and trimer features in the infrared-action spectra depend on the amount of energy availa-
ble for breaking the hydrogen bonds in the cluster, a quantity that depends on the energy content of the
detected fragment. Infrared-action spectra for ammonia fragments with large amounts of internal energy
have almost no trimer component because there is not enough energy available to break two bonds in the
cyclic trimer. By contrast, infrared-action spectra for fragments with low amounts of internal energy have
a substantial trimer component. The right-hand side of the figure shows a quantitative analysis of the tri-
mer contribution compared to that of the dimer in the action spectra. The growth in the trimer signal sug-
gests that fragmentation of the trimer into a monomer and dimer requires an energy of 1700 to 1800 cm™,
a range that is consistent with several theoretical estimates.
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Mixed Clusters and Future Directions

We have obtained our first results on a mixed cluster containing ammonia. Our first target has been the
complex of NH; with 3-aminophenol, on which there is good spectroscopy. We have used ion-dip to
monitor the complex and have observed the first evidence of vibrationally induce isomerization in the
complex. Our goal is to study complexes where we can use vibrational excitation to drive the isomeriza-
tion and predissociation and where we can influence the passage through conical intersections. The varie-
ty of complexes available, including ones with different bonding motifs, offers a rich array of possibilities
in which to study the influence of an adduct and initial vibrational excitation.
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I. Program Scope:

The aim of this research program is to better understand the mechanisms and product energy
disposal in elementary bimolecular reactions fundamental to combustion chemistry. Using the
crossed molecular beams method, the angular and velocity distributions of neutral products from
single reactive collisions are measured using “universal” mass spectrometry with single photon
pulsed vacuum ultraviolet (VUV) photoionization, or for reactions leading to H, D, or O products,
by Rydberg tagging time-of-flight (TOF) methods.

II. Recent Progress:

i. Crossed Beam Dynamics Using Pulsed Tabletop VUV Light Sources:

We have recently completed a PCCP perspective article' describing work in our laboratory on
the development and application of pulsed photoionization detection employing high intensity
vacuum-ultraviolet (VUV) radiation produced by tabletop light sources. This method employs four-
wave mixing of collimated (unfocussed) commercial nanosecond dye lasers in mercury vapor.” This
is an extremely valuable alternative to the use of synchrotron light sources for sensitive universal
photoionization detection of products from crossed molecular beam reactions employing pulsed
beam sources. Several examples involving combustion-related reactions are provided, and future
prospects for the use of tabletop short-wavelength radiation applied to studies of chemical reaction
dynamics are discussed.

14—
0

ii. Coherent XUV Light Source: on

We have extended our high intensity VUV light o C,Hg
source to the 12.5 eV range by developing what we LiF cutoff H,
believe is a very important method using noncollinear > 12— / —
phasematching of tunable lasers in mercury vapor 3 [
produced by pulsed laser vaporization of liquid mercury & il
(Hg). As in our previous work involving VUV Lg " CH,0,para
generation of unfocussed lasers in 1 m long Hg cells, the § o cﬁ;‘ ’
two photon states of Hg at 71,333 cm’! (lDz) or 63,928 £ 10— ~— —CiHg
cm™ ('Sp) are employed. However, because of the use of = EHI;%{ —ortho
laser vaporization, this method facilitates windowless oL ~———Cli,CHOH
operation, so wavelengths (1) in the region where even e il g}gCHCHOH
lithium fluoride (LiF) windows absorb strongly (the LiF N cino

cutoff is at A = 105 nm) are easily generated. Because 8- \\\i gsgs
NP

Hg has a much higher nonlinear response than noble
gases commonly employed for VUV generation, the
efﬁciency is Vastly higher, ie., by a factor of 10 or Fig, 1: Ionization energies of some
more. Also, due to the noncollinear nature of the four molecules relevant to combustion.
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wave mixing process, the VUV is spatially separated from the incident beams without need for
gratings, prisms, lenses or other dispersive elements, yielding much higher usable intensities than is
possible from other approaches. However, unlike generation of light near 10 eV, which is most
efficient using collimated laser beams', it is necessary to use focused configurations in noncollinear
mixing. We have found that the XUV radiation may be easily refocused or recollimated into the
ionization region using a concave silicon mirror at near-normal angle of incidence.

iii. Reaction Dynamics of Phenyl Radicals:

Over the past year, we completed additional studies of reactions of phenyl radicals C¢Hs with
05’ as well as with propene and butene’. An important question that remains unanswered for C4Hs
+ O, is what role, if any, does the isomerization of the initially-formed phenyl peroxy radical
CsHs00 to the 2-oxepinyloxy radical’ play in the dynamics. This species is expected to
decompose to several different product channels, including CsHs + CO,, C¢H4O, + H, and CsHs0 +
CO, but to date, none of these have been detected directly either in our work or in the work of
Kaiser and coworkers.’

iv. Experimental Studies of the H + O, Reaction:

The H + O, — OH (°IT) + O (’P)) reaction is generally considered to be among the most
important in combustion.” It is well-known that the OH is preferentially formed in high-N levels in
v =0 and 1. Employing our high-intensity VUV pulsed laser system and ORTOF®, we have been
able to achieve sensitivity levels sufficient to study this reaction under single crossed beam
conditions. As indicated in the recent literature, a particularly interesting feature of this system is
that while complex-forming dynamics play an important role, there is strong evidence for
nonstatistical behavior. In our studies, fast (> 15,000m/s) H atoms are produced by
photodissociation of either HI or HBr. Because HI is not commercially available, we have primarily
used 193 nm photodissociation of HBr in our experiments. One complication is that the bandwidth
of a free-running 193 nm excimer laser is large (~100 cm™), leading to broadening of the H atom
beam velocity distribution. To date, this has been the limiting factor in our ability to achieve
resolution sufficient to resolve OH rotational structure in the O atom velocity distributions. This
difficulty can be surmounted using a Nd:YAG laser at 266 nm for photodissociation of HI as the H
atom source. These studies are currently underway.

II1. Future Plans:
i. Coaxial “Universal” VUV/XUYV Photoionization in Crossed Beams Experiments:

For many years, we employed pulsed 157 nm radiation (7.9 eV) from a commercial F, excimer
laser for photoionization detection of products from transition metal + hydrocarbon reactions.’
However, for most combustion-related systems, product ionization energies lie well above 7.9 eV,
and pulsed tabletop VUV sources may be used for universal photoionization detection.'

While imaging detection may be applied for product detection using state-specific REMPI
methods, a significant limitation of imaging methods for “universal detection” is that it generally
requires that ionization using VUV radiation be carried out in the beam-crossing region where the
pressure is high (>10” Torr). Under such conditions, photodissociation of reactant molecules or
bimolecular reactions of photoions produced in the detection step are difficult to avoid. Such VUV
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laser-induced processes can greatly complicate the interpretation of experimental data, and could
potentially cause experimental artifacts leading to erroneous conclusions.

While the approach used in our laboratory for product detection involving photoionization
outside of the beam-crossing region is more difficult than imaging, artifacts due to unintended
VUV-induced processes are unlikely. A significant experimental issue, making our approach
particularly challenging, results from the fact that we employ an orthogonal ionization configuration
similar to that used in crossed-beam machines employing synchrotron light sources.'” Because
synchrotrons are quasi-continuous, time-of-flight (TOF) data may be recorded continuously using
pulsed molecular beams or continuous molecular beams with a slotted chopper wheel inserted into
the product beam path. However, using pulsed laser-based VUV light sources, the determination of
product TOF spectra requires that the photoionization laser delay be stepped in time relative to time
zero for reaction. Depending upon the reaction kinematics, a TOF spectrum typically requires
stepping the delay in 3-5 microsecond increments over ~25 channels. This factor of 25 reduction in
duty cycle, as well as pulse to pulse VUV intensity fluctuations, has limited the signal to noise ratio
attainable in our experiments.

We have recently proposed an experimental approach that promises to improve our experimental
signal to noise ratios by up to two orders of magnitude.' 1Tt involves photoionization using a coaxial
rather than an orthogonal VUV laser configuration. In order to test the method, we have recently
assembled a single beam apparatus equipped with a conventional on-axis quadruple mass
spectrometer similar to that used in our rotatable source - fixed detector crossed beams machine.
The apparatus includes a second quadrupole ion guide where coaxial photoionization is carried out.

After characterizing coaxial photoionization detection using this single beam apparatus, the
method will be implemented in crossed beam experiments as follows: Using a rotatable source
machine with fixed detector, products from bimolecular crossed beam reactions are produced as
usual at the beam-crossing region, with time zero for reaction defined by the photolytic pulsed
radical beam. Reaction products drift away from the crossing region as usual, spreading out
spatially due to their different nascent velocities. A fraction of the products pass through several
defining apertures into the first quadrupolar field, about 20 cm long, held at <10® Torr. A pulsed
counterpropagating and collimated VUV laser is then fired along the beam axis, ionizing a column
of neutral products without significantly perturbing their nascent velocities. The ions then continue
their motion along the beam axis and are mass filtered by the second quadrupole and counted as
usual, producing a TOF spectrum. In this way, a much larger fraction (factor of 25) of reaction
products are detected in each VUV laser pulse. This method holds great promise for opening up
studies of a wide variety of combustion systems not previously amenable to the crossed beams
method. We believe that only a few relatively straightforward technical issues need to be overcome
in order to implement this approach.

IV. Publications (published or accepted) citing DOE Support since 2010:

1. D. R. Albert and H. Floyd Davis, “Collision Complex Lifetimes in the Reaction C¢Hs + O,
—C¢HsO + O”, J. Phys. Chem. Lett. 1, 1107 (2010).

2. D. L. Proctor, D. R. Albert and H. F. Davis, “Improved piezoelectric actuators for use in high-
speed pulsed valves”, Rev. Sci. Instrum. 81, 023106 (2010).
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The focus of the work is on exploration and theoretical validation of chemical-kinetic
mechanisms, which combines global sensitivity analysis with the exploration of the
characteristics of the sensitivity analysis over the physical and chemical parameters. We have
made modifications to our algorithm for global sensitivity analysis so that it is accurate with
small sample sizes, allowing for its use in device modeling.

Recent Progress
Global Sensitivity Analysis with Small Sample Sizes
In collaboration with W. Liu, a project was initiated in the past year to improve our

algorithm for doing global sensitivity analysis. It was made more efficient, so that smaller
sample sizes could be used. We extended this further by incorporating sparse regression

. Butanol Old Code with 30,000 poinis Butanol Selection (Ignition)
04 .
03 | 1 “mnmm
% wsl - NC4H9OH+HO2 = C4H8OH-1+H202 1353 0.403 1
0.1 - H202+02 = HO2+HO2 (dupl.) 14 0158 2 2 2 2
ol b v J H202(+M) = OH+OH(+M) 6 0116 3 3 3 3
NC4H9OH+HO2 = C4H80H-3+H202 1351 0.055 4 4 4 4
05 Bmanlol: N(?w Coldc (N(I)n—spalrsc) \x;ith 7‘(‘)00 pts NC4H9OH+HO2 = CAH80H-2+H202 1352 0.032 5 5 5 5
0a b ] C2H5+H02 = C2H50+0H 171 0029 6 6 7 7
03 b ] H202+02 = HO2+HO?2 (dupl.) 15 00287 7 7 6 6
7 ak ] NC4H9OH+HO2 = C4H80H-4+H202 1350 0018 8 8 8 8
ai i NC4H9OH+HO2 = C4H80H-4+H202 1329 0011 9 9 9 9
0 L 1 1 Il 1 1 il
Butanol Selection: C,H,
05 Sparse Code with 800 pts )»:] 1 2\]10 > olz: 0.5
04 g
ol ] _mnmm
o NC4H9OH+OH = C4H8OH-4+H20 1340 0.341 1
2? i NC4H9OH+OH = C4H8OH-3+H20 1341 0222 2 2 2 2
T I NCAH9OH+HO2 = C4H8OH-1+H202 1353 0.102 3 3 3 3
200 400 600 800 1000 1200: 1400 NC4H9OH+HO2 = C4H8OH-4+H202 1350 0.032 4 4 4 4
Fig. 1. The top shé)ei;llsf)nslghsitivity CAH8OH-4 = C2H4+PC2H40H 1388 0.022 5 5 5 6
coefficients for butanol ignition with C2HA+OH = C2H3+H20 S I I I I
the old algorithm, the middle panel C2H5+HO2 = C2H50+0H 171 0.013 7 6 6 7
with the modified algorithm and the Fig. 2. High sensitivity reactions.

bottom with the sparse algorithm.
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techniques to limit the sample size even more. A summary of this approach is given in [P10].

Results for the new non-sparse and sparse computer codes are shown in Fig. 1, for n-
butanol ignition [P9]. The old algorithm typically needed sample sizes of ~40/reaction. The n-
butanol reaction mechanism has 1446 reactions and the sample size in the top panel of Fig. 1 is
50,000. The top panel of Fig. 2 lists all reactions with sensitivity coefficients greater than 0.01.
The middle panel of Fig. 1 shows results using the new algorithm with a sample size of only 7000
and shows good agreement with the top panel.

The sample size can be reduced further using sparse regression techniques, as shown in
the bottom panel of Fig. 1, where only 800 samples were used, which is less than the number of
reactions. The accuracy of the sparse regression technique is tested in Fig. 2, where comparisons
with the non-sparse algorithm are made. The top panel shows that for the ignition delay target
sample sizes as low as 400 give a reasonable ordering of the reactions. The mis-orderings are
shown in red, and in all columns there is accurate ordering down to a sensitivity coefficient of
0.02. For a sample size of 1200 there is accurate ordering except for the sixth and seventh most
sensitive reactions, whose sensitivity coefficients are very close.

The bottom panel of Fig. 2 shows results for a species target. The reactions listed in the
bottom panel are those for which the concentration of ethylene is most sensitive at % the ignition
delay time. Once again there is very good agreement between sparse algorithm and the non-
sparse algorithm, where the sample size is 10,000.

The Role of Individual Rate Coefficients in the Performance of Compression Ignition Engine
Models

In collaboration with Sivaramakrishnan, W. Liu (CSE Div., Argonne), Som, Longman
(ES Div., Argonne), Zhou, and Skodje (Colorado), a set of calculations have been completed to
investigate how the uncertainty of individual reaction coefficients affect engine performance,
particularly the ignition delay time. The engine simulations are high fidelity, three-dimensional
computations and include detailed chemistry (140 — 160 species and 800 — 1000 reactions), using
a model for a biodiesel surrogate developed in [p8].

One of the goals of this work is to do global sensitivity analysis for the engine model, and
the motivation for developing the sparse algorithm in the previous subsection was to make such
calculations tractable, as each engine simulation takes several processor weeks.

Figure 3 presents ignition delay results for engine simulations for eight sets of reactions

chosen based on their sensitivities in constant-
volume, 0-D ignition. 1 CA® is approximately

13

Fus 0.1ms at an engine speed of 1600 rpm. The

oo

S results in Fig. 3 demonstrate that variations of
oo

3 “+CTHI6 + HOZ = CTHIS (1) + H202 rate coefficients of individual reactions can

S 115 -0-HO2 + HO2 = H202 + 02 . .. . .

S Al -+-OH + OH (+M) = H202 + M have a significant impact on engine

& HCO + H20 = CO + H +H20 .

3 n OH +H02=H202+0 performance, as a difference of 1 —2 CA®° can
: o, lead to misfiring if the engine is operat

%105 CTHIG + OH = CTHIS(L4) < 12 ead to misfiring if the engine is operating near

the stability limit. In general, the sensitivity
. L S s . coefficients we calculated in 0-D were a good
Perturbation Factor indication of the effect of the uncertainties of a
Fig. 3. Ignition delay for a series of engine given reaction under engine conditions.
simulations where rate coefficients of select  [owever the ordering of the reactions can be
reactions have been increased and decreased gifferent, with the caveat that there are ranges
by their uncertainty factors are presented of conditions in the engine that are not
here. encapsulated by any of our 0-D calculations.
The major difference between the engine
simulations and the 0-D simulations is the sensitivity of ignition to the OH + n-heptane reactions.
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These reactions were chosen for study because

Ignition Delay Ignition Delay . .. . .. .
“ HRR.based | Temperature-based ignition is not generally sensitive to them in 0-D
(CA') (CA") constant volume ignition calculations, although
igil | 11.2. 10. . . . . .
—— 2 =5 species concentrations can be very sensitive to their
No Tunneling 11.08 10.4 . .. ..
A 1151 1o rates. Figure 3 indicates that the total variation of
+1Kcal - No Tunneling 107 9.75 all four of these abstraction reactions has the
+1 Keal - Tunneling 1105 104 strongest effect on ignition of any of the sets we
- 1Kcal - No Tunneling 11.4 10.56 . . . .
- 1 Keal - Tunneling e = studied, even though its uncertainty factor is set to 2.
What is most interesting to us is that ignition delay
S000 times are sensitive to the single abstraction reaction:

2700

C,H,, + OH = C;H5-3 + H,0,
2400
which has a very small sensitivity coefficient in 0-D.
Obviously the complexity of the engine simulation
compared to the constant-volume ignition makes the
cause of this difference difficult to ascertain without
further study, which we plan to do. An important
conclusion from comparison of Fig. 3 to 0-D
calculations is that a global sensitivity analysis
within the engine cylinder is liable to yield some

2100

1800

1500

In-Cylinder Temperature (K)

1200 —+ 1 Kcal - No Tunneling

—+ 1 Kcal - Tunneling

900 T T T .
-3 -2 -1 0 1 2 3 4 5 6 7
Crank Angle (CA®)

Fig. 4. A list of ignition delay times for the significant differences and is motivating us to
biodiesel surrogate is shown in the top panel ~complete such a study. _ o
for several different calculations of the rate In addition to the uncertainty calculations in
coefficient for the HO, self-reaction. The Fig.3, we studied how the features of a given
bottom panel shows the maximum reaction would affect ignition delay times, choosing
temperature as a function of crank angle. the self-reaction of HO,, whose rate coefficient was
Total time is ~ 1 ms (initial CA is -9, and 1 recently calculated [P6]. We examined how barrier
CAis ~0.1 ms height and tunneling affected the ignition delay

time. The results are summarized in Fig. 4. The top

panel shows the ignition

H,CO Glob. Sensitivity for MF Pyrolysis

delay time for two

Reaction No. S, Siam different definitions of
CH30CHO=CH3+HCO2 358 | 025 | 0.019 ignition and the bottom
CH30CHO+H=CH30CO+H2 3731 0.18 - panel demonstrates that
CH30CO=CH3+CO2 385 | 0.18 | 0.0005 whether tunneling is
CH30CHO+H=CH20CHO+H2 | 362 | 0.051 | 0.0058 included or not in the rate
CH30CO=CH30+CO 386 | 0.035 | 0.00025 |  calculation can have a
CH20+HCO=CH20CHO 388 | 0.029 | 0014 noticeable affect on
ignition delay times. The
CH30CHO+CH3=CH30CO+CH4 | 375 | 0.017 | 0.0002 bottom panel demonstrates
CH30CHO+CH3=CH20CHO+CH4 | 364 | 0.014 | 0.0003 that there is a 6% affect on
CH20CHO=CH30CO 387 | 0.011 | 0.0079 ignition delay time
CH30CHO=CH30H+CO 355]0.010 | 0.0023 whether tunneling is

included or not.
The modeling presented in Figs. 3 and 4 demonstrate that a detailed understanding of
molecular motion is crucial for the accurate modeling of the ignition characteristics of realistic
devices.

Global Sensitivity Analysis for Methyl Formate Pyrolysis
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In collaboration with Sivaramakrishnan and Liu, global sensitivity analysis for speciation
in methyl formate pyrolysis has been undertaken. The new non-sparse computer code allowed
for the accurate calculation of first and second order sensitivity coefficients, with the latter
unattainable with our previous algorithm without very large sample sizes. Some of our results are
summarized in the table.

Future Plans

Using our new sparse algorithm we will do global sensitivity analysis in engine
simulations. We will extend this work to a different fuel, dimethyl ether, which will allow for
incorporation of recent experimental and theoretical chemical kinetics information into the engine
modeling. A new project has been initiated to compare reaction pathway analysis to global
sensitivity analysis. This is a collaboration with Skodje (Colorado).

In the previous year we initiated a new project on dimension reduction using machine
learning techniques, particularly unsupervised regression. This project is meant to be a nonlinear
version of principal components analysis, which has recently been implemented in reactive flow
simulations (Sutherland and Parrente).
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Dynamics of Radical Reactionsin Biodiesel Combustion
Theodore S. Dibble
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I.  Program Scope

The ignition of diesel fuel depends on isomerization of peroxy radicals (ROO®) via a hydrogen shift
reaction:
ROO®* — QOOH (1)
Production of OH radicals (chain propagation and branching) following reaction (1) leads to autoignition.
Processes such as reaction (2):

ROO® — Products + HOO 2)
compete with chain branching. Experimentalists face several difficulties in gaining an understanding of
this chemistry, and no QOOH species has ever been detected by experiment! This has inspired many
computational studies of these processes.

Biodiesel fuel is increasingly being used worldwide. Although we have a fair understanding of the
molecular details of the chemistry of peroxy radicals derived from alkanes, biodiesel fuels contain ester
and olefin groups which significantly impact the thermodynamics and kinetics of biodiesel ignition." The
broader goal of this research is to carry out systematic computational studies of the elementary kinetics of
peroxy radical chemistry from compounds that are models for biodiesel ignition. This includes not only
reactions (1) and (2), but also reactions leading to chain branching. In addition, the research will:

¢ include rigorous treatments of tunneling effects
e quantify the effect of chemically activated processes
e synthesize the results into structure-activity relations (SARs)

1. Recent Progress

A) Tunneling in the 1,5 H-shift of the a Model Second-Generation Peroxy Radical
Consider the sequence of reactions starting from propylperoxy radical and the 1,5 H-shift of the
*O0OQOOH radical (reaction 5):

CH3CH2CH200’ - 'CH2CH2CH200H (3)
O, + «CH,CH,CH,00H — <OOCH,CH,CH,O0H 4
*OOCH,CH,CH,00H — [HOOCH,CH,CH*OOH] - HOOCH,CH,CH=0 + «OH %)

The species HOOCH,CH,CH*OOH may or may not be a minimum on the potential energy surface, but
even if it is, it likely lives for picoseconds or less.?

*OOCH,CH,CH,O0H — HOOCH,CH,CH*OOH (52)

*OOCH,CH,CH,00H — HOOCH,CH,CH=0 + OH (5b)
Reaction (5b) and analogous reactions are very exothermic on account of the loss of OH radical and
formation of a carbonyl compound. Tunneling calculations in such cases commonly invoke the
asymmetric Eckart formula and use this large exothermicity as a parameter which influences the extent of
tunneling. As part of our study of tunneling in this autoiginition archetype, we will explore the sensitivity
of different tunneling treatments to assumptions about the stability of HOOCH,CH,CH*OOH

We have computed tunneling effects within the framework of two different semiclassical theories: the

semiclassical transition state theory (SCTST) of Miller and coworkers,’ and multidimensional tunneling
as implemented by Truhlar and coworkers in Polyrate. The latter has been used by several research
groups and has proven fairly accurate. The former approach (SCTST) has been less widely used because
it was computationally inefficient for molecules of more than four atoms. A new algorithm applied by
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Barker and co-workers makes SCTST much more efficient.” SCTST relies upon the coupling of
anharmonic vibrational modes (including the imaginary frequency) to compute the extent of tunneling.

Polyrate calculations require calculation of Hessians at many points along the reaction path. By
comparison, SCTST has the potential to be more efficient because, like TST, only the reactant and saddle
point need to be characterized. However, SCTST is less well-tested than Polyrate. In addition to SCTST
and SCT and LCT calculations, comparison was made to the asymmetric Eckart tunneling approach.

We started by characterizing the stationary points using density functional theory. As can be seen
from Table 1, the results are in very good agreement with the QCISD(T) results of Goldsmith et al.
Torsional motions were treated as separable hindered rotors. We then proceeded to use compute tunneling
corrections to the canonical (high-pressure limiting) rate constant for reactions (5a) and (5b) using
SCTST, ZCT, SCT, LCT, and Eckart tunneling.

Table 1. Comparison of relative energies from the present work and the literature for reaction (5).
Goldsmith et al (Ref 5)
. MO05-2X/6- MO05-2X/6-
Species 311+g(2df2p) 31+e(dp) QCISD(T)/CBS//B3LYP/6-
31G(d)
*OOCH,CH,CH,O0H 0.00 0 0.0
TS for 1,5 H-shift 21.5 21.4 21.6
(v¥, cm™) (17691) (18051) (Not listed)
HOOCH,CH,CH*OOH 12.1 11.2 NA
HOOCH,CH,CH=0 + OH -27.1 -22.6 271

Results of tunneling calculations are shown in Figure 1. Result for LCT are not shown because tunneling
was dominated by SCT at all temperatures shown. At temperatures relevant to autoignition (700-900 K)
the difference between SCTST and ZCT with respect to SCT are of opposite sign, and modest in size. The
Eckart approach seems to work very well. At lower temperatures, Eckart diverges from the SCT results,
and SCTST tunneling corrections are much larger than predicted based on SCT. While reaction (7) is not
expected to be important at such low temperatures, the discrepancy between the results of the methods
calls into question the accuracy of at least one of them. Both are numerical methods, subject to

Figure 1. Tunneling coeffients (k(T)) for reaction (5a) by SCTST, Eckart tunneling, ZCT and SCT at (a)
200-400 K on a log scale, (b) 500-1500 K on a linear scale.
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failure when used outside the area in which their assumptions and approximations are valid. We are in the
process of investigating the source(s) of this discrepancy.

B) Autoignition M echanism of Methyl Butanoate (M B)

Methyl butanoate (MB) is composed of a methyl ester group and a short alkyl group (see Figure 2).
MB oxidation mechanism has been studied as the starting point for understanding biodiesel combustion
for a decade.® The CBS-QB3 composite method is used to determine reaction energies and activation
barriers to reactions of peroxy radicals and the corresponding QOOH species. We include all four peroxy
radicals formed subsequent to H-atom abstraction from MB (sites 1-3 and 5 in Figure 2). Reactions

treated include H-shift and HO, elimination of ROO®, and decomposition of QOOH by C-C, C-0, and O-
O scission.

Potential energy profiles have been obtained for all four peroxy radicals. Where one of these peroxy
radicals isomerizes to form a carbon-centered radical, the chemistry of the second-generation peroxy
radical has been investigated. Results are shown in Figure 4 for a single case.

Some models of autoignition chemistry of MB describe unimolecular
reactions of QOOH as competing with subsequent O2 addition. 0
Therefore, we sought to thoroughly investigate the unimolecular reactions /\/U\
of all four QOOH from MB. The potential energy profile in Figure 3 2 O/
depicts the eight reactions with the lowest barriers for the QOOH formed 1 3 S
following 1,5 H-shift from OOCH,CH,CH,C(=0O)OCH; (the peroxy
radical formed following H-abstraction from site 1 of MB. The analogous  Figure 2. Methylbutanoate

studies have been carried out for the other three isomeric primary peroxy
radicals from MB
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Figure 3. Potential energy profile for the most favorable unimolecular reactions of the QOOH species
HOOCH,CH,CHC(=0)OCHj;.Energies in kcal/mol at M05-2X/6-311+G(2df,2p) with AZPE.
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C) Benchmark Quantum Calculations on Model QOOH Systems
The studies of unimolecular reactions of QOOH from methyl butanoate inspired us to investigate a range
of unimolecular reactions of simpler QOOH. Selected results of these calculations are presented in Table
2. Different computational methods give rather different results, but the concerted OH loss is clearly the
low-energy reaction pathway.

Table 2. Comparison of relative energies (kcal/mol) for two (lowest barrier) unimolecular reactions
of two different 4-carbon QOOH formed by 1,5 H-shift from the corresponding peroxy radicals.
CCSD(T)/ aug-cc-pVTZ //M052x/6-311++G(2df,2p) of the present work and M052x/6-311++G(2df,2p)
(in parentheses).

Reactant O0OH OOH
/-\) _ \)\ Method

Reaction
Concerted OH 17.6 (22.1) 19.5 (23.5) Present work
elimination 17.1 19.7 CBS-QB3

21.3 22.5 BHandHLYP

14.3 22.2 QCISD(T)
C-C scission 26.5 (28.1) 28.7 (28.4) Present work
1. FutureWork

We will refine the results of calculations on the QOOH and peroxy radicals from methylbutanoate,
based in part on the insights from QOOH from n-butane. We will then proceed with RRKM/Master
Equation Calculations on the QOOH from methylbutanoate.

We are in the process of investigating the source(s) of the discrepancy between SCTST and SCT
tunneling predictions.
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2012 Progress Report:

We have made tremendous progress towards the design, construction and
optimization of an instrument to carry out low-temperature, high-resolution spectroscopy
of transient species of fundamental importance to combustion science. Since the
beginning of this funding period, we have constructed and implemented a high
temperature pyrolysis source for the generation of hydrocarbon radicals, and we have
demonstrated that we can record spectra of these species once they have been isolated
in He nanodroplets. We reported the ro-vibrational spectrum of the vs(e’) band of the
He-solvated methyl radical (CH3) (Ref. 1). Five allowed transitions produce population
in the Nk = 0o, 11, 1o, 2, and 2, rotational levels. The observed transitions exhibit
variable Lorentzian line shapes, consistent with state specific homogeneous broadening
effects. Population relaxation of the 0y and 1; levels is only allowed through
vibrationally inelastic decay channels, and the "P1(1) and RRy(0) transitions accessing
these levels have 4.12(1) and 4.66(1) GHz full-width at half-maximum linewidths,
respectively. The linewidths of the "R;(1) and "R1(1) transitions are comparatively
broader (8.6(1) and 57.0(6) GHz, respectively), consistent with rotational relaxation of
the 2¢ and 2, levels within the vibrationally excited manifold. The nuclear spin symmetry
allowed rotational relaxation channel for the excited 1, level has an energy difference
similar to those associated with the 2, and 2, levels. However, the "Q;(1) transition that
accesses the 1, level is 2.3 and 15.1 times narrower than the PRy(1) and fRy(1) lines,
respectively. This is taken as evidence that the symmetry and anisotropy of the He-CHj;
intermolecular potential plays an important role in the rate of population relaxation of the
rotational levels within the excited vibrational manifold. The anisotropy in the potential
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necessary for coupling the 1o and Qg levels in the vibrationally excited level is by
symmetry much less than the coupling associated with the rotational relaxation of the
excited 2o and 2; levels. Only because the CHg radical is an oblate top with two nuclear
spin modifications were we capable of probing such high lying rotational levels with
such large rotational relaxation energy gaps. Indeed, as a result of this work, the CH3
radical will be an interesting benchmark for theoretical calculations that aim to provide
insight into the rotational and vibrational relaxation dynamics of He-solvated molecules
that are classified as “light” rotors.

The vinyl radical (H.Cp=C,H) has been produced by the pyrolysis of di-vinyl
sulfone and trapped in liquid He nanodroplets (Ref. 2). At 0.4 K, the entire population of
nuclear spin isomers is cooled to either the Ogo* (ortho) or 0y (para) roconvibrational
level. Survey scans in the fundamental CH stretch region reveal three bands that are
assigned to the symmetric CH, (v3), antisymmetric CH; (v2) and lone o-CH (v;) stretch
bands. The assignments are based on comparisons to the jet-cooled vinyl radical
spectrum of the v mode (from D.J. Nesbitt and co-workers), vibrational configuration
interaction (VCI) calculations (from J.M. Bowman and co-workers), and the observed
rotational fine structure for each band. The vinyl radical CH stretch band origins in He
droplets differ from the VCI calculations by ~1, 2 and 10 cm™ for the vs, voand v,
modes, respectively. Each band consists of a-type and b-type transitions from the Ogo
level, and each of these is split by either the difference in or sum of the v=0 and v=1
tunneling splittings. From the separation between and splitting within these a- and b-
type components, we obtain an A’-B’' constant and the tunneling splittings in both v=0
and v=1 for each observed band. Comparing the He droplet spectra to previous high-
resolution spectroscopy of the v3 band, we find that the A’-B’ rotational constant for this
mode is reduced to 89% of its gas phase value, and the tunneling splittings (ground and
vz excited states) are both reduced by ~20%. In addition, the relative intensities of the
vs transitions seem to indicate 4:4 spin statistics for ortho and para nuclear spin
isomers, suggesting a facile interchange mechanism for all three H atoms within the
~1200 K pyrolysis source, prior to the pick-up and cooling of the hot vinyl radical by the

He droplet. The tentative upper state tunneling splittings extracted from the v; and v,

62



bands are qualitatively inconsistent with those predicted using 1D vibrationally adiabatic
potentials along the tunneling coordinate. We currently do not have a clear
understanding of this apparent discrepancy, the resolution of which will require high-
resolution jet-cooled spectra of these higher frequency bands. The ~20% reduction in
the ground and v3 excited state tunneling splittings is most likely due to two contributing
effects from the He solvent. The He droplet can in principle modify both the tunneling
barrier and the effective reduced mass for motion along this coordinate. We have
estimated that either an ~40 cm™ increase in the effective barrier height or an ~5%
increase in the effective mass of the tunneling particles (both as upper limits) is
sufficient to account for the observed ~20% tunneling splitting reduction. Future
theoretical work will be required to assess the extent to which each of these effects
contribute to the overall modification of the vinyl radical tunneling dynamics upon
solvation in liquid He.

The ethyl radical has been isolated and spectroscopically characterized in He
droplets (Ref. 3). The five fundamental CH stretch bands are observed near 3 um and
have band origins shifted by < 1 cm™ from those reported for the gas phase species [S.
Davis, D. Uy and D. J. Nesbitt, J. Chem. Phys. 112, 1823-1834 (2000); T. Haber, A. C.
Blair, D. J. Nesbitt and M. D. Schuder, J. Chem. Phys. 124, 054316 (2006)]. The
symmetric CH, stretching band (v1) is rotationally resolved, revealing nuclear spin
statistical weights predicted by Gi, permutation-inversion group theory. The first
measurement of this radical’s permanent electric dipole moment (0.28 (2) D) is obtained
via the Stark spectrum of the v; band. The four other CH stretch fundamental bands
are broadened in He droplets and lack rotational fine structure. The approximately 1-2
cm™ line widths for these bands are attributed to the homogeneous broadening
associated with solvent-mediated rovibrational relaxation dynamics. In addition to the
five fundamentals, three A;' overtone/combination bands are observed and have
resolved rotational substructure. These are assigned to the 2vi,, v4+ve, and 2vg bands
through comparisons to anharmonic frequency computations at the CCSD(T)/cc-pVTZ
level of theory.

In addition to the fundamental spectroscopy described above for methyl, ethyl

and vinyl radicals, we have demonstrated that hydrocarbon radical + O, reactions can
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be carried out within the low temperature, He droplet environment. For example, the
sequential addition of a methyl radical and molecular oxygen to He nanodroplets leads
to the barrierless reaction, CHz + O, - CH300. The reaction enthalpy is ~30 kcal/mol
and therefore requires the dissipation of ~2000 He atoms to cool the CH3;0O0 to 0.37 K.
The product CH30O0 radical remains in the droplet and is observed downstream with IR
laser beam depletion spectroscopy. All three CH stretch bands of CH300 are
observed, and rotational fine structure is partially resolved for the v, totally symmetric
CH stretch band, indicating complete internal cooling of the product to the droplet
temperature. Electron impact ionization of the droplets containing CH3OO results in the
charge transfer reaction He™ + CHs00 — CH30," + He, which is followed by the
fragmentation of the CH30," ion. The major fragmentation channel is the production of
HCO" and H,O. The outcome of this work is encouraging and suggests that infrared
laser spectroscopy can be employed as a selective probe of the outcome of organic
radical-radical reactions in which multiple products may be formed. By integrating the
total ion signal arising from the ionization of the droplet beam, the relative IR beam
depletion band intensities associated with the various possible products can be used

directly to determine product branching ratios.

There will be no unexpended funds at the end of this budget period.

Publications acknowledging DOE support (from start date, 7/1/12, to present,
3/1/13):

1. Alexander M. Morrison, Paul L. Raston and Gary E. Douberly, “Rotational
Relaxation Dynamics of the Methyl Radical in Helium Nanodroplets” Journal of
Physical Chemistry A, (2013), in press. DOI: 10.1021/jp310083]

2. Paul L. Raston, Tao Liang and Gary E. Douberly, “Infrared Spectroscopy and
Tunneling Dynamics of the Vinyl Radical in “He Nanodroplets” Journal of
Chemical Physics, submitted.

3. Paul L. Raston, Jay Agarwal, Justin M. Turney, Henry F. Schaefer Ill and Gary E.
Douberly, “The Ethyl Radical in Superfluid Helium Nanodroplets: Rovibrational
Spectroscopy and Ab Initio Calculations” Journal of Chemical Physics, submitted.

64



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. 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 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. 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. Enthalpy of formation of peroxyformyl radical, HCO3-

In recently published work,' we have determined the enthalpy of formation of the
peroxyformyl radical, HCO;-, which is an intermediate in the oxidation of HCO-. We use the
guided ion beam tandem mass spectrometry technique to measure the energy-resolved
collision-induced dissociation of the peroxyformate anion,

HCO; — HCO, +O.
The threshold energy for this process can be used to determine the energetics of
peroxyformate anion, not previously established experimentally, relative to the known
enthalpy of formation of formate anion, HCO, . Our measured energy for oxygen (°P) loss
from the peroxyformate anion is 126 + 12 kJ/mol." Combined with literature thermochemical
values, we obtain the first experimental measurements of the enthalpies of formation of
peroxyformyl radical, AAH(HCO3-) = —98 + 12 kJ/mol, of gas-phase peroxyformic acid,
AH(HCO;3H) = —287 + 19 kJ/mol,' which is a high-energy isomer of carbonic acid.
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B. Gas-phase acidities and bond dissociation energies of isomeric alcohols

We have previously developed® methods for determining accurate relative gas-phase
acidities of alcohols (ROH) using competitive collision-induced dissociation of proton-bound
complexes of the alkoxide anion (RO ) with a reference acid (HA),

[RO-H-A] — RO +HA
— ROH+ A
where the difference in energies between the two product channels yields the gas-phase
acidity difference, AEy = AycidH(ROH) — AncigH(HA). The gas-phase acidity then yields the
neutral O—H bond dissociation energy using the negative ion thermochemical cycle,
D(RO-H) = A4idH(ROH) + EA(RO-) — IE(H), where the RO- radical electron affinity may be
obtained precisely from photoelectron spectroscopy.

Our previous work?®™ focused on the alkanol series methanol, ethanol, iso-propanol,
and tert-butanol. Because of recent interest in combustion of butanol as a biofuel, we are
currently extending this work to the other three isomers of butanol and also n-propanol. The
key to this method is to obtain relative acidities between various pairs of acids to create a
ladder of gas-phase acidities with extra redundancy. Then a least-squares optimization is used
to obtain the absolute unknown acidities from the relative acidities. For example, the figure
below shows initial experiments performed recently on collision-induced dissociation of iso-
propoxide complexed with ethanol,” a complex that was not included in the previous gas-
phase acidity ladder. The preliminary fits (not including full treatment of the hindered rotors
and conformations) use RRKM theory to model the product branching fractions as a function
of the energy provided by the collision with the xenon target gas.

[C,H.O-H-OCH(CH,),] + Xe = C,H.O" + (CH,),CHOH + Xe
= C,H,OH + (CH,),CHO™ + Xe
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C. Proton affinity measurements

An alternative thermochemical route to O—H and C—H bond dissociation energies of
hydrocarbons uses the proton affinity of the radical. For example, for a alkoxyl radical the
proton affinity is defined by formation of the alcohol cation,

RO-+H" — ROH’,
where PA(RO-) = —AH for the reaction. The bond dissociation energy of the neutral is then
given by the thermochemical cycle D(RO—H) = PA(RO-) + IE(ROH) — IE(H).

Analogously to the negative ion method described in the previous section to obtain
relative gas-phase acidities, we have begun new experiments using collision-induced
dissociation of the hydrocarbon cation complexed with a gas-phase base to obtain relative
proton affinities. For example, to obtain the proton affinity of phenol, we can use ammonia as
the reference base in the competitive dissociation process:

[C¢HsO-H-NH;]"™  — C¢HsO + NH,"
— C¢HsOH" + NH;
Preliminary experiments’ on this system show that the cationic complexes can be synthesized
in our flow tube reactor in sufficient quantities and that the expected product masses are
produced. Further experiments are underway to evaluate the relative proton affinities.

D. Franck-Condon analysis of photoelectron and photoionization spectra

Determination of hydrocarbon R-H bond dissociation energies from our measured gas
phase acidities require accurate electron affinities, which can be measured accurately using
negative ion photoelectron spectroscopy. Our PESCAL software for simulating the Franck-
Condon profiles for photoelectron spectra, as well as for photoionization threshold
experiments, has been further developed through this grant project and has enjoyed increasing
use in the community, including since 2012 in references 6-17.
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Spectroscopic and Dynamical Studies of Highly Energized Small Polyatomic Molecules

Robert W. Field
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I. Program Scope

The fundamental goal of this program is to develop the experimental techniques, diagnostics, in-
terpretive concepts, spectrum-assignment strategies, 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 polyatomic molecules. We are focusing our efforts on unimolecular
isomerization in several prototypical systems, including the HNC <> HCN and HCCH < CCHs 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 measurement of hyperfine struc-
ture and Stark effect to populate and identify molecular states with high excitation in local large-amplitude
vibrational modes, which are of key importance in isomerization processes. In addition, we are attempting to
demonstrate the capability of CPmmW spectroscopy to determine reaction mechanisms and the structures of
molecular fragmentation transition states by measurement of fragment species/vibrational level populations.

II. Recent Progress
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Figure 1: The CPmmW spectrum of products of 193 nm photolysis of VCN. The J = 0-1 transitions in more than 25 HCN,
HNC vibrational levels are identified. The insets show the characteristic eqQ hyperfine structure of HCN vs. HNC.

A. CPmmW Spectroscopy
1. Chirped Pulse/Slit jet spectrometer

Chirped-Pulse Millimeter-Wave (CPmmW) spectroscopy is the first truly broadband and high res-
olution technique for spectroscopy in the millimeter wave region. 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 at better than 100 kHz resolution in a single shot. As part of our search for mm-wave
transitions in vinylidene and highly excited local-bender acetylene we have expanded the lower-frequency
limit of our CPmmW spectrometer to 58 GHz and implemented a slit-jet source. The slit-jet apparatus
has increased the sensitivity of our CPmmW experiments by a factor of 10, due to increased number of
molecules in the interaction region and reduced Doppler profile. The collisional region of the slit-jet super-
sonic expansion extends to up to 2 cm downstream from the slit-jet source, allowing for precise control over
the number of cooling collisions that the photolysis products experience in the expansion. This control over
the extent of rotational thermalization could be crucial in distinguishing between rotationally highly excited
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and unexcited nascent reaction products. The CPmmW //slit-jet spectrometer is now fully operational and
we have observed beautiful spectra of the HCN, HNC photolysis products of vinyl cyanide (Fig. 1).

2. 193 nm Photolysis of Vinyl Cyanide

Vinyl cyanide 193 nm photodissociation has been studied using CPmmW spectroscopy. Figure 1
shows J = 0—1 transitions of more than 30 vibrationally excited states of the HCN and HNC products
that have been recorded and assigned within the 7 GHz wide chirp range. Bending excitations of HCN up
to v, = 14, leading toward the HCN-HNC isomerization transition state, are detected and interpreted in
terms of their electric quadrupole, (eQq)n, and rotational, B,, constants. The photolysis reaction transition
states were probed using both normal vinyl cyanide, CHy=CHCN, and its singly-deuterated isotopologue,
CH2=CDCN. The observed difference in the vibrational population distribution (VPD) obtained from the
integrated intensities of the HCN and DCN products from the CH,=CHCN vs. CHs=CDCN photolysis
reactions, suggests the relative unimportance of the three-center elimination mechanism for HCN production.
On the other hand, the similarity in the observed VPD and overall intensities of HCN from CH,=CHCN
and CHo=CDCN photolysis suggests four-center elimination as the major mechanism leading to the HCN
product. Additional (J + 1)—J transitions would be required to characterize both the vibrational and the
rotational state distributions of the products, which would permit more complete characterization of the
transition state(s).

3. Multiplexed MODR

Application of broadband chirped-pulse technology to Millimeter-wave—Optical Double Resonance
(MODR) allows simultaneous acquisition of MODR spectra for multiple millimeter-wave transitions. This
new multiplexed implementation, Millimeter-wave-Optical Multiplexed Double Resonance (MOMDR), is
capable of resolving and rotationally assigning complicated and congested spectral regions in only a single
laser scan and serves as a powerful complement to Laser Induced Fluorescence (LIF). We have applied the
technique to several vibrational bands of the C + X transition in SO5. Five millimeter-wave transitions
within the bandwidth of the millimeter-wave spectrometer were excited by back-to-back single-frequency
pulses with a total duration of ~1 us. After the Free Induction Decay (FID), a pulsed dye laser excites the
sample and a second microwave pulse identical to the first induces another FID. The MOMDR spectrum is
obtained by comparing the two FID intensities at each millimeter-wave transition frequency.

In the (v1,v2,v3) = (1,3,2) band, we used the technique to increase the number of rotationally
assigned term values from 7 to 17 (Fig. 2). Most of the rotational lines in the LIF spectrum of this region
were previously unassigned due to spectral congestion and strong Fermi and c-axis Coriolis interactions.
We have also measured MOMDR for predissociated bands of the C' state. MOMDR is well suited to pre-
dissociated states because its intensity is proportional to absorption rather than fluorescence and broadened
features can be resolved and rotationally assigned by the two-dimensional nature of the experiment. The
technique may also be well suited to a simultaneous search for rotational transitions between electronically-
excited levels.

B. High- and low-barrier unimolecular isomerization in Sy and S; HCCH

The goal of our studies of the acetylene <+ vinylidene system is to observe barrier-proximal vibrational
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 large-
amplitude 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, where one hydrogen moves a large distance off of
the C-C bond axis while the other hydrogen remains nearly stationary. In the first singlet excited state of
acetylene, we find ourselves in the unique situation of being close to characterizing the complete rovibronic
level structure up to the transition state energy in a system exhibiting conformational change.

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

The S; cis-trans isomerization has been the focus of many theoretical studies, but has been difficult
to study experimentally because transitions from the ground electronic state to the Si-cis geometry are
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Figure 2: MOMDR spectrum of the C‘(l, 3,2) « )E'(O, 0,0) transition in SO2. The spectrum was obtained from two overlapping
scans of the etalon chamber pressure of our pulsed dye laser, scanned at the same rate that we use for LIF spectroscopy.
Upward and downward peaks in the MOMDR spectrum correspond to depletion of the upper and lower levels, respectively, of
the rotational transitions monitored in X (0,0,0) (labeled on the left side of the figure). Rotational assignments in the C state
were made on the basis of selection rules and combination differences in the LIF spectrum. Several weak transitions have not
been assigned and may arise from a perturbing band.

electronically forbidden. We have made the first definitive observation and identification of levels belonging
to Si-cis, and surprisingly, these levels were observed below the energy of the calculated barrier to trans-cis
isomerization, and must therefore owe their observed intensity to mixing via tunneling with trans-geometry-
localized states.

We now find ourselves in possession of a complete set of vibrational assignments for both the trans
and cis conformers up to the expected transition state energy, with few exceptions. Our comprehensive
examination of the cis-trans isomerization in S; acetylene has led to the development of a universal, model-
independent spectroscopic diagnostic of transition state energies in systems that exhibit conformational
change. We believe that it is possible to extend the concept of effective frequency as an indicator of qualitative
dynamical changes, previously used for dissociation in diatomics (Birge-Sponer, LeRoy-Bernstein) and the
bent-linear transition in quasilinear triatomics (“Dixon dip”), to determine the isomerization barrier height
in asymmetric double minimum potentials (Fig. 3). We can determine the transition state energy to high
accuracy by fitting the observed pattern to the empirical formula w®® = wy(1 — Eih)l/ ™ where F;4 is the
transition state energy.

One major qualitative consequence of cis-trans isomerization is the tunneling staggering of rotational
sublevels with different K quantum numbers within a given vibrational state (as opposed to tunneling
splittings in other isomerizing systems such as ammonia or internal rotors). The size and direction of these
staggerings serve as a sensitive probe of isomerization and tunneling, as well as a complicating factor in
spectral assignment. In order to quantitatively understand and predict these staggerings, we are conducting
reduced dimension rovibrational variational calculations on a high accuracy ab initio potential surface. Our
results have aided in rationalizing observed K-staggering, identifying new cis vibrational levels, and assigning
complicated near-barrier features. The calculations enable us to move beyond low-energy theoretical models,
which fail to capture the effects of isomerization on the high-energy rovibrational level structure.

To overcome predissociation in high energy regions, we have constructed and begun optimizing a
velocity-map-imaging style REMPI-TOF detection system that will allow us to record the first high resolution
H-atom action spectra of S; acetylene. The combination of two distinct complementary data channels
(LIF and H-atom action) will not only advance the spectroscopy of the A state, but also provide valuable
information about the mode- and conformer-specific influence of vibrations on the predissociation mechanism.

ITI. Future Work

We expect to achieve a >100-fold improvement of the signal:background ratio of our CPmmW spec-
trometer by taking advantage of new millimeter-wave technology. These enhancements will enable us to
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Figure 3: Determination of transition state energy from the pattern of vibrational level spacings. Demonstrated here by a
simple one dimensional minimum energy isomerization path (MEIP) calculation, shown in blue (dashed line), the minimum in
the pattern of vibrational level spacings reveals, in a model-independent way, the transition state energy for any asymmetric
double minimum potential. Experimental values for the vibrational level spacings in the 3" B? series are overlaid on the ab
initio results, showing remarkable agreement between the average of the experimental wgﬂ (green) and wgﬁ (red) normal mode
spacings and those found in the 1D MEIP local bender calculation. The highest energy points in the experimental traces are
based on preliminary, unpublished assignments. The solid lines are fits to the equation w®¥ = wq(1 — Eih)l/ ™ as described in
the text.

measure the populations of vibrationally-excited photolysis and pyrolysis products and locate additional
acetylene local-bender vibrational states. The combination of our Sy results with the high resolution/survey
capability of CPmmW /DF spectra will guide us towards conclusive SEP experiments that sample levels
proximal to the acetylene—vinylidene isomerization barrier. We plan to record Stark effect spectra of the Sy
highly vibrationally excited levels, in order to measure the large predicted dipole moments, which are a mea-
sure of progress along the large amplitude local-bender isomerization coordinate. CPmmW measurements
of product state distributions will allow us to extract information about the structures of transition states
for fragmentation and photodissociation.
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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 quantitative 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 studying 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 imaging diagnostic techniques to measure key species
in the hydrocarbon-chemistry mechanism as well as mixture fraction, rates of reaction and
dissipation. Recent studies on flow-flame interactions have focused on localized extinction and
re-ignition as well as effects of stratification. Diagnostic development includes efforts to extend
measurement capabilities to a broader range of flame conditions and combustion modes,
including combustion of hydrocarbon fuels beyond methane and stratified premixed combustion.
We are also expanding our diagnostic capabilities for probing the temporal evolution of turbulent
flames using high-repetition rate imaging techniques.

Recent Progress

Non-adiabatic interaction of turbulent premixed counterflow flames with combustion products

We conducted a series of detailed experimental studies of turbulence-flame interactions in
stratified premixed counterflow flames using the Yale counterflow burner in collaboration with
Prof. A. Gomez. This burner enables studies of premixed flames at turbulence Reynolds numbers
on the order of 1000, which produces strong interactions resulting in localized extinction.
Parametric studies were performed by independently varying the global strain rate, turbulent
Reynolds number, temperature of the product stream, and stratification between the equivalence
ratios of the reactant and product streams. The impact of these effects on the flame depends on
the particular reactant and product mixtures as well as the proximity between the turbulent flame
front and the stream of combustion products. Figure la shows the burner configuration and
illustrates the measurements of the interaction distances that were performed using OH-LIF
imaging. The degree of interaction undergoes large fluctuations and depends on the distance A¢
between the instantaneous flame front and the interface between the lower stream of combustion
products and the products that are formed in the vicinity of the turbulent flame front, which we
refer to as the gas mixing layer interface (GMLI).

The interaction between the flame front and the product stream involves a complex
combination of variations in local strain rate and dilution by mixing with gases from the product
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stream. Figure 1b shows the mean velocity gradient normal to the instantaneous flame front for
flames in the near field (4,< 1.5 mm) and far field (4,> 1.5mm) of the GMLIL. On average, the
flames in the near field experience significantly larger velocity gradients. Flames located in the
near field thus have a greater probability of experiencing larger strain rates, which can increase
their susceptibility to heat losses and dilution by the stream of combustion products. The
distributions of flame front locations for lean and rich flames are shifted significantly closer to
the GMLI relative to the locations of stoichiometric flames, regardless of the product stream
temperature, Ty, = 1700 K-1950 K, as shown in Fig. 1c. The non-stoichiometric flames thus have
a greater probability of being extinguished by mixing and heat loss. Indeed, probabilities of
localized extinction for the stoichiometric flames in these data sets are insensitive to the product
stream temperature, whereas the lean and rich flames encounter significant localize extinction.
The observed coupling between effects of stratification, strain, and heat losses in these
parametric studies indicate the need to develop a more general regime diagram for characterizing
turbulent premixed combustion using additional dimensionless parameters to account for
different modes of combustion and a broader range of turbulence-flame interactions.
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Fig. 1: (a) Schematic diagram of a turbulent premixed counterflow flame with a reactant mixture of
equivalence ratio ¢, and a stream of combustion products at equivalence ratio ¢, and temperature Tp. Asis
the separation distance between the instantaneous flame front and the gas mixing layer interface (GMLI),
which is the boundary between the lower stream of combustion products and the products formed in the
vicinity of the turbulent flame front. (b) Mean velocity profiles across the flame front in the flame normal
direction of a lean flame (¢, = 0.85), parameterized on whether the flame front is in the near field
(4;,< 1.5 mm) or far field (4, > 1.5 mm) relative to the GMLI. Velocities are normalized by the laminar
flame speed, S;=72cm/s. x, is the distance along the local normal to the flame front contour.
(c) probability density function of the local separation distance between flame front and GMLI, Ay. For all
flames, ¢, = 1.0, Re, = 1050, Kp,; = 1400/s.

Soft x-ray absorption spectroscopy of flames

We continue to investigate the development of in situ soft x-ray measurement techniques for
combustion with the eventual goal of studying flames under conditions that are not amenable to
traditional diagnostic techniques. X-rays promise advantages over traditional laser diagnostic
techniques that use UV and visible radiation to probe flame species via laser-induced
fluorescence and Raman scattering. X-ray absorption is not subject to temperature-dependent
variations in Boltzmann fraction populations since it probes core-level electrons rather than
valence electrons. Core-level spectroscopy probes all carbon containing molecules, providing a
spatial map of carbon concentration. Experimental studies of soft x-ray absorption spectroscopy
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in flames are performed at the Molecular Science Beamline of the Advanced Light Source (ALS)
synchrotron of LBNL in collaboration with David Osborn (Sandia), Hendrik Bluhm (LBNL),
and Andrey Shavorskiy (LBNL).

In the most recent experiments, two-dimensional absorption measurements of major
carbonaceous species were demonstrated in a low-pressure methane jet flame using the carbon
K-edge region of the absorption spectrum. The x-ray beam traversed the axisymmetric jet flame,
which was stabilized on a 3-mm diameter nozzle, as shown in Fig. 2a. By tuning the x-ray
radiation to strong m* transitions in the near-edge region of the carbon K-edge spectrum and
raster scanning the flame across the x-ray beam, we were able to perform 2D absorption imaging
measurements of CO, CHy, and CO,, as demonstrated in Fig. 2b. Results from this experiment
show promise for quantitative absorption tomography and spectroscopy in flames. Plans for
developing this capability involve a progression from diagnostic technique development in
steady low-pressure methane flames to detailed studies of transient flow-flame interactions with
increasingly complex fuels. This diagnostic capability may enable key measurements of flow-
flame interactions in flame conditions for which interferences prohibit the use of laser-based
techniques. Experimental results will be closely coupled with Habib Najm’s (Sandia) numerical
simulations and uncertainty quantification techniques to develop computations that accurately
capture the coupling between transport and combustion chemistry.
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Fig. 2: (a) Chemiluminescence image of the low-pressure non-premixed methane jet flame during a
proof-of-principle experiment at the ALS Molecular Science Beamline. (b) Two-dimensional absorbance
measurements of the major carbonaceous species (CHy, CO, CO,) acquired at the corresponding peaks of
the near-edge absorption features.

Future Plans

The recent acquisition of a high-repetition rate stereoscopic particle image velocimetry (PIV)
system coupled with our existing high-speed LIF imaging capability enables new studies of
flame dynamics. The PIV system provides three-component cinematic imaging of the velocity
field within a plane illuminated by a laser sheet. We plan to use this facility to investigate the
dynamics of flow-flame interactions in turbulent premixed, non-premixed, and stratified modes
of combustion. In particular, we are planning a series of turbulent flame studies that will focus
on the dynamics of localized extinction and re-ignition in jet and counterflow flames,
stabilization mechanisms in lifted jet flames, turbulent transport of combustion intermediates and
turbulent mixing in stratified combustion. We will also conduct a series of studies comparing the
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temporal evolution of turbulent non-reacting jets and jet flames to elucidate the effects of heat
release on the dynamics of the turbulent flow.

We plan to expand our ability to use a noble gas as a chemically inert tracer for mixing
studies to a broad range of combustion environments. Most previous mixture fraction imaging
techniques have used combined measurements of chemically reactive species and temperature to
construct a conserved scalar. The advantage of this new approach is that the tracer gas remains
chemically inert in a wide range of conditions. We plan to refine this diagnostic technique for a
broader range of flame conditions and fuel mixtures. A key refinement will be extending
measurements of collisional quenching rates for krypton LIF over a wider range of temperatures
and for additional collisional partners. Similar quenching rate measurements will be used for
improving formaldehyde LIF measurements, which are relevant to our studies of DME flames.

We plan to continue companion experimental and computational studies of the coupling
between transport and chemistry in isolated flow-flame interactions in collaboration with J. Chen
(Sandia). We are investigating the ability of different chemical mechanisms and transport models
to capture the wide range of thermochemical states involved in extinction and re-ignition.
Ongoing studies focus on oxygenated fuels, such as dimethyl ether.

We have established a new series of piloted partially-premixed dimethyl ether/air jet flames
as target flames for the TNF Workshop. Initial measurements have included particle imaging
velocimetry and laser-induced fluorescence of OH and CH,O. Plans include refining the LIF
measurements, analyzing the velocity-scalar field coupling, and performing high-speed imaging
measurements to study dynamics of localized extinction and re-ignition in these flames. Results
will be coupled with complementary species and temperature measurements by R. Barlow
(Sandia) and large eddy simulations (LES) performed at Sandia by J. Oefelein and at U. Stuttgart
by O. Stein and A. Kronenburg. These collaborations will expand our ongoing efforts to couple
imaging measurements with LES to advance numerical simulation capabilities and to develop
new methods for comparing simulations and experiments.
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MECHANISM AND DETAILED MODELING OF SOOT FORMATION

Principal Investigator: Michael Frenklach
Department of Mechanical Engineering
The University of California
Berkeley, CA 94720-1740
Phone: (510) 643-1676; E-mail: myf@me.berkeley.edu

Project Scope: Soot formation is one of the key environmental problems associated with the 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
the 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. This work includes theoretical and numerical studies of gas-
phase chemistry of gaseous soot particle precursors, soot particle surface processes, particle
aggregation into fractal objects, development of economical numerical approaches to reaction kinetics,
and construction of a framework for predictive models and modeling.

Recent Progress:

Correlation of Oxiradical Kinetics with Aromaticity (with D. E. Edwards, X. You, D. Yu. Zubarev,
and W. A. Lester, Jr.)

We have recently reported the correlation of energies and reaction barriers computed for a series of
polycyclic oxyradicals with aromaticity (Refs 2,3,6-8 in Publications). The aromaticity of these compounds
was evaluated in our studies by employing the Harmonic Oscillator Model of Aromaticity (HOMA).
HOMA evaluates the mean deviation of bond lengths in a system under consideration with respect to the
bond length in benzene. It is scaled such that HOMA = 0 for the Kekule form of benzene and HOMA = 1
for the aromatic form. We first identified a correlation relating HOMA to energies of pentacene
oxyradicals with the oxygen placed at different sites on the pentacene edge. This study was extended to
larger polycyclic aromatic hydrocarbons (PAH), up to those composed of 5 by 5 ring structures (Ref 2). It
was shown that in both cases the thermodynamic stability of the oxyradicals depends critically on the
position of oxygen in the PAH edge.

A correlation of reaction barriers with aromaticity = 63 ® 3
was less successful (Ref 8): while a general trend was 2 °' | _
clearly observed, the correlation exhibited an outlier, % 59 1 -~
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In a follow-up study, the one reported here, a closer correlation between reaction barriers and
aromaticity was identified. In the new correlation, AHOMA was calculated as the aggregate change in
HOMA for all rings of the oxyradical, excluding the ring with oxygen attached. In this way, the effect of
the distortion in the ring undergoing the transformation on the rest of the rings is measured. The new
correlation, shown below in the figure on the left, has no major outliers. A further improvement is
obtained when an additional factor is included in the correlation, the HOMA value of the reacting
oxyradical ring. A 3-D plot, seen below in the figure on the right, shows a best-fit plane to the data (the
inset shows the same data but rotated to demonstrate the quality of fit.)
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Oxidation of Phenanthrene Radicals by OH (with D. E. Edwards, X. You, D. Yu. Zubarev, and
W. A. Lester, Jr.)

In our efforts to elucidate reaction mechanisms for the oxidation of soot, we initially focused on
decomposition of oxyradicals, presumably key intermediates in the oxidation pathways. In pursuit of this
objective, we determined reaction rates for the thermal decomposition of oxyradicals located on the
zigzag (Ref 3) and armchair (Ref 8) edges. Now, we have turned attention to the oxidation of soot by OH.

OH is the primary oxidant of soot in rich and slightly lean conditions. However, to our knowledge, no
atomistically resolved pathways leading to the removal of carbon by OH have been identified.
Experimental studies reported a relatively high rate of soot oxidation by OH, roughly one tenth of its
collisional rate with soot surface. Based on these experimental reports, it is common to use such generic
collisional efficiency to characterize soot oxidation by OH in models of soot formation.

Here, we present results of our initial efforts directed towards identifying reaction pathways
responsible for oxidation of soot by OH.

Density functional theory (DFT) was employed to calculate potential energy surfaces of all stable
species and transition states for the oxyradical systems. Geometry optimization and vibrational
frequency calculations were performed to identify all stationary points on the reaction pathways using
the B3LYP hybrid functional and a 6-311G(d,p) basis set.

Soot surface sites can be fundamentally divided into two types, Csurface—H and Csurace®. We looked
into the oxidation of both types by OH. We began the investigation by examining OH attacks on Csyrface—H
sites. No pathways leading to CO expulsion with the rates commensurate with the high experimental
values were found. Next, OH reacting with multiple layers of soot was studied to see if the oxidation of
soot by OH may be related to the interaction of graphene layers. This too proved to be fruitless. Finally
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we examined OH attacking a Csurrace® site. Many of them were, again, too slow. However, those
accompanied by hydrogen migration appear to be suitable candidates for the elimination of CO. During
these studies we identified over 80 different species and transition states. Below we present some of the
main results.

A phenanthrene radical was selected as the surrogate for a Csurace® site. The adduct and initial wells
of the PES for the phenanthrene radical reacting with OH are «t&}- 140
shown in the figure on the right. This figure shows the PES : o
leading to the formation of four oxyradicals: 8, 7, 5, and 6,
associated with channels 1, II, lll, and IV, shown below in the
figures (a)-(d), respectively. The formation of these oxyradicals is
facilitated by the migration of H atoms. Each of these oxyradicals
can continue to isomerize down their respective pathways, % : {3}‘
eventually eliminating CO. 7

Pathways |-IV are oxyradical decompositions, similar in 3;%‘11 "
general features to those of the phenanthrene oxyradicals
studied by us previously (Ref 8). Each of these pathways, however, has distinctive reactions and varying
barrier heights. For instance, PES |, Ill, and IV have similar transitions from oxyradical to cyclic
intermediate. The barrier heights for these transitions are 15.3, 86.4, and 39.2 kcal/mol for PES |, Ill, and
IV, respectively. In the previous studies of armchair oxyradicals, the barrier height for the similar
transition was 54.7 kcal/mol. This wide range of barrier heights is related to the location of a hydrogen
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site of the phenanthrene oxyradical. The relative location of the hydrogen atom and consequently the
“ease” of its migration is the primary cause for all of the differences between the four oxyradicals
observed in the present study.

Future Plans

Graphene Layer Growth and Oxidation Chemistry: We have completed exploration of the energetics for
a set of potential oxidation pathways of soot by OH and identified several promising pathways leading to
CO expulsion. Our next objective is to compute the associated rate coefficients for the identified
reaction channels. The reaction kinetics will be investigated using MultiWell solving the master
equations. We will also investigate the importance of the triplet potential energy surface. All the
computations reported here were performed for the singlet potential energy surface, but there exists a
triplet surface for the OH + phenanthrene radical reaction. The work will be performed in collaboration
with William Lester’s group.

Graphene Layer Evolution: Now that we have established the thermodynamic stability of oxyradicals,
the kinetics of their decomposition, and have preliminary results on oxidation by OH, we will be adding
oxidation reaction steps to the growth mechanism with the objective of performing kinetic Monte-Carlo
(KMC) simulations to examine the influence of the oxidation steps on the patterns of graphene-edge
evolution. The modification of our KMC code required to accommodate the oxidation reactions of PAHs
is in progress.

Methodology of Predictive Models and Modeling: We are in the process of a rigorous numerical
comparison between our deterministic approach to uncertainty quantification (UQ), Bound-to-Bound
DataCollaboration, with the fully-resolved Bayesian-statistics method. We continue collaborative
studies with Phillip Westmoreland’s group and his colleagues on the development and automation of
the UQ-based framework of ALS data analysis. We will initiate, in collaboration with Nancy Brown,
development of data models and data sets for transport properties with the objective of performing a
rigorous and systematic UQ analysis of transport data.
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Computer-Aided Construction of Chemical Kinetic Models

William H. Green
Department of Chemical Engineering, M.1.T.
Cambridge, MA 02139
whgreen@mit.edu

I.  Program 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. Because these large models contain so many numerical parameters (e.g. rate coefficients,
thermochemistry) one never has sufficient data to uniquely determine them all experimentally. Instead
one must work in “predictive” mode, using theoretical values for many of the numbers in the model, and
as appropriate refining the most sensitive numbers through experiments. Predictive chemical kinetics is
exactly what is needed for computer-aided design of combustion systems based on proposed alternative
fuels, particularly for early assessment of the value and viability of proposed new fuels. Our research
effort is aimed at making accurate predictive chemical kinetics practical; this is a challenging goal which
necessarily includes a range of science advances. Our research spans a wide range from quantum
chemical calculations on individual molecules and elementary-step reactions, through the development of
improved rate/thermo calculation procedures, the creation of algorithms and software for constructing and
solving kinetic simulations, the invention of methods for model-reduction while maintaining error
control, and finally comparisons with experiment. Many of the parameters in the models are derived from
guantum chemistry, and the models are compared with experimental data measured in our lab or in
collaboration with others.

1. Recent Progress

A. Methodology for Computer-Aided Kinetic Modeling

The main focus of this research project continues to be the development of methodology for
automatically constructing, reducing, and solving combustion simulations. We are constantly adding
functionality and additional types of chemistry to the open-source Reaction Mechanism Generator (RMG)
software package. Very recently we distributed RMG version 4.0, which includes organosulfur chemistry,
a new method for computing thermochemistry of fused cyclic molecules [9] , an improved method for
automatically identifying and computing the rates of chemically-activated reactions [4,5], and automatic
estimation of solvent effects for reactions in liquid phase [i]. We continue to make progress on improved
numerical methods to make it easier to use high-fidelity chemistry models in combustion
simulations. [ii,iii,iv]

This computer-aided kinetic modeling approach is having an impact beyond MIT. We continue to
distribute the mechanism construction software to many research groups, and to train and support the new
users. In the past year researchers from LLNL, Belgium, Brazil, China, France, Germany, Spain, and
Turkey have visited our group for training in how to use the RMG software. Developers outside of my
research group have begun to add functionality to this open-source software; among the most active are
researchers at Northeastern University, Oak Ridge National Laboratory, and the University of Ghent. This
independently funded external effort leverages the funding provided by this program.

RMG applications funded separately

The work described above which is funded by this grant is even more heavily leveraged by large
application-oriented projects funded separately, which provide demonstrations of the utility of computer-
aided modeling of combustion chemistry and tests of the accuracy of RMG. Some of these projects fund
addition of new features to RMG.
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The largest and most important of these related projects is the DOE Combustion Energy Frontier
Research Center, which funded development of models for all four isomers of butanol, many
experimental tests of the predictions of these models by other researchers, and many quantum chemistry
calculations by our collaborators or by us which have been incorporated into the RMG database. That
project has provided excellent comprehensive tests of the capabilities and accuracy of RMG; in several
cases the model predictions are quantitatively accurate [v]. Discrepancies observed in other cases have led
to the identification and correction of flaws in some of the rate and thermochemistry estimates or
databases.[vi] We also participate in a DOE-funded collaboration with Craig Taatjes involving
researchers at Aachen and in China, building kinetic models for the chemistry of ketones and other
proposed alternative fuels synthesized from biomass by fungi.[vii]

With separate industrial funding, the new capability of RMG to handle sulfur chemistry was
tested by building models for fuel desulfurization in supercritical water, and comparisons with
experimental data on those systems. Industrial funding also allowed us to include solvent effects in
RMG.]i]

B. Quantum Calculations of Reaction Rates

This year we created an efficient software implementation of the RPMD method for computing
reaction rates, which corrects many of the deficiencies of conventional transition state theory.[viii] We
collaborated with Hua Guo to test this high accuracy approach on OH+CH, [10] and H+CH,[11], and are
now collaborating with Al Wagner to couple our RPMDrate software with his rapid method for
generating interpolated PES’s.

In collaboration with Alexander Mebel, we published computed the rates for C¢Hs + C3He.[8] Some
of this forms allyl directly, but much of it reacts via an adduct. We have computed the subsequent
chemically-activated isomerizations and dissociations, and compared them with Ralf Kaiser’s
experimental data in a jointly authored manuscript.[7]

In collaboration with Piotr Piecuch (whose work was funded by the BES Chemical Physics
program), and leveraging separate funding, we performed high level calculations on the intramolecular
disproportionation reactions of the biradicals formed by unimolecular ring-opening. Most conventional
methods say these reactions have significant barriers (e.g. 7 kcal/mole barrier is reported in the literature
for disproportionation of the biradical derived from the synthetic fuel JP-10), but our high level
calculations show that these reactions are actually barrierless.[ix] Based on these results we have
significantly revised the rate estimation rules for intramolecular disproportionations.

I11. Future Work

We are currently adding nitrogen (e.g. NOx, cetane improver) chemistry to RMG. Nitrogen
chemistry is trickier than C/H/O chemistry, because changes in valence are more common and important,
this has required us to use a more general approach in representing molecules and reactions in the
software.

We continue to work on improving the treatment of coupled hindered rotors, which is a major
issue in the ignition chemistry of oxygenated fuels, where intramolecular hydrogen bonds are common.

In existing Kinetic models, including those generated by RMG, most of the rate coefficients are
estimated by functional group analogies. We have recently assessed existing functional-group rate-
estimation procedures by using them to predict rate coefficients for hundreds of reactions archived in the
NIST database. This comparison revealed many problems with conventional rate-estimation procedures,
as well as some discrepancies in the database.

As we push to higher molecular weight fuels, we are running into the limits of our current serial
model-construction algorithm. We will parallelize the model construction process, and also develop new
methods that naturally apply tighter tolerances to the sensitive chain-branching reactions than to the
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ordinary propagation reactions. We are also developing improved graphical interfaces to make it easier
for humans to understand and use large kinetic models.
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Quantum Dynamics of Elementary Combustion Reactions

Hua Guo (hguo@unm.edu)

Department of Chemistry and Chemical Biology, University of New Mexico

Our major efforts in the past year have focused on the elucidation of dynamics of several
prototypical reactions with three-four atoms. For example, we have developed accurate PESs for the O +
NH reaction and carried out state-to-state QM dynamics studies of this complex-forming reaction." A
review on quantum dynamics2 and another on complex-forming reactions® were published.

To continue our work on the
"second most important combustion
reaction", namely HO + CO = H + CO,, we 251 — _ . r23
have performed extensive quasi-classical L0
trajectory (QCT) studies of the forward® and
reverse directions’ on our newly developed S s
global potential energy surface (PES).° These 2 '_1_0
QCT results have shown improved agreement ? I
with many experimental findings, validating & H+CO2-0.5
the accuracy of the PES. We have also 004 Loo
performed quantum mechanical (QM) I
calculations on the rate constant in the -0.5 4 -0.5
forward direction, and a better agreement 10 +HOCO  11600" '__1_0
with experimental rate constants was

achieved.” To provide a better theoretical

T T T T T
Reaction coordinate

understanding of the recent HOCO™ photo-
detachment experiment of Continatti,®® we
have performed reduced- and full-
dimensional and calculations using both the
anion and neutral PESs."® The agreement
with experiment was excellent, as shown in

Figure 1. Zero-point corrected energetics of the schematic
HOCO/HOCO™ PESs. The calculated photoelectron spectrum of
HOCO" anion is displayed in green (full-dimensional model) and
red (five-dimensional model) with the experimentally derived
spectrum in blue. In addition, the calculated dissociation
probabilities for the HO + CO and H + CO, channels are also
given in orange and purple. Note the substantial probabilities in

Fig. 1, confirming the tunneling nature of the

the latter channel suggest tunneling.

dissociation into the H + CO, channel.

Another tetratomic system we have investigated
is the F + H,O0 - HF + OH reaction. To this end, an
accurate global PES for the ground electronic state has
been determined™ using Bowman's permutation invariant
polynomial method.” Due to multiple low-lying excited
state, a dynamically weighted multi-reference
configuration interaction (DW-MRCI) scheme® was used.
The state-to-state QCT calculations on this PES™
reproduced satisfactorily the experimental observations of
Nesbitt."**® Interestingly, our further QCT and full-
dimensional QM calculations have found that an entrance
channel complex provides anisotropic forces that steer the
trajectories towards the transition state, thus enhancing
reactivity at low collision energies.” To our best
knowledge, this is the first time such effect has been
observed. Perhaps more interesting, we have found that
this early-barrier reaction is significantly enhanced by
vibrational excitation of the water reactant, as shown in
Fig. 2, in contrast to the well-known Polanyi's rules.”® This
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Figure 2. Reaction integral cross sections for the
F + H,O(ny, ny, n3) —HF + OH reaction obtained
from both QCT (symbols) and QM (lines)
calculations. These excitation functions are
plotted in collision energy (upper panel) and total
energy (lower panel). The latter is referenced to
the F + H,0(0,0,0).




surprising effect was explained with a vibrationally adiabatic model, which suggests that the
enhancement is better described as the coupling of the vibrational modes to the reaction coordinate,
rather than the position of the barrier. These unusual behaviors were found to be minimally impacted
when the spin-orbit corrections of both F(*P) and OH(’I1) are added.”

In addition to these reaction dynamics studies, we have :
performed rate constant calculations for a number of important ol
reactive systems. For example, we have used a capture model to
estimate the rate constants and temperature dependence for the
barrierless N + CN reaction.’® In collaboration with Bill Green group,
we have also applied the recently proposed ring-polymer molecular
dynamics (RPMD) method to the O + CH,*" and H + CH, reactions.”
The RPMD approach was found to give good agreement with the
full-dimensional multi-configuration time-dependent Hartree i .
(M.CTD.H) rgsults on the same PESs, as shown in Fig. 3, th.us Fig. 3 Comparisbn c‘)‘?”ghe RPMD rate
validating its accuracy. It also gives a good agreement with | . nciants forthe O + CH, — OH +
variational transition-state theory with semi-classical tunneling |CHj reaction with experimental and
corrections, except for the Mu + CH, case. The discrepancy there is | previous theoretical results.

o Expt.l
& Expl.2
A=A MCTDH
G-9 RPMD
4-q CUS/uOMT
o907 Qb

.

K(Tyom "molecule
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presumably due to the large anharmonicity for this ultralight
isotope of hydrogen.

Finally, we have collaborated with David Yarkony to further our understanding on non-adiabatic
dynamics in photodissociation. Full-dimensional quantum dynamics has been performed on accurate non-
adiabatically coupled PESs for the photodissociation of ammonia in its A band.”>?* Unprecedented
agreement with experimentally determined line positions, widths and intensity as well as product
branching ratios was achieved, validating the accuracy of the PESs and their couplings.

In the next year, we plan to continue to pursue our proposed research in the areas of chemical
dynamics and kinetics.
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Gas-Phase Molecular Dynamics: High Resolution Spectroscopy and Collision
Dynamics of Transient Species

Gregory E. Hall
Chemistry Department, Brookhaven National Laboratory
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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. Chemical intermediates in the elementary gas-phase
reactions involved in combustion chemistry are investigated by high resolution spectroscopic tools.
Production, reaction, and energy transfer processes are investigated by transient, double resonance,
polarization and saturation spectroscopies, with an emphasis on technique development and connection
with theory, as well as specific molecular properties.

Recent Progress

A. Collision-induced broadening, shifting, and narrowing in the CN A-X (1-0) band by Ar
Quantitative pressure-dependent line shape studies are of importance both for converting
spectroscopic probe measurements into usable concentration data, and for the insights they may provide

. (6), 2 Tor into collision dynamics and intermolecular

potentials. In particular, the deviations from
‘__\/\__ I channel Voigt line shapes (an uncorrelated convolution
of Gaussian Doppler width with a pressure-

............................. il bl e o . . _Residual x 10

' : dependent Lorentzian line shape) are typically

@ ehann observed in high-precision line shape
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Figure 1. Fits to pressure dependent FM line shapes: | transition, causing a transient shift in the vertical
line center, broadening and narrowing parameters are transition energy during the perturbation.
adjusted in the fit, along with a phase angle for the two We have measured accurate room

quadrature channels. . .
temperature line shapes of selected rotational
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transitions in the CN A 2[1—X 2=* (1-0) band near 900 nm in the presence of argon. Measurements were
performed with FM spectroscopy, recording two channels in quadrature, sampling a phased combination
of absorption and dispersion signals. The linear pressure dependence of all fit parameters gives accurate
experimental values for collision-induced broadening, shifting, and narrowing. No systematic asymmetry
in the line shapes was observed. Interesting contrasts can be drawn between the present results and
previous measurements by the Hanson group™ on pressure broadening of CN (B 2Z* - X 22*), OH (A %£*
—X ?IT) and NO (B ?Z*— X °IT) by rare gases, and related pressure broadening and shifting in vibrational
spectra® of the same systems. Understanding trends and relative contributions of rotational energy
transfer collisions on ground and excited state surfaces, and the competition between elastic velocity-
changing, elastic depolarizing and inelastic collisions in such atom-radical systems is a feasible target for
experimental and theoretical comparison.>® Features of rare-gas-CN collisions probed by our recent
double-resonance studies of rotationally inelastic collisions, speed-dependent inelastic collision rates,
elastic depolarization and elastic velocity-changing collisions are the same ones that play a central role in
the interpretation and modeling of pressure-broadening of isolated spectroscopic lines.

B. Dual-beam FT spectroscopy with a supercontinuum and single-detector balanced
detection

We have been exploring methods to combine fiber laser frequency comb sources with
commercial FTIR instrumentation to provide sensitive and accurate measurements of weak absorption
features, for example, in attenuated reflection spectroscopy of surface species. Last year we reported on
a general dual-beam method, compatible with commercial FTIR instrumentation that combines strong
suppression of source noise with continuous correction for background drift. The method was
demonstrated with a mode locked Er fiber laser centered at 1560 nm and a balanced detector consisting of
two InGaAs photodiodes, with interferograms simultaneously recorded from the reference path detector
and from the differential output of the balanced detectors, producing absorption sensitivity near the shot
noise limit.

Matching the broadband capabilities of Fourier transform spectroscopy with supercontinuum
sources based on mode locked pump sources and highly nonlinear fibers is an attractive goal, previously
limited in practice by excessive spectral and amplitude noise in the broadband output, making sensitive
absorption measurements difficult with these sources. The dual beam designs are capable of noise
rejection to help this problem, but only at wavelengths for which matched detector pairs can be found that
are well matched in amplitude and spectral sensitivity, and display well matched phase shifts and partial
saturation in the conversion of repetitively pulsed ultrafast optical pulse trains into photocurrent outputs.
We have made progress on two fronts in the past year. Careful temperature stabilization of the fiber laser
oscillator produces a supercontinuum with substantially less noise than several commercially produced
supercontinuum sources, placing more modest demands on the differential noise cancellation scheme.
Furthermore, we have implemented a novel means of performing dual beam balanced detection with a
single detector. After a spectrally filtered portion of the supercontinuum is modulated in a Fourier
transform interferometer, the output beam is split into sample and reference paths with polarizing optics,
and then recombined with a half-cycle delay. In this way, interleaved even and odd numbered pulses
arriving at twice the repetition rate of the supercontinuum pulse train constitute collinear sample and
reference beam paths that can be focused onto a single detector. Phase sensitive detection at the repetition
rate isolates the differential interferogram, while the average, low frequency signal monitors the
interferogram of the source, in a way that permits excellent cancellation of both source noise and any
slow drift in the spectral content of the source on the timescale of the interferometer sweep. We
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anticipate that this single detector balanced detection scheme should be particularly attractive for
applications at longer wavelengths, into the mid-infrared, where the detectors are slower and harder to
match, and the noise reduction advantages of high-frequency phase sensitive detection persist.

Future Work

A. Double resonance studies of collision dynamics in CN radicals

We have been studying inelastic collisions of CN (X Z*, v=0, J) with Ar, using transient,
polarized, sub-Doppler FM spectroscopy to monitor saturation recovery, following bleaching of selected
rotational states. Analysis of the “hole” Kinetics yields results identical to what could be observed
following pulsed creation of a single state in an otherwise empty rotational manifold. The kinetics of
hole-filling gives a rate equivalent to the total inelastic decay rate. Depolarization kinetics allow for a
comparison of elastic m-changing rates and total rotational energy transfer rates. The recovery kinetics
are observed to vary with Doppler detuning, a direct measure of the variation of the inelastic collision rate
as a function of the average relative velocity of collisions. The relatively rapid filling of depletion in the
Doppler wings, compared to the line center provides complementary information on the speed-dependent
collision rates, a topic of key relevance to the pressure-broadening studies cited above. Indeed, the
entanglement of velocity changing collisions with speed-dependent collision rates that confound pressure-
dependent line shape studies makes a parallel appearance in the Doppler-resolved saturation recovery
kinetics, as velocity-changing collisions tend to restore a normal thermal Gaussian line shape during the
latter stages of depletion recovery. The connections between second-order effects in pressure broadening
and aspects of collision dynamics addressed through double resonance studies are a topic of continuing
interest.

B. Sub-Doppler saturation recovery in CN radicals

Future studies with sub-Doppler saturation recovery kinetics, probed by independently tunable
sub-Doppler probe spectroscopy can more directly address the conditions under which velocity changing
collisions contribute to pressure broadened line shapes. Preliminary work performed with one laser, split
into counterpropagating amplitude modulated bleach and frequency modulated probe beams, has shown
that the dark recovery rate of a sub-Doppler bleach signal is dominated by rotationally inelastic collisions,
at least for low rotational states. One-color saturation spectroscopy is generally sensitive to the collision
dynamics on both upper and lower potential energy surfaces, complicating the interpretation of the
saturation recovery kinetics. The use of hyperfine crossover resonances, (a three-level, one color, double
resonance condition) selectively isolates upper or lower state effects, but only for low rotational states
where crossover resonances have significant intensity, and only for the Doppler-free velocity group near
line-center. Using an independently tunable and rapidly extinguished bleach laser will allow analogous
measurements of sub-Doppler saturation recovery for different velocity groups and any rotational state,
and specifically sensitive to either A state or X state collisions, for example, with pump laser saturation on
the (2-0) band and the probe laser measurement by either gain on the (2-1) band or absorption on the (1-0)
band of the red A-X system. Having access to a range of rotational states will be important, as the relative
contribution of velocity changing collisions is expected to increase as the rotational spacing increases and
the inelastic cross sections decrease. Comparison with scattering calculations on realistic potentials will
be an important part of the program.
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SCOPE OF THE PROGRAM

In this program, we seek to understand the detailed chemistry of combustion through a unique scheme of
diagnostics development and experimental studies of simple flames. Our goal is to provide reliable
experimental data on the chemical composition of laboratory-scale model flames through state-of-the-art
diagnostics. The experiments are designed to serve as benchmarks for the development and validation of
detailed chemical kinetic models. In particular, we study laminar premixed flames, which are stabilized
on a flat-flame burner under a reduced pressure of ~15-30 Torr and laminar opposed-flow diffusion
flames at low and atmospheric pressure. We implement mainly mass spectrometer techniques and our
experimental data in the form of species identification and quantification serve as stringent tests for the
development and validation of any detailed chemical kinetic mechanisms. Over the past years, the overall
objective of this program has been to elucidate the chemistry of soot precursors in hydrocarbon flames.
Studying this complex combustion chemistry with an unprecedented level of detail requires determining
the chemical structures and concentrations of species sampled from sooting or nearly-sooting model

flames.

PROGRESS REPORT

Exploring Formation Pathways of Aromatic Compounds in Laboratory-Based Model
Flames of Aliphatic Fuels: During the previous years, we showed how detailed characterization of
chemical species in laboratory-scale model flames facilitated our chemical understanding of the formation
of the so-called “first aromatic ring”. There is now a general agreement that the first step towards soot
formation from non-aromatic fuels is the formation of this “first aromatic ring”, probably - but not
necessarily - benzene (C¢Hg) or phenyl (C¢Hs). Under most combustion conditions, much of the
benzene/phenyl was shown to form through combination of two propargyl (CsHs) radicals. We provided
evidence that contributions from reactions of other resonance-stabilized free radicals including allyl
(CsHs), i-C4Hs, and cyclopentadienyl (cycl.-CsHs) are partially fuel-dependent and that dissociation and
isomerization can be important fuel-decomposition pathways. Even without detailed modeling,
experimental data alone indicated that the fuel-structure has an influence on the benzene formation
processes. Details of our findings and the eminent role of resonance-stabilized free radicals in the ring

formation process were discussed in a review paper for “Combustion, Explosion, and Shockwaves”.
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Studies of Laminar Opposed-Flow Diffusion Flames: With the chemistry of benzene/phenyl
formation in flames well understood, the time has come to shift the emphasis to a fundamental chemical
understanding of the molecular-growth mechanisms that are responsible for the formation of the large
polycyclic aromatic hydrocarbons (PAH’s). Recognizing this opportunity, we have recently designed and
built an opposed-flow flame system to investigate the chemical composition of slightly-sooting non-
premixed flames using in-situ flame-sampling molecular-beam mass spectrometry. This project, which
was funded through DOE’s SISGR program, was done in collaboration with H. A. Michelsen (Sandia).
To test the system, we have investigated the chemical composition of three low-pressure (30-50 Torr),

non-premixed, opposed-flow acetylene(Ar)/O,(Ar) flames.

Funded through the Alexander von Humboldt-Foundation, | was able to set-up and test a flame-sampling
molecular-beam mass spectrometer combined with an atmospheric-pressure opposed-flow flame in the
labs of Prof. Kohse-Hoinghaus at the Universitat Bielefeld in Germany. The scientific goal of that
extended research stay was to study the molecular-growth chemistry of soot precursors in combustion
environments. To this end, we investigated the chemical structures of atmospheric-pressure, non-
premixed, opposed-flow flames of n-butane, i-butane, i-butene, and i-butanol under slightly sooting
conditions using in situ flame-sampling molecular-beam mass spectrometry with electron ionization (EI).
The quantitative mole-fraction profiles for the major species and several intermediates, measured as
function of the distance from the fuel outlet, are currently used to elucidate the influence of the fuel
structure on the chemical composition of the flames with a particular emphasis on well-known soot
precursors. Isomer-specific measurements of the PAH’s formed in these flames were accomplished by
flame-sampling in situ gas chromatography (GC) with mass spectrometry detection. In addition, we
sampled nascent soot particles from laminar premixed atmospheric-pressure flames of the same fuels and
studied the impact of the fuel structures on particle size and morphology using Helium lon Microscopy
(HIM), a newly developed charged-particle imaging technique. All data is currently being analyzed and
prepared for publication. We anticipate two papers to be submitted within the course of this year.

Near-Threshold Photoionization Mass Spectra of Combustion-Generated High-Molecular-
Weight Soot Precursors: In collaboration with H. A. Michelsen (Sandia), and K. R. Wilson
(Berkeley), we recorded the aerosol mass spectra of organic species having mass-to-charge ratios between
15 and 900 sampled from near-atmospheric pressure, non-premixed, opposed-flow flames of acetylene,
ethylene, and propane using an aerosol mass spectrometer with flash vaporization. Near-threshold
photoionization was achieved by synchrotron-generated tunable-vacuum-ultraviolet (VUV) light. The
contrasting characteristics of the aerosol mass spectra for three different flames suggested that the relative

amounts and compositions of soot precursor species were dependent on the chemical structure of the fuel.
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Our results provided evidence that the widely accepted H-abstraction-C,H,-addition (HACA) mechanism
cannot explain all observed PAH’s. Contributions towards PAH formation and the isomeric content of the
soot-precursor species are likely to depend on the fuel structure and/or flame conditions. In addition,
spatial profiles indicated the presence of oxygen containing species. A comparison of PIE curves among
the three flames suggested the presence of species with higher ionization thresholds than would be
expected for the most thermodynamically stable PAH’s commonly identified in flames. Their presence
provided some evidence for Kkinetically, as opposed to thermodynamically, driven soot precursor

formation mechanisms.

OuTLOOK

Experimental Studies on the Molecular-Growth Chemistry of Soot Precursors in
Combustion Environments: Now that the goal of the research program is shifting towards the
formation of larger species in combustion environments, it will be the goal of our future studies to directly
address the molecular-growth chemistry from small combustion intermediates to larger and larger PAH’s.
The underlying chemistry will be investigated by a combination of different experiments. The centerpiece
of all experiments is a simple, i.e. laminar, model flame, and analyzing the chemical composition of such
model flames will provide guidance and benchmarks needed to improve and test theoretical models
describing soot-formation chemistry with predictive capabilities. We plan to investigate the chemical
composition of these flames in unprecedented detail by flame-sampling mass spectrometry with electron
ionization (EI), resonance-enhanced multiphoton ionization (REMPI), single-photon VUV ionization, and
gas chromatography (GC/MS). REMPI experiments can be used to great benefit in the flame-structure
analysis, as it usually causes less ion fragmentation than electron ionization. In addition, REMPI
processes are wavelength-dependent and molecule-specific and can therefore be used for selective and
sensitive detection of a given species. In an additional experimental approach, it is proposed to analyze
the chemical structure of the opposed-flow flames by gas chromatography equipped with mass
spectrometry (GC/MS). The coupling of MBMS with GC is very promising. In spite of its inability to
detect reactive compounds, its potential of detailed, even isomer-specific, separation of stable compounds
is remarkable. Its sensitivity and its selectivity are very well suited to access small and large aromatics. It
is the intention to provide isomer-specific information for PAH species, which is not available from the

other MBMS experiments alone.

From the experiments in Bielefeld we learned that a setup with one stage of differential pumping can only
be used for non-sooting atmospheric-pressure flames. Although our current set-up allows for a pressure

between 30 and 700 Torr, sampling from sooting flames at atmospheric pressure will immediately lead to

93



clogging of the small opening (a few um) in the microprobe. We therefore propose to rebuild the mass

spectrometer and to add an additional stage of pumping and at the same time install a reflectron to achieve

a mass resolution that is sufficient to separate PAH’s of up to 1000 amu.
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I.  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 several
species with strong UV or IR absorption features including: formaldehyde (CH,O) acetaldehyde
(CH3HCO), methyl radical (CH3), hydroxyl radical (OH), water (H,O), carbon monoxide (CO), ethylene
(C,H,), and oxygenates including alcohols, methyl ester, aldehydes, and ketones.

Recent reaction kinetics work has advanced on two fronts. First, we are continuing direct high-
temperature shock tube/laser absorption measurements of the reaction rate constants for OH +
oxygenates, including small ketones, methyl esters, butanol isomers and a high-precision study of
OH+H,. Second, we are investigating the decomposition and oxidation of oxygenated fuels including 3-
pentanone using a multi-species approach.

Il. Recent Progress: Spectroscopy
Aldehyde Detection using 306 nm UV and 3.4 micron IR Laser Absorption

Formaldehyde and acetaldehyde can be detected in both the IR and the UV. The aldehyde IR
spectrum is discrete but densely populated near 3.5 um, and overlapping lines provide an opportunity for
stronger absorption and more sensitivity than with fully isolated lines. This wavelength range is also
away from the dominant absorption feature of many fuel-relevant alkanes such as n-heptane. Using this
IR wavelength range and a ring dye laser operating near 306.7 nm, a multi-color combined UV/IR laser
absorption scheme has been developed for simultaneous formaldehyde and acetaldehyde detection in the
presence of OH. Absorption measurements indicated that the aldehydes cross-sections were the same
both on and off the OH Ry(5) line of the A-X (0,0) transition, at 32606.50 cm™ and 32601.10 cm™.
Together with two IR wavelengths, absorption measurements at these four colors enabled complete
separation of formaldehyde, acetaldehyde and OH from interfering species. Important applications of
these diagnostics include monitoring formaldehyde and acetaldehyde during pyrolysis and oxidation of
oxygenated fuels. Further details can be found in Publication 1.

Multi-Species Time-History Measurements of Oxygenate Pyrolysis and Oxidation

To assist in the refinement of the detailed mechanism for the pyrolysis and oxidation of 3-
pentanone, a multi-species, multi-wavelength shock tube/laser absorption campaign was undertaken to
characterize major reactant, intermediate and product species in these systems. Species time-history
measurements of 3-pentanone, CHs;, C,H; and CO during 3-pentanone pyrolysis, when analyzed,
provided accurate measurements of the overall decomposition rate (from the 3-pentanone and CHj3 time-
histories), and identified the need to include a methyl ketene decomposition pathway in the Serinyel et al.
(2010) mechanism (evident from the CO time-history). Measurements of the species time-histories of
CO, H,0 and OH during 3-pentanone oxidation confirm these conclusions. Representative oxidation data
are shown in Fig. 1 along with the modified Serinyel et al. (2010) mechanism simulations. (Z. Serinyel,
N. Chaumeix, G. Black, J. M. Simmie, H. J. Curran, J. Phys.Chem A 114 (2010) 574-587.) Further details
may be found in Publication 10.
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Il.  Recent Progress: Chemical Kinetics
Rate Constant Measurement: OH + Butanol Isomers — Products

The rate constants for the reaction OH plus each of the four butanol isomers, n-butanol, iso-
butanol, sec-butanol and tert-butanol, were measured in experiments behind reflected shock waves at
temperatures from 900 to 1200 K using tertbutylhydroperoxide (TBHP) as a fast source of OH radicals
with the butanol isomer in excess. Narrow-linewidth laser absorption at 306.7 nm was employed for
quantitative OH concentration measurements. A detailed mechanism describing the kinetics for each
butanol isomer and TBHP was constructed to facilitate the rate constant determinations and account for
secondary chemistry influences on the pseudo-first order OH concentration decays. Representative rate
constant data determined for the reactions OH + butanol isomers — all products are shown in Fig. 2. The
current work extends the temperature range of high-temperature measurements of the rate constant in the
literature to 900 to 1200 K. A detailed uncertainty analysis was performed yielding an overall uncertainty
in the measured rate constant of between +20% and £30% depending on the isomer and the temperature.
The results were compared with previous experimental and theoretical studies and reasonable agreement
was found. Further details can be found in Publications 6-9.

Rate Constant Measurement: OH + Methyl Esters — Products

The overall rate constants for the reactions of hydroxyl radicals (OH) with four small methyl
esters, namely methyl formate (CH;OCHO), methyl acetate (CH3;OC(O)CHj), methyl propanoate
(CH;0C(0O)C,Hs), and methyl butanoate (CH;OC(O)CsH,), were investigated behind reflected shock
waves using UV laser absorption of OH radicals. Again, test gas mixtures used tert-butyl hydroperoxide
(TBHP) as a fast source of OH at elevated temperatures. The overall rate constants were determined by
matching the measured OH time-histories with the computed profiles from the comprehensive chemical
kinetic mechanisms of Dooley et al. (2010) and Dooley et al. (2008), which were originally developed for
the oxidation of methyl formate and methyl butanoate, respectively. Detailed error analyses were
performed to estimate the overall uncertainties of these reactions, and the estimated (2c) uncertainties
were found to be typically +25% near 900 K and £17% near 1300 K. We believe these are the first direct
high-temperature rate constant measurements for the reactions of OH with these small methyl esters.
These measured rate constants were also compared with the estimated values employed in different
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comprehensive kinetic mechanisms. Additionally, the structure-activity relationship from Kwok and
Atkinson (1995) was used to estimate these four rate constants, and the estimations from this group-
additivity model are in good agreement with the measurements (within ~25%) at the present experimental
conditions. Representative data are shown in Fig. 3. (Dooley et al., Intl. J. Chem. Kinet. 42 (2010) 527-
549; E. S. C. Kwok, R. Atkinson, Atmos. Environ. 29 (1995) 1685-1695.) Further details can be found in
Publication 4.
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Simulation from the Serinyel et al. mechanism
for the best-fit rate constant, along with
perturbations of £50%, is also shown.

Rate Constant Measurement: OH + Ketones — Products

The overall rate constants for the reactions of hydroxyl radicals (OH) with a series of ketones,
namely acetone (CH3COCHs), 2-butanone (C,HsCOCHs3), 3-pentanone (C,HsCOC,Hs), and 2-pentanone
(CsH,COCHpg), were studied behind reflected shock waves over the temperature range of 870-1360 K at
pressures of 1-2 atm. Here also, OH radicals were produced by rapid thermal decomposition of tert-butyl
hydroperoxide (TBHP) and monitored by the narrow-linewidth ring dye laser absorption near 306.7 nm.
A representative OH time-history is shown in Fig. 4. The overall rate constants were inferred by
comparing the measured OH time-histories with simulated profiles from the detailed mechanisms of
Pichon et al. (2009) and Serinyel et al. (2010).

The measured rate constant for acetone + OH reaction from the current study is consistent with
previous experimental studies within £20%. We also reported the first direct high-temperature rate
constant measurements of 2-butanone + OH, 3-pentanone + OH and 2-pentanone + OH reactions. The
measured values for 2-butanone + OH reaction are in close accord with the theoretical calculation from
Zhou et al. (2011), and the measured values for 3-pentanone + OH reaction are in excellent agreement
with the estimates (by analogy with the H-atom abstraction rate constants from alkanes) from Serinyel et
al. Finally, the structure-reactivity relationship from Kwok and Atkinson (1995) was used to estimate
these four rate constants, and the estimated values from this group-additivity model show good agreement
with the measurements (within ~25%) at the present experimental conditions. Further details can be found
in Publication 5.
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I1l. Future Work

Spectroscopic experimental work continues on the development of the multi-color IR-UV
aldehyde laser absorption diagnostic, and exploration of mid- and far-IR detection of acetylene and larger
alkenes (e.g. propene and butene) respectively. Reaction kinetics studies are focusing on two areas: using
isotopic labeling (e.g. CsHs'®OH) to isolate attack sites during the reaction with OH, and extending our
OH measurements to other alcohols including methanol.
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Theoretical Studies of Potential Energy Surfaces*
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Program Scope

The goal of this program is to calculate accurate potential energy surfaces for both reactive and
non-reactive systems. Our approach is to use state-of-the-art electronic structure methods
(CASPT2, MR-CI, CCSD(T), etc.) to characterize multi-dimensional potential energy surfaces.
Depending on the nature of the problem, the calculations may focus on local regions of a
potential surface or may cover the surface more globally. A second aspect of this program is the
development of techniques to fit multi-dimensional potential surfaces to convenient, global,
analytic functions suitable for use in dynamics calculations.

Recent Progress

'CH,+unsaturated hydrocarbons: Reactions of singlet methylene with unsaturated
hydrocarbons are thought to be important pathways to the formation of polycyclic aromatic
hydrocarbons. For example the reaction of singlet methylene with acetylene leads to propargyl
radical and it is thought that the recombination of propargyl radicals is the most important
pathway to the formation of the first aromatic ring. In a collaboration with Klippenstein and
Polino we have examined the reactions of singlet methylene with a number of unsaturated
hydrocarbons including acetylene, ethylene, propyne, propene, 2-butyne, butene, butadiene,
allene and benzene. Plots of the interaction potentials for 'CH, with acetylene, propyne and

20 2 4 6
Y (%)

Figure 1
2-butyne are shown in Figure 1. The dominant process in almost all cases is found to be insertion
into the m-bond forming three-membered rings. Insertion into CH bonds is also possible. The
latter is a relatively minor channel for acetylene, becoming more important for propyne and
butyne both because the t-bond insertion path becomes more constrained and the methyl CH
bonds are easier insertion targets. For benzene the calculations predict CH bond insertion to be
much more important primarily because three-membered ring formation is quite slow.

T
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Comparisons of the MOLPRO and COLUMBUS implementations of MR-CI: The two most
often used multi reference, configuration interaction programs are MOLPRO and COLUMBUS.
There are differences between these two programs, the most significant of which is that
MOLPRO uses an internal contraction scheme to reduce the number of variational parameters
while COLUMBUS does not. Some years ago Georgievskii and Miller' noted that the H+O,
interaction potential they obtained using MOLPRO is significantly less attractive than a potential
reported earlier by Harding et al* using COLUMBUS even though both calculations employed
the same active space and the same basis set. They suggested that this might be attributable to
MOLPRO’s internal contraction scheme. This year we have begun a systematic comparison of
reactive potential surfaces obtained from MR-CI calculations using MOLPRO and
COLUMBUS. In Figure 2 we show (9E, 70)-CAS+1+2/aug-cc-pvtz potential surfaces for
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Figure 2

the H+O, reaction obtained with COLUMBUS (on the left) and MOLPRO (in the center) along
with the difference between the two (on the right). What we find is that although the difference
for the overall heat of reaction is small, there are significant differences in the vicinity of the
reaction bottleneck with the COLUMBUS energies being up to ~ 0.5 kcal/mol more attractive
N in this region. To determine the effect of this
3x10 o o T T difference on the kinetics, we first evaluated
Burke Mechanisim identical, 9x30x21 grids with both programs
and fit these grids using three-dimensional

- splines. Klippenstein then used these surfaces

"o in Variable Reaction Coordinate Transition

E State Theory (VRCTST) calculations to

g determine the high-pressure limit rate of

mg reaction. The results are shown in Figure 3
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Solid - CAS+142 | reported H,/O, mechanisms by Miller'? and
Dashed - CAS+142+QC Burke®. The rates obtained using the

COLUMBUS energies are shown in blue and
Temperature (K) those from the MOLPRO energigs in red.
Because the COLUMBUS potential surfaces
Figure 3 are more attractive, they yield higher rates
than the MOLPRO surfaces with differences of up to ~40% at lower temperatures and ~10% at
higher temperatures. The inclusion of the relaxed, Davidson correction for the effect of higher-
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order excitations increases the differences at all temperatures. Two possible causes for the
differences between MOLPRO and COLUMBUS are MOLPRO’s use of an internal contraction
scheme and it’s use of an interacting space restriction. The COLUMBUS calculations used
neither. We have repeated the COLUMBUS calculations including an interacting space
restriction and find the differences between the surfaces with and without the interacting space
restriction are very small (less than 0.1 kcal/mol in the bottleneck region). This suggests then that
the differences we observe are due to the internal contraction scheme used in MOLPRO.

Novel Water Elimination Pathway for a-hydroxy, QOOH Species: The formation and
subsequent decomposition of QOOH species is of key importance in low temperature
combustion. The QOOH species are formed when an alkyl-peroxy radical undergoes an
intramolecular hydrogen abstraction. In a collaborative effort with Klippenstein, Taatjes and
Zador, we have discovered a novel, low energy, water elimination pathway for QOOH radicals
in which there is an OH group attached to the radical site. The simplest example is the
decomposition of 2-hydroperoxy-1-hydroxy-1-ethyl formed in the reaction of O, with the -
hydroxy-ethyl radical. In this case as the OO bond starts to break the hydroxy hydrogen transfers
to the departing OH leading to the formation of water and the OHCCH,O radical. Accurate
treatment of the transition state region for this reaction is found to be quite challenging owing to
a strong interaction between two electronic states of very different character (one biradical-like
and the other zwitterionic).

Future Plans

We plan to continue our comparisons of MOLRO and COLUMBUS MRCI calculations with
studies of a number of other small reactive systems such as H+CO and OH+H,. We also plan to
continue our studies of roaming radical pathways in hydrocarbons, ethers and peroxides.
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Energy, under Contract DE-AC02-06CH11357.
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1. Scope of Project.

Short-lived reactive radicals and intermediate reaction complexes 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. 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.

Self-interaction errors in density functional theory can be as large as 50 kcal/mol for as
simple a molecule as H,", treated by the widely used B3LYP functional. We have been
interested in the use of range-separation to reduce self-interaction, and have developed
the ®B97 family of functionals, that yield a reduction of roughly 2/3 in self-interaction
errors, relative to e.g B3LYP. A recent comprehensive set of benchmarks has further
established the good performance of these functionals for both ground and excited state
properties that involve significant self-interaction effects [7], as well as cation radicals
[4], and water clusters [15]. Like all density functionals, there are still significant
limitations and thus potentially significant scope for further improvements. Present work
is trying to assess the extent of potential improvements.

2.2 Approximate Brueckner Orbital Methods.
It is most common to perform correlation treatments such as second order Moller-Plesset
(MP2) theory or coupled cluster theory using reference mean field orbitals from e.g.
Hartree-Fock calculations. However, in a well-defined sense, the best orbitals are those
that minimize the energy in absence of single excitations, which are termed Brueckner
orbitals. For high levels of correlation (e.g. CCSDT), it doesn’t matter greatly whether or
not single excitations are included versus finding the Brueckner orbitals. But for more
approximate methods like MP2, it can make a very large difference. This is illustrated by
our recent study of the soliton defect in polyene radicals [11], where use of Brueckner
orbitals is essential to obtain realistic estimates of the size of the radical defect, as well
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reasonable values of <S*>. For example, for the ground doublet state of C41H43,
<§*>=6.8 for MP2, versus 0.78 for a Brueckner orbital based MP2 method (the O2
approach), versus the exact value of 0.75. The same effect also turns out to be important
in fullerenes such as C36 and C60 [8].

2.3 Intermolecular interactions.

It is well known that second order Moller-Plesset (MP2) theory in finite basis sets
typically overestimates intermolecular binding energies due to basis set superposition
error (BSSE). Even at the complete basis set (CBS) limit, MP2 theory often
overestimates interactions because of known deficiencies in the associated C6
coefficients. Motivated by these facts, we have explored the effect of attenuating the
Coulomb operator in MP2 theory, using a single parameter for the attenuation length
scale. In the small aug-cc-pVDZ basis, with the attenuation parameter set to 1.05A,
errors in calculated intermolecular interactions can be reduced by about a factor of 5 (!)
relative to conventional MP2/aug-cc-pVDZ [17]. For many intermolecular interactions,
particularly dispersion-sensitive systems, the attenuated aug-cc-pVDZ results are better
than MP2/CBS [17], as well as being hundreds of times faster. This method appears very
promising for inter and intra-molecular interactions in large systems where benchmark
quality calculations are not feasible. Additional recent work on intermolecular
interactions includes obtaining benchmark results for sulfate-water interactions [14], and
efforts to improve methods for energy decomposition analysis [10,19].

2.4 Valence bond vs coupled cluster for strong electron correlations.
Spin-coupled valence bond (SCVB) theory takes a simple product of n» non-orthogonal
spatial orbitals and spin-couples those orbitals together in all possible ways (the number
grows exponentially with 7). We have shown that it is possible to exactly reproduce the
SCVB limit for fully broken bonds with only quadratic degrees of freedom (provided that
the final state is describable by spin-projected unrestricted Hartree-Fock). Taking this
limit as a model defines what we call the coupled cluster valence bond (CCVB) method
[6]. CCVB is very well-suited for describing strong spin correlations such as those
associated with the antiferromagnetic coupling of high spin electrons at two different
centers. Bond dissociations and some types of metal complexes are in this class. Lack of
ionic excitations in CCVB leads to symmetry-breaking in cases such as resonance-
stabilized molecules [6].

To address this problem, we have developed interesting and quite exciting new
theory [13] that re-expresses the CCVB model in molecular orbital terms, as a form of
coupled cluster doubles theory. However, CCVB expressed as a CCD model has a very
interesting difference relative to conventional coupled cluster theory: the doubles
operator is complex. Its real part involves the singlet coupling between two pairs of
electrons, whilst the imaginary part contains quintet coupling between two pairs of
electrons. The latter affects the quadruples, and allows correct separation of two electron
pairs within a spin-restricted theory. This suggests a generalization of CCVB as a
coupled cluster theory, CCVBSD, that recovers all the usual orbital invariances and ionic
excitations of CCSD, whilst retaining the beautiful ability of CCVB to correctly separate
multiple electron pairs within a spin-restricted active space.
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2.5 New algorithms.

A variety of interesting novel algorithms for electronic structure calculations have been
explored. First, we have reported possibly the most efficient implementation to date of
the problem of computing the Cholesky decomposition and inversion associated with the
overlap matrix [1]. This is essential for large-scale DFT calculations. Second, in
collaboration with Bill Miller, we have explored a very interesting operator identity that
permits the two-electron integrals of quantum chemistry to be replaced by products of
overlap and kinetic energy integrals [2].

2.6 Fundamental studies of chemical bonding.
In addition to studies of hydrocarbon polyene radicals [11] to explore the soliton defect,
we have also explored electron correlations in the fullerenes, comparing C36 and C60
[8]. Other applications have recently been completed, including the tetraradicaloid states
associated with the singlet fission process in polycyclic aromatic hydrocarbons such as
pentacene [12], and the association process for C2 hydrocarbons and their cations [18].

3. Summary of Research Plans.

e Formulation of improved density functionals: There is a clear need for improvements
to the functionals we’ve previously developed, through improving the treatment of long-
range correlations associated with van der Waals interactions, to replace simple damped
dispersion potentials.

e Intermolecular interactions involving radicals: We are interested in extending theory
previously developed for closed shell systems to enable the description of intermolecular
interactions involving radicals. We hope this will be of both formal and practical value.

e Extensions of attenuated electron correlation methods: The very encouraging results
reported in Sec. 2.3 above suggest that it is worthwhile to explore the effect of
attenuation in larger basis sets, and, possibly, for double hybrid density functionals.

e New studies of the properties of reactive radicals and radical reactions will be
pursued as opportunities arise. A joint study on the photoionization of glycerol with the
groups of Musa Ahmed and Steve Leone is nearly completed.
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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 species. This program is aimed at improving the
kinetic database of reactions crucial to modeling of combustion processes, with
emphasis on NOy chemistry. When feasible, we perform quantitative measurement
of both total rate constants and product branching ratios.

1) CN + HCNO Reaction.

Several years previously, we had studied this reaction as part of a survey of
radical-molecule kinetics involving HCNO, the fulminic acid molecule.! Out of a total
of nine exothermic possible channels, the two most likely are:

CN + HCNO — HCCN + NO (1)
— HCN + NCO (1b)

In the earlier study, we had measured total rate constants, finding this to be a fast
reaction. We proposed HCCN + NO to be the dominate product channel, based on
experimental measurements of 180C180 and OC180 formed by secondary chemistry
when N180 reagents were included. The idea was that NCO products from (1b)
would lead to singly labeled OC180, while HCCN from (1a) would lead to doubly
labeled 180C180:

NCO + N180 — 0C180 + Ng (2a)
— N9180 + CO (2b)
HCCN +N180 - HCN + NC180 (3a)
NC180 +N180 - 180C180 + Ng (4a)
— N9180 + €180 (4b)

Our observation of much higher 180C180 yield than OC180 yield led us to conclude
that HCCN + NO (channel 1a), was the dominant product channel.

107



A subsequent ab initio study of Pang et al, however, found a somewhat lower
barrier to HCN + NCO products, and suggested that channel (1b) dominates, and
that our measurement was perhaps contaminated by secondary chemistry.2 We have
therefore re-investigated this reaction. Using CCSD(T) ab initio methods, we do
indeed confirm the barrier height calculations of Pang et al at the exact basis set they
used. We find, however, that the relative barrier heights to the two channels are
quite close and sensitive to the specific theory method/basis set used. We also note
that if the energetics are close, entropic factors favos channel (1a). It appears that
this system may be too close to call by common single reference methods, and that a
multireference treatment may be required to characterize the potential energy
surface to sufficient accuracy.

In addition, we have performed several new experiments. Firstly, we have
recently acquired an infrared laser diode in the 3250 cm-1 region, which allows us to
probe directly for HCN. We find only a small background signal (due to HCNO
photodissociation), and estimate from this result that @1} < 0.07. Secondly, we have
measured the yield of NO as a function of added 19N180 reagent (which removes
NCO without affecting our NO yield measurement). We find that the NO yield is
independent of added 19N180, which implies that the NO originated from the title
reaction, and not from secondary chemistry involving NCO, suggesting that channel
(1b) is insignificant. Thirdly, we have directly detected the HCCN radical in this
reaction, using spectral date of Curl et al.3 Although we cannot quantify HCCN yields
from this signal, this clearly indicates the presence of channel (1a). Finally, we have
detected HC19N when the experiment is performed with added 19N180 reagent. We
attribute this to

HCCN + 15N180 — HC15N + NC180 (5)

In summary, we have obtained multiple independent pieces of new
experimental evidence, all of which confirm our earlier conclusion that HCCN + NO
1s the dominant product channel.

1) CoH + NOx Reactions

We have recently begun our study of reactions of CoH radicals, using CF3CCH as
a radical precursor. We believe this is a cleaner precursor than CoHg, which we tried
some years ago but ran into difficulties with secondary chemistry. Total rate constants of
the CoH + NO reaction have been measured by other workers.* Possible product
channels include:

Co9H + NO — HCO + CN (6a)
— HCN + CO (6b)

Previous ab initio work has indicated that channel (6b) dominates.5
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We have successfully detected CO, HCN, and CN products as well as HNO
secondary products from the HCO+NO reaction. Our results confirm the ab initio
predictions that HCN+CO is the dominant product channel, but we have several pieces
of evidence that HCO + CN is a significant (~20%) minor channel, previously unreported
in the literature. Firstly, we detect a 20% excess of CO formation over HCN formation,
suggesting additional CO is formed by

HCO + NO — HNO + CO (7

We have also, by direct detection, quantified the HNO yield from (7) and the CN yield
from (6a), with equivalent results.

Ab 1initio calculations confirm previous calculations that show that (6b) is the only
accessible channel on the singlet potential energy surface, but we note a triplet potential
energy surface correlates to both reactants and product channel (6a). CCSD(T)
calculations on the triplet surface show only small barriers to (6a) (the exact barrier
heights are quite basis set dependent). The calculations therefore suggest that channel
(6a) 1s at least plausible on the triple surface.

Future plans include investigation of the CoH + NOg reaction.
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Program Scope

Predictive chemical computing requires hierarchical many-body methods of increasing accuracy
for both electrons and vibrations. Such hierarchies are established, at least conceptually, as configuration-
interaction (CI), many-body perturbation (MP), and coupled-cluster (CC) methods, 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 calculations can be demonstrated and which can
thus be predictive in the absence of experimental information.

The wide use of the hierarchical electronic and vibrational many-body methods has, however,
been hindered (1) by the immense cost of executing the calculations with these methods and, furthermore,
the nonphysical rapid increase of the cost with increasing molecular size, (2) by the complexity and cost
of developing some of the high-rank members of these methods, and (3) by the slow convergence of elec-
tronic energies and wave functions with respect to one-electron basis set sizes, which further drives up the
cost of execution. For applications to large molecules and solids, the additional difficulties arise by the
lack of (4) size consistency in some methods (whose energies and other observables scale non-physically
with size) and of (5) efficient methods that work for strong correlation.

The overarching goal of our research is to address all three difficulties for electrons and vibra-
tions in small molecules in the gas phase and all five for solids and molecules in condensed phases. We
have eradicated the second difficulty (the complexity of equations and cost of implementations) for elec-
trons by developing a computerized symbolic algebra system that completely automates the mathematical
derivations of electron-correlation methods and their implementation. For vibrations, an assortment of
vibrational many-body methods has been implemented in the general-order algorithm that allows us to
include anharmonicity and vibrational mode-mode couplings to any desired extent. We have also ad-
dressed the third difficulty (the slow convergence with respect to basis set) by departing from the conven-
tional Gaussian basis sets and introduce a new hierarchy of converging electron-correlation methods with
completely flexible but rational (e.g., satisfying asymptotic decay and cusp conditions) basis functions
such as numerical basis functions on interlocking multicenter quadrature grids and explicit 7, (inter-
electronic distance) dependent basis functions.

Our current research focus is to address the first (the cost of execution) and fourth (the size con-
sistency) difficulties to make the hierarchical electronic and vibrational methods applicable to solids.

Recent Progress

We have made important advances to the fundamental theories and algorithms of electronic and
vibrational many-body methods of molecules and solids. Some of these are published, while others are
still in various stages of investigation. We have obtained an easily understandable and pedagogical, if not
completely rigorous, proof of extensivity of energy in metallic and non-metallic crystals by analyzing the
distance decay of chemical interactions. On this basis, we have shown that the conventional definitions of
the Fock and two-electron integrals need to be revised. This does not alter the Hartree—Fock (HF) orbitals,
energies, electron-correlation energies, or excitation energies, but it does alter the orbital energies and
indeed accelerate the convergence of their lattice sums. We have also proposed a number of theorems per-
taining to the size consistency of electronic and vibrational methods. We have extended diagrammatic
size-extensive vibrational self-consistent field (XVSCF) method to anharmonic geometry corrections.
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Since the 32" Annual Combustion Research Meeting, 6 peer-reviewed papers’ ' and one book
chapter' in Annual Reviews of Physical Chemistry have been published and two more papers®**' are cur-
rently under review. In total, 21 publications' ' (including two submitted) have resulted from this grant in
2010-2012. During the same period, the PI was an invited speaker at 14 international and domestic con-
ferences and gave 11 invited talks at universities and national laboratories including the Moskowitz Me-
morial Lecture at The University of Minnesota. The PI received a Scialog Award from the Research Cor-
poration for Science Advancement. The PI served as a member of the editorial boards of Physical Chem-
istry Chemical Physics, Theoretical Chemistry Accounts, The Journal of Chemical Physics, and Interna-
tional Journal of Quantum Chemistry. The PI was a guest editor of the 50" Year Anniversary Issue (with
the regular editors, Christopher Cramer and Donald Truhlar as well as five other guest editors) of Theo-
retical Chemistry Accounts and of the Special Issue (with Gregory Beran) on Fragment and Local Orbital
Methods in Electronic Structure Theory in Physical Chemistry Chemical Physics.

Thermodynamic limit of the energy density in a crystal (Hirata and Ohnishi)."”'® A thermo-
dynamic observable of a chemical system is said to be either extensive or intensive. Extensive quantities
include energy (E), entropy, mass, and so forth. They increase asymptotically linearly as we increase the
volume (V) of the system while maintaining the particle density and composition unchanged. Intensive
quantities such as temperature, chemical potential, and pressure are asymptotically independent of V. The
assumption that E is extensive or, equivalently, E/V converges at a finite value in the thermodynamic (in-
finite- V) limit is one of the foundations of chemical thermodynamics. Yet, proving this (*‘the stability of
matter of the second kind’’) mathematically turns out to be extremely difficult, taking the finest mathema-
ticians forty years to accomplish. The proof for electrically neutral matter consisting of mobile electrons
and nuclei was obtained by Lebowitz and Lieb. The proof for electrically neutral perfect crystals was pre-
sented by Fefferman. Only in 2009 was the proof completed by Hainzl ef al., who reported those for per-
fect crystals and crystals with defects. We have presented a pedagogical, semi-rigorous proof of the exist-
ence of the thermodynamic limit of £/V in an electrically neutral perfect crystal, which is an alternative to
that of Fefferman’s. Our shorter, simpler proof consists in showing the existence of thermodynamic limits
for individual components of exact £/V in the spirit of Harris, of Lieb and Simon, of Catto et al., and of
Pisani et al., who considered the Hartree or HF energy components. Our work is concerned with the
whole, exact energy of an electrically neutral metallic or nonmetallic crystal. We have also addressed the
issue of divergences of correlation energies in metals obtained by a perturbation theory in relation to the
validity of this proof for such systems.

Charge-consistent redefinition of Fock and two-electron integrals (Ohnishi and Hirata).® The
Fock and two-electron integrals as defined and used by chemists involve the lattice sums of electron-
electron repulsion that are not compensated by the corresponding lattice sums of nucleus-nucleus repul-
sion and electron-nucleus attraction. Consequently, some of
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the HF energy, orbitals, correlation energies, etc. are not altered by the redefinition; and (3) the multipole
expansion (MPE) corrections to the lattice sums of the charge-consistent Fock integrals are derived and
shown to be simpler than the conventional counterparts because some of the multipole-multipole interac-
tions are no longer there in the charge-consistent definition of the Fock integrals.

Size-consistency theorems (Hirata)."'® On the basis of the above analysis of extensivity, I have
derived some theorems pertaining to size consistency of electronic and vibrational methods. For example,
the normalization theorem states that the excitation amplitudes of an extensive operator are subject to
intermediate normalization and scale as /' * where V is the volume and  is the number of edges of the
corresponding vertex, whereas the amplitudes of an intensive operator are normalized and scale as V">,
The intensive diagram theorem (which complements the extensive diagram theorem of Goldstone) states
that the equations defining an intensive quantity of a size-consistent method consist of connected dia-
grams with two intensive vertexes. The equations that determine the intensive amplitudes do not need to
be connected or linked insofar as they have a prescribed number of intensive vertexes. I have also intro-
duced the extensive-intensive consistency theorem which characterizes the methods that are size con-
sistent for extensive and intensive quantities simultaneously.

Size-extensive vibrational self-consistent field method with anharmonic geometry correc-
tions (Hermes, Kegeli, and Hirata).”' In the XVSCF method introduced earlier [M. Kegeli and S. Hirata,
J. Chem. Phys. 135, 134108 (2011)] in support of this grant, only a small subset of even-order force con-
stants that can form connected diagrams has been used to compute extensive total energies and intensive
transition frequencies. The mean-field potentials of XVSCF formed with these force constants have been
shown to be effectively harmonic, in accordance with Makri’s theorem, making basis functions, quadra-
ture, or matrix diagonalization in the conventional VSCF method unnecessary. We introduce two size-
consistent VSCF methods, XVSCF(n) and XVSCF[n], for vibrationally averaged geometries in addition
to energies and frequencies including anharmonic effects caused by up to the nth-order force constants.
The methods are based on our observations that a small number of odd-order force constants of certain
types can form open, connected diagrams isomorphic to the diagram of the mean-field potential gradients
and that these nonzero gradients shift the potential minima by intensive amounts, which are interpreted as
anharmonic geometry corrections. XVSCF(n) evaluates these mean-field gradients and force constants at
the equilibrium geometry and estimates this shift accurately, but approximately, neglecting the coupling
between these two quantities. XVSCF[n] solves the coupled equations for geometry corrections and fre-
quencies with an iterative algorithm, giving results that should be identical to those of VSCF when ap-
plied to an infinite system. We present the diagrammatic and algebraic definitions, algorithms, and initial
implementations as well as numerical results of these two methods. The results show that XVSCF(n) and
XVSCF[n] reproduce the vibrationally averaged geometries of VSCF for naphthalene and anthracene in
their ground and excited vibrational states accurately at fractions of the computational cost.

Future Plans

For the electronic structure theory, we will explore the following ideas: (1) the finite-temperature
extension of the second- and higher-order MP for molecules and polymers; (2) the use of Monte Carlo
integrations with the Metropolis sampling scheme for second- and higher-order MP for molecules and
polymers; (3) the use of Wannier functions for MP2 and CCSD for polymers.

For the vibrational structure theory, we pursue (3) the extension of XVSCF(n) and XVSCF|[n] for
one-dimensional solids and the calculation of anharmonic phonon dispersion curves of polymers; (4) the
vibrational Dyson equation at the second order perturbation level for molecules and one-dimensional sol-
ids; (5) the anharmonic vibrational theory for thermal expansions.
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I. Project Scope

There is a continuing need to develop new, cutting edge theoretical and computational electronic structure
methods to support the study of complex potential energy surfaces (PESs). While standard methods of
computational chemistry are usually adequate for studying the ground electronic states of molecular species
near their equilibrium geometries, reaction intermediates, transition states and excited states generally
require advanced methods that take into account their multiconfigurational nature. Multireference (MRPT)
and quasidegenerate (QDPT) perturbation theories have been demonstrated to be efficient and effective for
the description of electron correlation in essentially arbitrarily complex molecules. Recent work
demonstrated that the mathematically robust and physically correct structures in our MRPT, called
Generalized van Vleck Perturbation Theory (GVVPT), are amenable to highly efficient algorithms.
Specifically, second- and third-order approximations of GVVPT (i.e., GVVPT2 and GVVPT3) utilize
routines in common with our efficient macroconfiguration-based, configuration-driven MRCISD'.
Consequently, theoretical and computational development can proceed by first addressing the structurally
simpler equivalent CI problem. Chemical problems that are not addressed readily by other theoretical
methods become accessible to MRPT or QDPT: problems such as the descriptions of large regions of
excited electronic state PESs of polyatomics, especially when the characters of the excited states are doubly
excited relative to the ground state, and the characterizations of multiple PESs of the same symmetry in
close proximity. Within the scope of this grant, we apply these theoretical techniques primarily to
combustion-relevant Group 15 and 16 oxides, and to develop their descriptions of derivative and spin-orbit
nonadiabatic couplings.

I1. Recent Progress

A.l. GVVPT2 Molecular Derivatives and Nonadiabatic Coupling Terms. The fully variational
Lagrangian functional formalism® provided, in past reporting periods, the framework to construct
analytical formulas for GVVPT2""> " and MRCISD"** molecular gradients and nonadiabatic coupling
terms. Pilot computer programs for the gradients had been realized, and demonstrated to be correct even
for difficult problems. However, efforts to scale-up beyond transformation-based approaches, to iterative
techniques, were faced with puzzling convergence issues that manifested themselves in the need to use
unfeasibly large Lanczos or Arnoldi subspaces. Ultimately, it was realized that the source of the
instability was the commonly used parameterization of the CI vectors in the MCSCF space and the
affiliated constraint equation. In the past year, an alternative in which the MCSCF space responses are
parameterized in terms of state rotations, with generator
Np all
RX)=Y DR,x[1®,x)><d,x)1-1d,x)><d,®1] . (1)

I AGI)

has been derived. While conceptually straightforward, this change in parameterization required a
corresponding change in constraint equations. It should be realized that such change also required re-
examination of the representation of the MCSCF secondary space, which is decidedly not straightforward
for multidimensional primary spaces. Moreover, only formulations that support iterative solutions, and
are thus amenable to essentially arbitrary scale-up, were of interest. Computational equations of the form

115



(GR ) > E R (2a)

G,>G, IEEC(?;
J
= (w, - wA)ECmACn, > D(F,|[H.E,~E,]F)x} (2b)
G,>G, IJEE%

are found, in which 7 and j represent molecular orbitals belonging to two different orbital groups (G, and
G, respectively) so that their rotation is nonredundant, C,; and C,,, are MCSCF state vectors for primary
state / and state A, E; and Ej; are unitary group generators, F,, and F, are configuration state functions
(CSFs) in the MCSCEF space, w; and w, are predetermined weights that allow for arbitrary state averaging,
and x™; is an element of an expansion vector from which solution vectors are obtained. Computational
realization of the new formulation is in progress.

A.2. Relativistic Effects. Two types of relativistic effects are considered within the scope of this project.
One is the scalar (or spin-free) contribution and the other is spin-orbit coupling. The standard approach
starts with approximations to the spin-free relativistic Hamiltonian (such as the second-order Douglas-
Kroll-Hess (DKH) approximation or the zero-order regular approximation (ZORA)), and grafts onto such
calculations spin-orbit coupling (often using some approximation to the Breit-Pauli operator). This
protocol, while useful in many respects, is not entirely satisfactory for two distinct reasons. First, the two
parts do not have any formal relation to each other; i.e., there is little to guide the relative degrees of
approximation made in the spin-free and spin-dependent parts. While this situation might be tolerable
when one knows a priori that a specific problem requires careful consideration of e.g. contraction of s-
and p-orbitals (arising from kinematic spin-free relativistic effects) but spin-orbit coupling is not expected
to make a significant contribution (i.e., due to either experimental or earlier theoretical treatments), this
two-part approach can be problematic for novel systems. Second, the Breit-Pauli operator is not
variationally stable, which limits its use to perturbative corrections on previously obtained one-
component wave functions. Moreover, even the DKH approximations for the spin-free parts are being
increasingly viewed as limited compared to the treatment of kinematic effects in exact transformations,
such as in the exact two-component (X2C) approach.” However, up to recently* there has not been a spin-
free formulation of X2C that would preserve the useful one-component spin-free plus later spin-
dependent paradigm, which preserves use of high performance computational chemistry codes for
dynamic electron correlation. A spin-free X2C has been computationally realized and incorporated into
relativistic GVVPT2 calculations. Replacing the DKH approximation for the kinematic effects by a spin-
free X2C variant has however introduced an additional complication. Specifically, the use of contracted
basis functions in relativistic calculations can be problematic, because of requirements for restricted
kinetic balance between large and small components of the wave function, and there is no a priori reason
to expect that contractions that proved to be practically effective in DKH schemes will necessarily be
useful in the context of calculating spin-free X2C. This in turn requires calculation of the so-called pVp-
type integrals,

alpVpIb)= [drVe(r:g, a,A)*—=Vgr:,.b.B) (3)

in an uncontracted basis set, followed by a transformation which involves conventional overlap, kinetic
energy and potential energy integrals. Contraction of the atomic basis integrals, critical for efficient
calculation of molecular electronic structure, can proceed only then.

In current work, an effective one-electron spin-orbit operator for use in GVVPT2 that is derived from
rigorous separation of the spin-dependent from the spin-independent parts of the X2C operator is being
pursued. It is conjectured that an effective one-electron spin-orbit operator can be developed that is
related to the full spin-dependent component of X2C in much the same manner that atomic mean field
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integrals’ (AMFI) are derived from the Breit-Pauli operator.

Calculation of the true one-electron
contribution (i.e., essentially the pVp-type integral described above with the scalar product replaced by a
vector product) using efficient Obara-Saika recursion has been developed for our software platform.

Particular attention was paid to the symmetry properties, as the effective one-electron integrals that
include the two-electron contributions through AMFI will have the same symmetries.

B. Selenium Oxides GVVPT2 calculations were performed to determine the relative stabilities of the
smaller selenium oxides (SeO, SeO, and SeO;) and some of their dimers that could potentially be formed
during the combustion of coal.***® Initial active spaces were derived from a simple valence picture, but

needed to be expanded for SeO;. Geometries predicted using the B3LYP DFT method agree fairly well
with GVVPT2 optimized values and with experimental data, except for SeO; which is disputed.

Symmetry

Parameters B3LYP GVVPT2 Exp.
SeO C,, r«(Se-0) 1.663 1.638 1.6393*
r«(Se-0) 1.622 1.612 1.607°
Seoz CZV
£0-Se-0 115.1 115.2 113.50°
SeOs D,, r«(Se-0) 1.613 1.598 1.6878¢
“Ref. 6. "Ref. 7. °ry(Se-0) from Ref. 8.

For example, for SeO, the GVVPT2 value of r.(O—Se) and bond angle agree with experimental values,
based on microwave spectroscopy data, to within 0.005 A and 1.7°, respectively. The B3LYP/6-311G*
method leads to the same bond angle as GVVPT2, and the values of r.(O—Se) predicted by these methods

agree within 0.01 A. Similarly, harmonic frequencies of SeO, in its ground state predicted by the
CASSCF, GVVPT2, and B3LYP methods “**® are in good agreement with experimental data.

Based on the close agreement obtained for the monomers, geometries of the oxygen-bridged dimers
(specifically Se,O; and Se,Os) were obtained using B3LYP/6-311G*. Accurate energies were obtained
from GVVPT2 calculations, which differed, in some cases strongly (ca. 20-30 kcal/mol), from the
B3LYP results. GVVPT2 energies were corroborated for select structure with CCSD(T) calculations.
These predictions are, to our knowledge, the first theoretical or experimental results obtained for these
species. While the diselenium trioxide exhibits several energetically close minima (with many of them

connected by low barriers), the pentoxide has better separated minima.

global minimum on the diselenium pentoxide surface is a four-membered cyclic structure.

Perhaps most interesting, the
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II1. Future Work

We expect continued progress in both the advancement of nuclear derivative and relativistic effects for
GVVPT2 and MRCISD in applications to primarily Group 15 and 16 oxides. The highest priority vis-a-
vis GVVPT?2 is to resolve the scale-up issue for gradients, which uses the reparametrization of the state
space rotations. Progress on scale-up of determination of the GVVPT2 nonadiabatic coupling matrix
elements is expected to follow, since the response matrix is identical between GVVPT2 gradients and
nonadiabatic couplings. Using the in-house configuration-driven UGA code, spin-dependent X2C
effective one-electron spin-orbit coupling matrix elements should become available. This framework
should provide a theoretically more consistent alternative to the widely used Breit-Pauli operator based
approach, and will be compared. Together with the recently realized inclusion of spin-free exact two-
component (X2C) treatment of kinematic effects, robust relativistic MRCISD and GVVPT2 computer
programs, appropriate for much of the periodic table, should be operational before too long. As
production computer codes become available, we intend to refine the Se,O, potential energy surfaces,
and develop corresponding Sb,,O, surfaces, with inclusion of nuclear derivative and spin-orbit
nonadiabatic coupling. Similarly, we also intend to further studies on O3 and the NO+NO surfaces, which
were examined earlier by us at the GVVPT?2 level, as the new spin-orbit and nonadiabatic coupling codes
become available.
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I. Program Scope

In favorable cases, theoretical chemical kinetics calculations are capable of producing
quantitative rate coefficients that can aid in the interpretation of experimental kinetics and inform the
development of comprehensive and detailed models of combustion. More broadly, chemical kinetics
calculations are approaching so-called “kinetic accuracy,” defined as a factor of ~2. This term may be
compared with the 1990s realization of “chemical accuracy” (~1 kcal/mol) in thermochemistry, when
calculated thermochemistry began to be accurate enough to be used alongside experimental values. A
similar situation is emerging in chemical kinetics thanks to recent and ongoing improvements in
computer hardware and theoretical methods. The principal goal of this project is to develop and
validate new theoretical methods designed to broaden the applicability and improve the accuracy of
theoretical chemical kinetics and to aid in the general realization of kinetic accuracy for applications
throughout combustion. The model developments we are presently focused on are: (1) predicting
pressure dependence from first principles, (2) more accurately characterizing multistate non-Born—
Oppenheimer (e.g., spin-forbidden) kinetics, and (3) predicting vibrational anharmonicity for highly
excited systems.

I1. Recent Progress

The weakest link in many theoretical chemical kinetics applications is the treatment of
collisional energy transfer, which gives rise to pressure dependence. We have continued our efforts to
develop predictive models for pressure dependent kinetics, which include trajectory calculations,
potential energy surface development, and master equation model development. The trajectory
ensembles produce low-order moments of the total energy and total angular momentum transferred
due to the collisions, which are then used to parameterize master equation models of collisional energy
transfer. As we are principally interested in low-order moments, we may expect the classical
approximation to be a good one. The dominant source of uncertainty in these calculations instead
likely arises from the choice of the potential energy surface. We have carried out direct dynamics
trajectory calculations, where, instead of a fitted potential energy surface, the potential energy surface
is calculated “directly” via quantum chemistry. These full-dimensional direct dynamics studies have
been used to test the accuracy of a widely-employed “separable pairwise” approximation, where the
total potential energy is written as a sum of the intramolecular potential energies of the target and bath
gas and the intermolecular target-bath gas interaction. We quantified that the use of an exponential
repulsive wall in the intermolecular term can allow for accurate separable pairwise applications, with
differences in the predicted moments of only 10% relative to the results of our direct dynamics
calculations. For some anisotropic systems, however, the interaction potential cannot be well
described when nonpairwise interactions are neglected, leading to errors in the predicted moments of
up to 50% for diatomic baths, for example.

We have used these detailed comparisons to validate more efficient strategies suitable for
treating larger systems. We developed ‘“universal” C-M and H-M pairwise interaction
parameterizations (where M is an atomic or diatomic bath gas atom) for use with an efficient
semiempirical model for the target potential energy surface. This strategy provides an accurate picture
of collisional dynamics for hydrocarbon targets and is capable of calculations for atomic and diatomic
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baths and hydrocarbon targets with up to dozens of carbon atoms that are many orders of magnitude
more efficient than the direct dynamics approach discussed above.

We have used our calculated low-order moments to parameterize collisional energy transfer
models for use in master equation calculations, and we have compared our parameter-free kinetics
predictions with pressure-dependent experimental kinetics. For example, we tested the use of the
popular “single-exponential-down” model for P(E,E") with « set to the calculated average energy
transferred in deactivating collisions for CH, dissociation in several baths. The first principles kinetics
agreed well with available experimental results, and the uncertainty associated with this approach was
found to be less than the uncertainty associated with other aspects of the calculation such as the
neglect of vibrational anharmonicity. For radical targets with weaker bonds, however, we found that
the use of the simple single-exponential-down model resulted in an overprediction of the rate
coefficient by a factor of 2-3. As discussed below, we can attribute this to the neglect of angular
momentum in P, and we are developing more detailed models of P that include angular momentum
dependence based on these trajectory studies.

In collaboration with Argonne theorists Harding and Klippenstein, we have applied and
analyzed the applicability of transition state theory (TST) to the nontrivial case of roaming radical
reactions. The conditions under which competing tight processes (e.g., those with conventional 3-
center transition state geometries) and roaming processes for molecular elimination may be accurately
treated as dynamically separable were analyzed, and a formal foundation for understanding this
separability was developed. We showed that tight and roaming mechanisms may be treated as
separable to a good approximation, and we identified features of the potential energy landscape that
serve as mechanism dividers (second order saddle points or minimum energy points on conical
intersections). Importantly, competing mechanisms may be dynamically separable even when the two
regions are not energetically separated and even when there is no intrinsic feature of the potential
energy surface associated with the mechanism divider. In collaboration with Argonne experimentalists
(Michael, Sivaramakrishnan) and theorists (Klippenstein, Harding, Wagner), the importance of
roaming to molecular products in the thermal decomposition of dimethyl ether was studied. A strategy
for obtaining analytic six-dimensional interaction potentials for studying roaming radical dynamics
was developed and applied in reduced dimensional trajectory calculations. Roaming was identified as
a minor channel both theoretically and experimentally, although the theory underpredicted the
measured molecular branching fractions.

In collaboration with Sandia experimentalist Hansen, dissociation thresholds and ionization
energies were calculated for species relevant to the chemistry of tetrahydrofuran and
methylcyclohexane flames. These joint theoretical/experimental studies revealed the presence of
competing cyclic and ring-opening pathways for fuel decomposition and oxidation. We also
characterized the H-assisted isomerization kinetics of fulvene — benzene in detail and discussed the
importance of similar processes for the so-called “second-ring” isomers of naphthalene. The fast
isomerizations occur via a cycloproylcarbinyl intermediate—a substituted cyclopropyl group adjacent
to a radical carbon—that provides a facile route for carbon bonding rearrangements. If sufficiently
fast, such processes may promote thermodynamic equilibria among some isomeric PAHS, thus
simplifying the development of detailed reaction mechanisms for PAH growth. Our joint
experimental/theoretical studies of unimolecular decomposition kinetics with Tranter were continued.
Dioxane decomposition was studied theoretically using a combination of single reference and
multireference quantum chemistry calculations. Four low-energy ring-opening pathways were found,
and three of these involved a concerted H-atom transfer across the ring as it opens. For each of the
concerted pathways, related stepwise pathways were found with weakly-bound diradical
intermediates. The major immediate products of dioxane ring opening were shown to be
CH,CHOCH,CH,0OH and CH3;CH,0OCH,CHO, which subsequently decompose at the central bond to
radical and molecular products.
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I11. Future Work

We propose to continue our development of predictive models for pressure dependence in
chemical kinetics. We will apply our direct dynamics methods to new classes of targets, including
CH30H and CH3Cl. Enhanced energy transfer for halogens and alcohols has been reported, and the
trajectory studies will be used to elucidate the dynamical mechanisms of these enhancements. We will
also carry out direct dynamics trajectory calculations for two bath gases that were previously not
included in our tests: O, and H,0. H,O is an especially important collider, which has been shown
experimentally to be up to ~20x more efficient than N,. In parallel work, we will continue developing
and testing efficient semiempirical potential energy surfaces, with an initial goal of adapting our
successful hydrocarbon strategy to include O atoms. As discussed above, existing models for
collisional energy transfer used in master equation calculations ignore the effect of changes in angular
momentum due to collisions or use simple models to describe this dependence. We will explicitly
include this effect in new models for use in master equation calculations, with parameters obtained via
our classical trajectory methods and validated potential energy surfaces. This work is being carried out
in collaboration with Miller and Klippenstein at Argonne.

We propose to continue to develop and validate theoretical methods for studying electronic
state transitions in chemistry. Our initial goals are to apply our multistate trajectory methods to spin-
forbidden reactions relevant to combustion and to develop new statistical models for these systems.
The trajectory calculations will be used to benchmark the statistical models and to elucidate the
underlying multistate physics. In both the trajectory and statistical calculations, we will evaluate the
coupled potential energy surfaces directly using ab initio methods to retain broad general applicability.

One goal of the proposed work is to critically evaluate the appropriateness of the TST picture
(i.e., the picture that one can obtain accurate dynamical information from a reduced-dimensional
crossing seam) for spin-forbidden processes. Specifically, we note that the fundamental assumption of
TST (Wigner’s third assumption) is that once the system reaches the transition state dividing surface,
its fate is decided—namely that it reacts with unit probability. The dynamical bottleneck in
conventional TST is therefore access to the dividing surface. For spin-forbidden reactions, the physical
picture is very different. Even when electronic transitions are localized at the crossing seam (as is the
case for spin-orbit coupled systems involving light atoms), the probability of switching states at each
seam crossing is not unity and is instead very small—the transition is “forbidden,” after all. The
system is likely to access the seam many times before undergoing a reactive event. The dynamical
bottleneck for spin-forbidden reactions is not access to the seam but rather the nonadiabatic event
itself. Spin-forbidden reactions therefore violate the fundamental assumption of TST, and we highlight
two ways in which this has important consequences for statistical calculations. First, in conventional
TST one relies on the assumption of unit reactivity at the seam to derive the variational principle and
thus the formal equivalence of TST and trajectory-based implementations of classical dynamics. No
analogous formal foundation exists for nonadiabatic implementations of TST or for nonadiabatic
statistical theories. Second, electronically nonadiabatic dynamics, unlike adiabatic dynamics, is
nonlocal. Therefore, in principle, not only do we need to account for multiple passes though the
crossing seam, but we must also keep track of the time-history of subsequent surface crosses. This
latter effect is related to electronic decoherence. There is some timescale 7o ON Which the electronic
variables “reset” or decohere between electronic events. If this timescale is shorter than the time
between electronic events, then one can treat the electronic events as independent from one another. If,
on the other hand, the time between events in shorter than or similar to o, then the outcome of
successive electronic events will depend on the recent history of the system and nonlocal models for
decoherence are required. A semiclassical model we developed predicts 7y, to be ~5-100 fs for spin-
forbidden systems involving first-row atoms; this timescale is likely similar to the time intervals for
seam crossings in many systems, thus motivating the development of nonlocal models.

We propose to develop improved statistical models that include these “missing physics.”
Specifically, we will use short-time multistate trajectories to calculate improved spin-forbidden
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transition probabilities that, unlike the Landau-Zener approximation, include multidimensional
dynamical effects. This proposed work is entirely analogous to the development of modern treatments
of tunneling, where it was recognized that there are significant differences in one-dimensional and
multidimensional models of this quantum effect. Our preliminary calculations suggest that these
missing effects can contribute up to an order of magnitude of uncertainty in the spin-forbidden models.
Initial studies are underway for the reactions: O + CO, H + HO,, H + NCO, and O + alkenes.

The harmonic oscillator approximation is often used in practical applications of TST as it
greatly simplifies the evaluation of partition functions and state counts. Thanks to improvements to a
variety of aspects of theoretical chemical kinetics, the harmonic approximation is now often the
dominant source of uncertainty in many applications, particularly at elevated temperatures where
tunneling is not expected to be important and where an exponential dependence mitigates the
uncertainty associated with the barrier height. Numerous useful methods have been proposed for
calculating anharmonic state counts and partition functions, but none is both widely applicable and
nonempirical, particularly for systems with high internal energies. We propose to implement Monte
Carlo phase space integration in arbitrary coordinates to obtain fully anharmonic (but classical) state
counts and partition functions. The use of arbitrary (e.g., curvilinear Z-matrix) coordinates instead of
rectilinear Cartesian normal mode coordinates allows for more efficient sampling as well as useful
separable approximations (e.g., one could freeze C—-H stretches more usefully in curvilinear
coordinates than in Cartesian ones). The critical advance in this work is the use of numerical
coordinate transformation matrices, which avoids the cumbersome step of deriving system-dependent
analytic transformations. The goal of this work is the development of useful strategies for calculating
anharmonic corrections for use in kinetics applications, where existing methods cannot be applied.
Examples include crossing seams for spin-forbidden reactions and systems with coupled bends and
torsions, such as ring opening reactions. This approach is intended to be complementary to the existing
approaches, as it is capable of producing exact (though classical) fully anharmonic properties and is
generally applicable.
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1. Program Scope

The major goals of this project are to explore experimentally in crossed molecular beams experiments the
reaction dynamics and potential energy surfaces (PESs) of hydrocarbon molecules and their corres-
ponding 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
resonantly stabilized free radicals (RSFRs) and of polycyclic aromatic hydrocarbons (PAHS) together
with their hydrogen deficient precursors in combustion flames.

2. Recent Progress
2.1. Formation of Monocyclic Aromatic Molecules

We elucidated the formation route to the toluene molecule (C¢HsCHs; C;Hg) and to the benzyl radical
(CsHsCH,; C;H5) under single collision conditions via the reactions of the D1-ethynyl radical (CCH) and
of dicarbon molecules (CC) with isoprene (CsHg) (Fig. 1). Combining the scattering experiments with
electronic structure and RRKM calculations (Alexander Mebel, FIU), our investigations revealed the very
first experimental evidence — contemplated by theoretical studies — that under single collision conditions a
methyl substituted aromatic hydrocarbon molecule (toluene) and its corresponding radical (benzyl) can be
formed via reaction of two acyclic molecules involving cyclization processes at collision energies
relevant to combustion flames. These studies are currently being prepared for publication.

indene naphthalene 1,4-dihydronaphthalene
CH, CH,
N\ _CHs
‘ x5
methyl-indenes toluene benzyl

Fig. 1. Structures of the indene (CyHsg), naphthalene (CioHg), and of 1,4-dihydronaphthalene (CioHio)
formed under single collision conditions via reactions of the phenyl radical (CsHs) with methylace-
tylene/allene (CH;CCH/ H,CCCHy,), vinylacetylene (C,Hs;CCH), and 1,3-butadiene (C,Hs; C,Hj).
Additionally, indene (CgHg) and methyl-indenes (CioHio) are formed in the crossed beam reactions of
phenyl radicals with 1,2-butadiene (H,CCCH(CHjs)) demonstrating that different structural isomers of
C,H¢ lead to distinct reaction products. This highlights the necessity to incorporate isomer-specific
reactions into combustion models. Toluene and the benzyl radical can be formed in the reactions of
ethynyl and dicarbon with isoprene (CsHsg).
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2.2. Formation of Bicyclic Aromatic Hydrocarbon Molecules

Based on our unique capabilities to synthesize bicyclic PAH molecules (indene (P10), naphthalene (P14),
dihydronaphthalene (P17)) under single collision conditions, we expanded our studies to the next level
and probed the formation of methyl-substituted PAHs. Here, crossed beam reactions of phenyl and D5-
phenyl with 1,2-butadiene (H,CCCH(CHSa)) provided evidence on the formation of indene and of methyl-
indenes via competing methyl and hydrogen loss channels. These studies are currently being prepared for
publication.

2.3. Formation of Tricyclic Aromatic Hydrocarbon Molecules

We have also probed the potential formation of two tricyclic polycyclic aromatic hydrocarbons, anthra-
cene and phenanthrene (Cy4H10), in the crossed beam reactions of the phenyl radical (C¢Hs) and of the D5-
phenyl radical (C¢Ds) with phenylacetylene (C¢HsCCH) and D1-phenylacetylene (C¢HsCCD) under
single collision conditions. The experiments have been just completed and, hence, the data analysis is still
ongoing.

2.4. PAH Species — Photoionization Studies at the ALS

To vyield further insights on the formation of PAHs under combustion relevant conditions (pressure,
temperature, reactant molecules), we commissioned in collaboration with Musa Ahmed (LBNL) at the
Chemical Dynamics Beamline a high temperature ‘chemical reactor’. A ‘directed synthesis’ of the PAHs
is performed in situ in a supersonic molecular beam through reaction of pyrolytically generated phenyl
radicals (CsHs) with hydrocarbons inside a heated silicon carbide tube (‘chemical reactor’) (P7). The
PAHSs together with their acyclic isomers formed are then photoionized by vacuum ultraviolet (VUV)
light from the Advanced Light Source at various photon energies from 7.5 to 12 eV to record photoion-
ization efficiency (PIE) curves. Based on known (calibrated, computed) PIE curves of the individual
PAHSs and their acyclic isomers, the recorded PIE curves are then simulated theoretically to extract the
nature of the products formed and their branching ratios over a range of combustion-relevant reaction
vessel temperatures (1,000-2,000 K) and pressures (few 100 Torr to a few 1,000 Torr). By selecting the
reactants allene (H,CCCH,) (P7), methylacetylene (CH;CCH) (P7), propylene (CHs;C,H3) (P16), and 1,3-
butadiene (C,HsC,Hs) (P18), these studies access the important CoH, (x=8,10) and CioHy (x=6,8,10)
potential energy surfaces (PESs), among them are the crucial combustion intermediates with indene and
naphthalene cores. To date, no experiment has been conducted in which an individual PAH (like) species
is formed via a gas phase reaction under well-defined conditions in a high temperature chemical reactor.

Phenyl-Allene/Methylacetylene (P7): The aromatic indene molecule (CgHg) together with its acyclic
isomers (phenylallene, 1-phenyl-1-propyne, and 3-phenyl-1-propyne) were formed via a ‘directed synthe-
sis’ in situ utilizing a high temperature chemical reactor under combustion-like conditions (300 Torr,
1,200-1,500 K) through the reactions of the phenyl radical (CsHs) with propyne (CH;CCH) and allene
(H,CCCHy,). The isomer distributions were probed utilizing tunable vacuum ultraviolet (VUV) radiation
from the Advanced Light Source by recording the photoionization efficiency (PIE) curves at mass-to-
charge of m/z = 116 (C¢Hsg") of the products in a supersonic expansion for both the phenyl-allene and
phenyl-propyne systems; branching ratios were derived by fitting the recorded PIE curves with a linear
combination of the PIE curves of the individual CqHg isomers. Our data suggest that the formation of the
aromatic indene molecule via the reaction of the phenyl radical with allene is facile and enhanced
compared to the phenyl —propyne system by a factor of about seven. Reaction mechanisms and branching
ratios are explained in terms of new electronic structure calculations. Our newly developed high tempera-
ture chemical reactor presents a versatile approach to study the formation of combustion-relevant
polycyclic aromatic hydrocarbons (PAHSs) under well-defined and controlled conditions.

Phenyl-Propylene (P16): We studied the reaction of phenyl radicals (C¢Hs) with propylene (CsHg)
exploiting a high temperature chemical reactor under combustion-like conditions (300 Torr, 1200—1500
K). The reaction products were probed in a supersonic beam by utilizing tunable vacuum ultraviolet

124



(VUV) radiation from the Advanced Light Source and recording the photoionization efficiency (PIE)
curves at mass-to-charge ratios of m/z = 118 (CgHy,") and m/z = 104 (CgHg"). Our results suggest that the
methyl and atomic hydrogen losses are the two major reaction pathways with branching ratios of 86 +
10% and 14 + 10%. The isomer distributions were probed by fitting the recorded PIE curves with a linear
combination of the PIE curves of the individual CgH;o and CgHg isomers. Styrene (C¢HsC,Hs) was found
to be the exclusive product contributing to m/z = 104 (CgHg'), whereas 3-phenylpropene, cis-1-
phenylpropene, and 2-phenylpropene with branching ratios of 96 + 4%, 3 + 3%, and 1 + 1% account for
signal at m/z = 118 (CgH1o"). No evidence of the bicyclic indane molecule could be provided. The
reaction mechanisms and branching ratios are explained in terms of electronic structure calculations
nicely agreeing with a recent crossed molecular beam study on this system.

Phenyl-1,3-Butadiene (P18): We studied the reaction of phenyl radicals (CgHs) with 1,3-butadiene
(H,CCHCHCH,) exploiting a high temperature chemical reactor under combustion-like conditions (300
Torr, 873 K). The reaction products were probed in a supersonic beam by utilizing tunable vacuum
ultraviolet (VUV) radiation from the Advanced Light Source and by recording the experimental photo-
ionization efficiency (PIE) curves at mass-to-charge ratios of m/z = 130 (CyoHy0"), 116 (CoHg"), and 104
(CgHg"). Our data suggest that the atomic hydrogen (H), methyl (CHs), and vinyl (C,H;) losses are open
with estimated branching ratios of about 86 + 4 %, 8 £ 2 %, and 6 + 2 %, respectively. The isomer
distributions were probed further by fitting the experimentally recorded PIE curves with a linear
combination of the PIE curves of individual CygHy, CoHs, and CgHg isomers. These fits indicate the
formation of three CyoH,o isomers (trans-1,3-butadienylbenzene, 1,4-dihydronaphthalene, 1-methylinde-
ne), three CyHg isomers (indene, phenylallene, 1-phenyl-1-methylacetylene), and a CgHg isomer (styrene).
A comparison with results from recent crossed molecular beams studies of the 1,3-butadiene — phenyl
radical reaction and electronic structure calculations suggests that trans-1,3-butadienylbenzene (130 amu),
1,4-dihydronaphthalene (130 amu), and styrene (104 amu) are reaction products formed as a consequence
of a bimolecular reaction between the phenyl radical and 1,3-butadiene. 1-methylindene (130 amu),
indene (116 amu), phenylallene (116 amu), and 1-phenyl-1-methylacetylene (116 amu) are synthesized
upon reaction of the phenyl radical with three C,H¢ isomers 1,2-butadiene (H,CCCH(CHy)), 1-butyne
(HCCC;,Hs), and 2-butyne (CH;CCCHy); these C4Hg isomers can be formed from 1,3-butadiene via
hydrogen atom assisted isomerization reactions or via thermal rearrangements of 1,3-butadiene involving
hydrogen shifts in the high temperature chemical reactor.

3. Future Plans

Having established that PAH molecules with indene and naphthalene cores are formed under single
collision conditions via phenyl radical reactions with C3 to C5 hydrocarbons, we are aiming to unravel in
the coming year the formation mechanisms of prototype bicyclic polycyclic aromatic hydrocarbons via
reactions of aromatic and resonantly stabilized C;H- radicals (benzyl; o-, m-, and p-methylphenyl) with
C2 — C4 hydrocarbons (acetylene, methylacetylene, allene, and vinylacetylene). These studies also
monitor the formation of methyl-substituted PAHSs as detected in oxygen-deficient combustion flames.
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PROGRAM SCOPE:

Highly excited vibration-rotation dynamics of small molecular species, including those
approaching the threshold of reaction, are crucial to understanding fundamental processes
important for combustion. Our goal is to develop theoretical tools to analyze spectra and
dynamics of these highly excited systems. A persistent theme is the use of effective
spectroscopic fitting Hamiltonians to make the link between experimental data and theoretical
dynamical analysis. There are three areas currently under investigation. (1) The role of
bifurcations and the “birth of new modes in bifurcations from the low energy normal modes.”

(2) A new focus has been systems approaching and undergoing intramolecular isomerization
reactions. We have been developing new generalizations of the effective Hamiltonian, called
“polyad-breaking Hamiltonians,” to deal with spectra of isomerizing systems. In our most recent
work we have extended these investigations to consider time-dependent dynamics, including the
isomerization process. (3) We have begun an investigation of the “quantum thermodynamics” of
a small quantum molecular system immersed in a quantum heat bath.

RECENT PROGRESS AND FUTURE PLANS: The progress described below has been in
collaboration with postdoctoral associates George Barnes (now at Siena College) and Vivian
Tyng. Our current research is pursuing three main directions.

CRITICAL POINTS BIFURCATION ANALYSIS OF EFFECTIVE SPECTROSCOPIC
HAMILTONIANS.

This work continues with Dr. Vivian Tyng. Ref. 7 was done in collaboration with DOE
Combustion PI Hua Guo of the University of New Mexico.

Our emphasis on the critical points bifurcation analysis of effective spectroscopic Hamiltonians
has continued in recent years [1,2,7]. In a longstanding project, conducted with Dr. Vivian Tyng
who is how a 1/3-time postdoctoral researcher, we are completing our first bifurcation analysis
for a rotation-vibration effective Hamiltonian, using a recent spectroscopic Hamiltonian for CO,
fit to experimental data.

For some time we have had in hand the successful critical points analysis of rotation-vibration
dynamics of CO, on the effective Hamiltonian fit to experimental data. The analysis gives
relatively simple, intelligible dynamics, comparable to but significantly extending what has been
obtained with pure vibrational dynamics. At J = 0 there is only the bifurcation tree of normal
modes and Fermi resonance modes. Then, as J increases, we find a principal "Coriolis mode"
that bifurcates out of one of the Fermi resonance modes at very low J, with further finer
branching of the tree into Coriolis modes with increasing J.

The challenge to completing this work has been the physical interpretation of the results of the
critical points analysis. What is the physical nature of the rotation-vibration motion in the new
bifurcation rotation-vibration “modes” of the molecule? The natural starting point is the standard
picture of the rotation-vibration motion of a symmetric top. In the new Coriolis modes of CO,
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determined in the bifurcation analysis, things will be somewhat but not altogether different from
the symmetric top; and also with some similarities to the asymmetric top. In the critical points
Coriolis modes, the molecule “locks” into certain configurations that involve combinations of the
zero-order vibrational angle variables. The full motion of the molecule separates into a resonant
periodic vibration (due to the combined effects of Fermi and Coriolis couplings); and a periodic
precession-like rotational motion. In the body-fixed frame, the resonant periodic vibration
involves the four vibrational modes including vibrational angular momentum and, unlike the pure
Fermi resonance problem, the antisymmetric stretch. We are working on animations that we
hope will dramatically simplify the visualization, following the example of our animations of the
new bending modes born in bifurcations of acetylene.

In addition, we are newly working to identify patterns in the rotation-vibration spectrum that will
be markers of the bifurcations that give the new rotation-vibration modes. This will complete the
linking of the effective Hamiltonian, the critical points bifurcation analysis, the visualization of
the result new rotation-vibration motions, and the connection of these with observable spectral
patterns.

POLYAD BREAKING GENERALIZED EFFECTIVE HAMILTONIANS.

Generalized spectroscopic Hamiltonian with polyad breaking. This work has been primarily
in collaboration with Dr. George Barnes. The recent focus of our work is systems in which the
standard spectroscopic polyad approximation breaks down. This involves a major extension of
the standard effective spectroscopic fitting Hamiltonian. The Hamiltonian used in virtually all
existing spectral fits invokes an approximate conserved quantity known as the polyad or total
guantum number. In a recent step, initiated with two papers [3,4], we showed that it is possible
to construct an effective Hamiltonian to encompass multiple potential energy minima, especially
in a system that does not have two simple uncoupled modes as a zero-order limit. As our
exemplar, we used one of the most important elementary combustion species is the hydroperoxyl
radical HO,. I will not describe this work in any more detail, moving instead to our most recent
work, an investigation of the time-dependent dynamics of the basis set of the generalized
effective Hamiltonian.

Time dependent dynamics of the generalized effective Hamiltonian. In the latest phase of our
work on generalized effective Hamiltonians, we are investigating the physical nature of the
guantum mechanical states [5,6]. The problem is that the effective Hamiltonian uses an abstract
zero-order basis — by itself, it gives no way of describing the states in the physical coordinate
space of the system. In recent work [6] we have presented a method of obtaining the coordinate
space representation of the abstract zero order basis (ZOB) of a spectroscopic effective
Hamiltonian. This paper has undergone significant revision, as follows. One referee for the
original submission of the paper called our results “miraculous” and “revolutionary,” and urged
us to revise the manuscript to bring out these characteristics more boldly! We put in a lot of care
to revise the manuscript accordingly, resulting in figures such as the characteristic example
shown below. The ZOB is an abstract basis which is the “ideal” basis for a given form and
parameterization of the spectroscopic Hamiltonian. Without a physical model there is no way to
transform this abstract basis into a coordinate representation. In Ref. [6] we present a method that
relies on a set of converged eigenfunctions obtained from a variational calculation on a potential
surface. We make a one-to-one correspondence between the energy eigenfunctions of the
effective Hamiltonian and those of a model potential surface. Through this correspondence we
construct a physical representation of the abstract ZOB. The ZOB basis is a time-dependent
basis — a point which is obvious from the fact that the ZOB states are superpositions of the energy
eigenfunctions — but also something that is not widely thought about. We find that the time
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dependent ZOB basis shows states with both conventional low-energy characteristics, with little
time-dependence, in terms of wavefunctions assignable with zero-order quantum numbers; and
unconventional wildly time-varying “gnarly” ZOB states at higher energies — see Fig. 2 bottom
left — that reflect the highly chaotic, multiple-well nature of the potential in regions of the
isomerization process. It is this automatic built-in flexibility that allows extension of the effective
Hamiltonian to polyad-breaking and highly chaotic multiple well behavior. The “gnarly” state at
bottom left in Fig. 2 actually shows regular, “understandably conventional” behavior at certain
later times — see Fig. 2 right.
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Fig. 2. Left: The squared amplitude of the |4 0> and |5 0> spectroscopic Hamiltonian ZOB
functions in panels A and B, respectively. |4 0> illustrates a “conventional” basis function, while
|5 0> illustrates an “unconventional” basis function. Right: Two snapshots of the time evolution
of the squared amplitude of the |5 0> spectroscopic ZOB function as propagated on the potential
surface. The t = 0 snapshot of this state is shown in Left (B). The snapshots on right are at t =
0.765 ps and t = 0.830 ps for panels (a) and (b), respectively. These plots show that although the
ZOB at t = 0 appears unconventional, in truth it contains a linear combination of a conventional
form and a form understandable in terms of a “horseshoe” shape periodic orbit.

QUANTUM THERMODYNAMICS OF SMALL MOLECULAR SYSTEMS.

This work is with Dr. George Barnes. The behavior of small quantum entangled systems is of
great interest in many areas of fundamental and applied physics and physical chemistry. One area
of interest is the “quantum thermodynamics” of small molecular systems. This is of obvious
relevance to combustion systems, where small molecular species are embedded in an
environment. Our DOE work for many years has focused on the dynamics of highly excited
molecular systems in isolation. We have recently turned our attention to embedding these
systems in an environment.

We examine the behavior of a model oscillator system — a set of normal mode states of two
coupled oscillators — interacting with a finite quantum thermal bath. We examine the time-
dependent quantum behavior of various initially prepared pure states as the oscillator system
interacts with the quantum environment. The total system + environment “universe™ is in a pure
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state described by the density matrix ps.. The statistical behavior of the system is described by
the reduced density matrix (RDM) ps = Trace ps. Visual insight into the dynamics of the system
is obtained by examining spatial density distributions of the system RDM ps;.

We chose to examine the time evolution of the zero order (i.e. isolated) system energy eigenstates
as well as the system time dependent local mode state. All states reach approximately the same
final entropy as well as the same final fitted temperature, the later of which is in good agreement
with the temperature expected from the analytic degeneracy formula. An examination of the time
dependent dynamics of the system spatial density reveals that each state quickly loses “memory™
of its initial density and is rapidly driven to approximately the same fluctuating equilibrium state.
The quantum coherences present at time zero have also essentially vanished due to dephasing and
population transfer. Contrary to common understanding, quantum coherence in the sense of
“interference effects™ vanish only with maximal von Neumann entropy, which in turn
corresponds to the infinite temperature limit.

Perhaps the most interesting result of this investigation is the phenomenon of each initial state
being driven to equilibrium at essentially the same rate. The symmetric normal mode overtone
state, which looks most like the equilibrium distribution, is essentially no different in this regard
than the antisymmetric mode, which is orthogonal in coordinate space; or the local mode state,
which undergoes oscillations between the two local mode overtones in the pure system initial
state. An interesting question is whether this behavior will persist for systems with more complex
dynamics than the simple normal mode system considered here. Nonlinear systems with strong
resonance couplings, such as coupled stretch normal modes in 2:2 resonance, or 2:1 Fermi
resonance systems, have marked phase space structure, including stable and unstable modes born
in bifurcations. These might be expected to have significantly different dynamics, including
decoherence behavior and rates of approach to equilibrium. The results here suggest that this
might not be the case, but clearly detailed investigation of these nonlinear systems is warranted.
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Program Scope

This program focuses on the development of innovative laser-based techniques for measuring
temperature and concentrations of important combustion species as well as the investigation of
fundamental physical and chemical processes that directly affect quantitative application of these
techniques. Our development efforts focus on crossed-beam approaches such as time-resolved
nonlinear wave-mixing. A critical aspect of our research includes the study of fundamental
spectroscopy, energy transfer, and photochemical processes. This aspect of the research is essential to
the development of accurate models and quantitative application of techniques to the complex
environments encountered in combustion systems. These investigations use custom-built tunable
picosecond (ps) and commercial femtosecond lasers, which enable efficient nonlinear excitation,
provide high temporal resolution for pump/probe studies of collisional processes, and are amenable to
detailed physical models of laser-molecule interactions.

Recent Progress

Single-laser-shot in-situ measurements of total collisional broadening: Accurate time- and
spatially resolved measurement of temperature remains a critical focus of combustion diagnostics. The
local temperature field and gradient not only govern chemical reaction rates but also physical
quantities such as gas expansion and heat transfer.* Coherent anti-Stokes Raman spectroscopy
(CARS) has been applied for concentration measurements and ro-vibrational thermometry in gas-
phase applications for more than three decades. While CARS has often been held as the gold standard
for gas-phase thermometry, practical combustion environments lead to greater uncertainty in the
interpretation of CARS signals for a variety of reasons. In pure-rotational CARS (RCARS), S-branch
transitions are coherently excited in molecules of interest by the difference frequency between photons
in pump and Stokes laser pulses. A probe pulse scatters from these coherences to create the signal,
which may be spectrally dispersed to form a rotational spectrum of the probed molecules. By fitting
theoretically calculated spectra to an experimental spectrum, the gas-phase temperature can be
estimated, as the relative line intensities are highly temperature dependent. The temperature sensitivity
of the CARS line intensities mainly originates from the thermal population of ro-vibrational levels in a
Boltzmann distribution. But the line-intensities are also quite dependent on the rotational-level-
specific collisional broadening coefficients. In nanosecond CARS, for example, signal from a resonant
transition scales as 1/(I'y)?, where Ty is the Raman linewidth.

We developed and applied a novel capability, enabling direct time-domain measurement of S-
branch collisional broadening coefficients and accurate analysis of CARS spectra even when
broadening is not known a priori. In these experiments, rotational coherences are excited by either a ps
broadband dye laser or transform-limited fs excitation pulses. The coherence is allowed to
collisionally dephase for some time delay, and then a ps probe beam scatters from the manifold of
excited rotational coherences and a frequency-resolved spectrum is recorded as a function of probe
delay time. By monitoring the exponential decrease in the dispersed CARS signal as a function of
probe delay, the J-dependent decay time constants, t4gs ", are extracted. The Raman Lorentzian
linewidth (FWHM) is given by:

[ = (21 Teapsy) ™" (1)

where c is the speed of light (cm/s), Tc4gs; is the exponential decay time constant for the
coherence decay (s), and I- is the Raman linewidth (FWHM, cm™). In the previous year, we showed
that this technique for the determination of Raman broadening coefficients is accurate and reported a
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complete data set of self-broadening coefficients for N, from 295-1500K as well as the N,-H,
broadening coefficient from 295-1500K up to J”=44.*°> While the presented technique yields highly
accurate broadening coefficients, it is not a single-laser-shot technique as the experiment requires that
the probe delay be set to a range of different values to monitor the coherence decay. Single-laser-shot
measurements are important for the analysis of unsteady flows and turbulent combustion where the
relative concentration of species in the probe volume changes rapidly.

We recently developed a single-laser shot implementation of this technique for the accurate
determination of total broadening coefficients in-situ. The CARS probe beam is separated into four
separate beams and each of the four probe beams is sent to a mechanical delay stage so that the
relative timing can be adjusted. Figure la displays the experimental arrangement of beams leading up
to the probe volume. Because each of the four probe beams comes to the CARS probe volume with
differing folded BOXCARS angles, there is a vertical separation between the signal beams arising
from each probe. This allows for the separation of the four signals on the vertical dimension of a CCD
and the time delay between probes allows for the time-domain mapping of the coherence dephasing.
Figure 1b compares the evaluated single-shot determination of N, Raman broadening coefficients for
three of the rotational lines in the spectrum to those reported in the literature using high resolution
techniques, and excellent accuracy and precision is shown for the technique.

(a) (b)
«_ 120 5
—+—J"'=8
100-ps delay o J'=14
— J"=20
180-ps delay 100 — === N,-N, Linewidth Ref.B

380-ps delay

460-ps delay 40 -

Broadening Coefficient (cm'1 FWHM) x 10

0 10 20 30 40 50
Laser Shot Number

Figure 1. Panel (a) displays the experimental arrangement of laser beams leading to the probe volume
where the beams cross for single-shot determination of Raman broadening coefficients. Panel (b) shows
evaluated single-shot measurements of the total Raman broadening coefficient as compared with literature values
(dashed line, Ref. B). As is shown, good accuracy and single-shot precision is obtained using this single-shot
method.

Two-beam CARS: We have discovered a new phase matching scheme for rotational CARS
that significantly simplifies the way the technique has been done for over 30 years, and opens up
several new research directions for probing turbulent combustion environments, probing with
extremely high spatial resolution, and for 2-dimenstional spectrally resolved CARS plane imaging.’
The scheme is depicted in Figure 2. Two laser beams, one broadband and one narrowband, are crossed
at arbitrary angle, and the generated rotational CARS signal, co-propagating with the probe beam, is
isolated using a polarization gating technique. Both pump and Stokes photons originate from the
broadband excitation beam. The intrinsic overlap in time of the pump and Stokes photons is a large
advantage when using transform-limited fs pulses to efficiently drive the rotational transitions. Such
pulses can be difficult to otherwise keep overlapped in time given small temperature fluctuations in
the lab. The probe beam crosses at an angle 6 to the combined pump/Stokes beam. The angle of
intersection between the beams can be varied from the small angles typical of the BOXCARS scheme
to orthogonal crossing. However, crossing angles greater than 45° overly restrict the phase-matched
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excitation bandwidth for application to combustion diagnostics, where rotational transitions up to ~350
cm™ should be acquired.

kpu - kSt
(a) (b)

Figure 2. (a) The novel phase-matching scheme displayed as a function of intersection angle. (b) Actual
experimental arrangement. HWP: half-wave plate, CL: cylindrical lens, BD: beam dump, BS: polarizing
beam splitter cube.

Future Work

Two-beam CARS development for turbulent combustion applications. Because both pump and
Stokes photons are derived from the same pulse, they are automatically overlapped in both space and
time. This intrinsic spatial overlap makes the technique more amenable towards turbulent
environments than standard CARS. For instance, if the technique is implemented in a 1D geometry,
both laser beams are focused to sheets using cylindrical lenses and crossed in the probed region. Even
in a turbulent environment with some beam steering acting on the beams, the sheets will generally still
cross and form a signal, which copropagates with the probe. In some of our initial data taken over a
turbulent combusting flow of methane impinging on a steel wall, the signal stability in the two-beam
CARS geometry was significantly improved when compared to the standard three-beam geometry.
The frequency of laser shots where the signal disappeared as observed in the three-beam case was
dramatically reduced in the two-beam scheme. This indicates that this new phase-matching scheme
may make rotational CARS a more robust diagnostic for probing turbulent combustion.

2-dimensional coherent Raman scattering: CARS plane imaging. The two-beam rotational CARS
scheme described above opens the possibility for the first time for generating a two-dimensional
rotational CARS signal within a single laser shot. Such spatially correlated single-shot data could
provide significant datasets and scientific insight for comparison to turbulent combustion models. For
instance, at conditions far from extinction, the thermal mixing field is typically proportional to the
scalar dissipation rate.” In order to perform frequency-resolved 2D rotational CARS measurements,
the probe beam (Fig. 2) remains unfocused and crosses the excitation beam sheet at a large angle, such
as 33°. This arrangement provides high spatial resolution (less than 70 um in the longest probe volume
dimension) as well as adequate phase-matched excitation bandwidth (> 350 cm™) to cover the N, S-
branch. To detect the signal, a new spectrometer needs to be implemented. In a preliminary
demonstration, we relay imaged the 2D CARS signal generation plane through a transmission grating
to the face of a CCD, producing the 2D image shown in Fig. 3. In this case, the sample was simply N,
at 295K. This represents the first ever 2-dimensional rotational CARS measurement. As shown in the
bottom of Fig. 3, to analyze such a CCD image, the intensity at a given point within the image of each
rotational line is used to construct an intensity spectrum corresponding to a point in the imaged 2D
signal generation plane, and this intensity spectrum may be fitted for rotational temperature. We
propose to further develop the technique of 2D rotational CARS measurements. Further work must be

133



done to characterize the current detection
scheme and the accuracy obtained by
fitting such intensity spectra. A challenge
in analyzing such data will be the careful
calibration of the dispersion of the system
and vectorization to each point of a J- 40 60 80 100, 120 140
specific image (Fig. 3, bottom). In the Raman Shift (cm")

current implementation, the slit function
and the line-spread function were both
evaluated to be 1-2 pixels, but a model for
analyzing the data will need to be
developed which takes into account both
the slit function and line-spread function
in the horizontal dimension of the image.
New 2D frequency resolved detection 50 55 60 65 70

possibilities will be explored. The .
realization of signal levels high enough to ~ F19ure 3. (Top) CCD image of the two-beam 2D
permit 2D CARS measurements in a flame rotational CARS signal of N, at room temperature in a

on a single-shot basis requires the use of single laser shot. (Bottom) Point-wise analysis of the
our high energy fs laser for the 2D image produces a rotational CARS spectrum at

pump/Stokes beam, and a time- each point in the probe volume plane.

synchronized ps laser system to provide
the probe.

y (mm)
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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 electronic structure calculations, variational transition state theory (TST), classical
trajectory simulations, and master equation calculations. We apply these methods to reactions of
importance in various aspects of combustion chemistry including (i) polycyclic aromatic
hydrocarbon (PAH) formation, (i1) hydrocarbon oxidation, and (iii) NOy chemistry. The specific
reactions studied are generally motivated by our interactions with combustion modeling efforts.
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

Reaction of 'CH, with Unsaturated Hydrocarbons

The addition of singlet methylene (‘CH,) to unsaturated hydrocarbons is an important
class of reactions in combustion chemistry as they play a key role in the formation and growth of
polycyclic aromatic hydrocarbons (PAH). For example, the addition to acetylene is generally the
dominant path to formation of progargyl radical, whose self-recombination in turn is most often
the dominant route to formation of benzene. Meanwhile, the addition to benzene radical yields
toluene and or benzyl radicals, which are also key cyclic intermediates.

In collaboration with Polino (Milan) and Harding, we have studied the 'CH, addition
kinetics for a wide variety of unsaturated hydrocarbons including acetylene, ethylene, propene,
propyne, allene, butene, butadiene, 2-butyne, tetramethyl-ethylene, and benzene. We find two
important pathways for these reactions: addition across the m-bond to yield 3-membered cyclic
compounds and insertion into a CH bond to yield CHj; substituents. The cyclic addition is
predicted to generally be the dominant pathway, although the insertion pathway becomes
increasingly important with increasing molecular size due in part to the increased number of CH
bonds available for insertion.

Our kinetic analysis accounts for the presence and interplay between the multiple
transition states for the different regions using the formalism developed as part of our recent
statistical theory analysis for roaming radical reactions. A long-range transition state accounts for
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the formation of an entropically bound van der Waals complex. Two physically distinct inner
transition states account for the formation of either the cyclic addition complex or alternatively
the insertion product. Our direct CASPT2 variable reaction coordinate transition state theory

approach is used to predict the transitton [ Cyclic Addition
state fluxes for the long-range transition . Goval
state and for the inner transition state 107 v G ctal (2010
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Fig. 1: Plot of the ICH, + C,H, rate coefficient.
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High Level Ab Initio Thermochemistry and Kinetics

Recent work in a number of groups has demonstrated the feasibility of obtaining ab initio
predictions for the heat of formation with accuracies on the order of 0.1 kcal/mol. The various
methods (e.g., the Wn method of Martin, the HEAT method of Stanton, the focal point method
of Allen) rely on the addition of a number of corrections to reference CCSD(T)/CBS energies.
We have begun to explore the broad applicability of these methods to combustion
thermochemical kinetics.

As a first step, we are collaborating with Allen (Georgia) on a study of the reaction of H
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with H,O,. This reaction, which can yield either H, + HO, or H,O + OH, is found to be
significant in H»/O, combustion models. A high level focal point analysis, including a detailed
study of anharmonic effects, is yielding predictions with greatly reduced uncertainties.

In a separate large scale effort, we are collaborating with Ruscic and Harding in a
comparison of high level predictions with a large set of high accuracy values from the active
thermochemical tables (ATcT) approach. Using H,, CH4, H>O, and NHj as reference species we
have generated ab initio values for the majority of hydrocarbon combustion relevant three heavy
atom species, as well as a number of four and five heavy atom species. The analysis indicates
that the CCSDT(Q), core-valence, and anharmonicity correction are each quite significant with
average corrections of about -0.5, 0.5, and 0.5 kcal/mol, respectively. The CCSDT(Q) correction
has the greatest variance, and this variance is expected to be even larger for transition states
where the chemical bonding is often more multi-reference in nature. Interestingly, the
anharmonicity correction, which is the most poorly determined parameter in our and other
works, correlates quite closely with the number of H, molecules in the reference thermochemical
system. The diagonal Born-Oppenheimer (DBOC) and relativistic corrections are of only minor
significance, with average values of 0.1 and -0.1 kcal/mol, respectively. However, in a few
instances the DBOC is much larger and very sensitive to electronic structure method, which
appears to indicate the presence of a nearby conical intersection.

The predicted 0 K heats of formation are generally within 0.2 kcal/mol of the ATcT
values. Larger deviations suggest the need for further theoretical and/or experimental study. The
particular scheme we employed in this analysis was designed to be readily applicable to systems
with up to five heavy atoms, which allows for the study of a large array of prototype combustion
reactions. We are now in the process of employing this approach in ab initio transition state
theory studies of the kinetics for a number of systems. Preliminary results suggest, via
comparison with experimental data, that predicted saddle point energies are similarly accurate.
Notably, this then implies that the uncertainties in our kinetics predictions are now largely due to
other aspects of the calculations.

Future Directions

One focus of our continuing work involves the implementation of the abovedescribed
high accuracy thermochemical methods in predicting the kinetics of a number of key reactions in
the core combustion mechanism for small hydrocarbons. We also continue to explore methods
for reducing the uncertainties in other aspects of the calculations and improving the efficacy of
our analyses. These efforts will include advanced treatment of the torsional mode contributions
via path integral methods coupled to large-scale potential samplings and novel tunneling
treatments focussing on local expansions of the potential energy surface about the saddle point.
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Program Scope

The goal of this project is to explore the fundamental effects of high pressure on the chemical kinetics of
combustion and to use that knowledge in the development of accurate models for combustion chemistry at the high
pressures of current and future engines. We design and implement novel experiments, theory, and modeling to probe
high-pressure combustion kinetics from elementary reactions, to submechanisms, to flames. The work focuses on
integrating modeling, experiment, and theory (MET) through feedback loops at all levels of chemical complexity.
We are currently developing and testing the methodology for propane and 1-butanol as key prototype fuels. The
consortium expands and enhances collaborations between Argonne’s Dynamics in the Gas Phase Group and the
Combustion Chemistry Group in Sandia’s Combustion Research Facility and also interacts closely with the
Princeton-led Combustion Energy Frontier Research Center (CEFRC).

Recent Progress
Experimental Developments

Experimental studies of propyl oxidation: During the past year we
initiated an extensive experimental investigation of propyl radical
oxidation, focusing on direct time-resolved measurement of chemical
species concentrations, as shown in Fig. 1, over a broad range of
pressures, 0.005 — 20 bar. In the low pressure regime, we used
synchrotron photoionization mass spectrometry (PIMS) to probe the
main reaction channels, including the formation of propene and
oxygenated species C;HgO, along with many minor products and
intermediates. Isomer-selective species detection, enabled by the
tunable  synchrotron ionization radiation, allowed separate
measurement of the time-histories for the four different C;HsO
products: acetone, propanal, trimethylene oxide, and propylene oxide.
In the high pressure regime (up to 10 bar) we probed the kinetics with
both PIMS measurements and time-resolved laser-induced
fluorescence (LIF) detection of OH radicals.

This extensive experimental dataset forms the basis of ongoing
work to develop optimized ab initio transition-state-theory master
equation based submechanisms for propyl radical oxidation (discussed
below). The observed strong temperature dependence of the cyclic
ether concentration helps constrain the barrier heights on the calculated
potential energy surface. Meanwhile, time-dependent probing of  Fjg, 1: Propyl radical oxidation at 4
acetone and propanal concentrations indicates that they are primary  Torr: time evolution of propene and
products of QOOH decomposition. Our data suggest that direct  propyl peroxy radicals.
production of carbonyl compounds may be underestimated in current
combustion models. Both PIMS and LIF results indicate a sharp
increase in the radical yield between 600 and 670 K. Many of the product species show a competition between well-
skipping and sequential formation even at the highest pressures we surveyed.

Combustion chemistry of furan-based species: In collaboration with R. Fernandes (Aachen) we have begun an
investigation of low-temperature autoignition behavior of tetrahydrofuran (THF) and 2-methyl THF — two
compounds in a class of recently identified potential biofuels with high energy content and effective means of
production from organic feedstocks. We have collected time-resolved LIF and PIMS measurements at pressures

| | v 1 v | v 1
Propene
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from 0.005-20 bar and up to 700 K. These first direct measurements in the low-temperature autoignition range show
the presence of chain-terminating HO, production, as well as production of cyclic ethers + OH. The photoionization
spectra of the products associated with HO, formation cannot be explained purely by HO, elimination from the
parent peroxy radical, which indicates that isomerization (such as furan ring opening) pathways are also active.

High pressure, miniature high repetition rate shock tube (HRRST): The HRRST is a unique, miniature shock
tube designed to be fired at repetition rates up to 4 Hz and generate reproducible reaction conditions of P < 100 bar
and 600 < T < 3000 K. A prototype of the HRRST was described
in a previous abstract. Based on the results of testing with the
A prototype, the HRRST was modified to improve shock strength
and repeatability. Additionally, a new version was constructed for
100+ use in the laboratory and with an existing PIMS apparatus at the
Advanced Light Source. Recently, experiments were conducted at
the T1 and T3 endstations of the 9.0.2 beamline and a sample mass
spectrum is shown in Fig. 2. The mass spectrum is from shocks
’ _JL with 2% dimethyl ether (DME) dilute in argon and is composed of

~400 consecutive, near identical shocks summed together. Under
. . \ the conditions of these experiments DME did not dissociate. The
repeatability of the HRRST is good, but not quite as good as
desired and in the future a binning strategy may be employed to

Fig. 2: PIMS from a non-reacting obtain the desired error in T5 of <1%. In a separate set of 500

mixture of 2% DME/Ar. experiments at the T3 endstation, reflected shock, reaction,

conditions of T5 = 1593 + 53 K and P5 = 6754 + 367 Torr, were
obtained, with this P5 likely one of the highest used in a reactor at this beamline.
Theory Developments

Energy Transfer: We have developed a completely a priori procedure for predicting the pressure dependence of
chemical kinetics. This procedure couples trajectory simulations of the collision induced transition probabilities in £
and J, with the solution of the two-dimensional master equation, employing state-of-the-art ab initio transition state
theory predictions for the microcanonical rate coefficients. The C,H, + H = C,Hj; reaction system has been used to
illustrate the approach with comparisons to both room temperature recombination rate measurements and 1000 K
dissociation rate measurements. The a priori predictions are found to accurately reproduce the full set of
experimental data. This case study illustrates the level of agreement that might generally be expected, and also
provides a roadmap for future studies of more complex reactions, such as multichannel reactions with competing
decomposition processes, where the details of the energy transfer process might be expected to have an even more
dramatic effect. For the latter reactions, it is likely that prior model-based master equation calculations have largely
yielded a poor representation of the kinetics. A manuscript describing this work is now in preparation.

Propyl Radical Decomposition: We have now completed an ab initio transition state theory based master
equation theoretical study of reactions on the C3H; potential energy surface including a number of dissociation and
abstraction reactions. The agreement between our theory and the experimental results available is remarkably good.
The final results have been cast in a form that is convenient for chemical kinetics modeling, and which has been
incorporated into the chemical kinetic model that we are developing for propane combustion.

Theory/Experiment Collaborations

Abstraction Reactions: We have utilized our detailed chemical kinetics models for simple C;-C, alkanes and C,-
C, alcohols to design simple experiments aimed at probing H-atoms (formed as a product in these bimolecular
reactions) using the sensitive H-ARAS technique to directly obtain branching ratios for H atom abstractions at high
temperatures. As an example, in our recent study on C;Hg, we monitored the decay of D-atoms (using C,Dsl as a
source for D-atoms) with atomic resonance absorption spectrometry (ARAS) to obtain total rate constants for D +
C;Hg. In our current study, we utilized H-atom ARAS (in similar mixtures of C,DsI/C;Hg) to selectively probe
abstraction from the secondary site, which is the only source of H-atoms formed at early times in the experiment.

We have also used this methodology to determine rate constants and branching ratios for OH + C;Hg/n-C4H,/i-
C4Hy, D + C5Hg and D + n-C4H,¢/i-C4Ho. These reactions were also studied with ab initio TST at the CCSD(T)/cc-
pveoz//M062X/cc-pvtz level of theory. The theoretical rate constants are in good agreement with the present
experiments. The present experimental effort represents the first direct measurements at combustion relevant
temperatures (>1000 K) for D + n-C4H,¢/i-C4H;¢. The same methodology was also applied to mixtures of CH;OH
and biacetyl (as a source of CHj; radicals); H-atom formation was monitored to obtain direct determinations for CH;
+ CH;0H. The present experimental effort is among a very limited set of unambiguous rate constant measurements
for a CH; + molecule reaction at high temperatures.
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Water Elimination Pathway in Peroxy Chemistry: As described in more detail in Zador’s abstract, we have
characterized a low-lying water elimination pathway that involves the interaction of radical and zwitterionic
electronic states. These zwitterionic pathways, which appear to be ubiquitous in both alcohol and alkane oxidations,
are expected to have a significant impact on current low temperature oxidation mechanisms.

Modeling Developments

Multiscale modeling: We have extended our recently developed multi-scale informatics modeling strategy to
treat the much more complex propyl radical oxidation submechanism. In general, the multi-scale model is assembled
and informed by a wide variety of targets that include ab initio calculations of molecular properties, rate constant
measurements of isolated reactions, and complex systems measurements. The current implementation required the
treatment of multi-well reactions, the potential for missing reactions, non-statistical product branching ratios, and
non-Boltzmann reactant distributions. Optimization variables are chosen to accommodate both “parametric” and
“mechanistic” uncertainties. For example, barrier heights of transition states, collisional energy transfer parameters,
transition state partition function scaling factors, and other theoretical parameters are included as optimization
variables to account for parametric uncertainties in the theoretical "

treatment; initial temperatures, mixture compositions, absorption cross- 2X "

sections, and other experimental parameters are included to account for ~ _Eﬁ’::;";’;:jel
parametric uncertainties in the physical models of the experiments. _ 15 s [formed model
Additionally, branching ratios among various product channels are ‘?E | T~

included as optimization variables to account for mechanistic & |

uncertainties related to difficulties in modeling sequences of multiple '}E Jf"L\\ C,Hy/0,/C]
chemically activated steps. RMG software is used to assess potential & 0sll 500K
mechanistic uncertainties due to missing reactions. In this context, multi- ' 10 torr

scale informatics is employed to 1) extract information from complex & . )
systems in the presence of both parametric and mechanistic uncertainties 0 05 1 15 2
and 2) allow greater utilization of the high information content of ongoing Time (ms)
Multiplexed-Synchrotron Photo-Ionization Mass Spectrometry (MPIMS)
experiments. Preliminary results in Fig. 3 show that the multi-scale- | 461 with experimental data that was
informed model produced in this way exhibit_s gigniﬁcant improvements <o as an optimization target.
over the a priori model and appears to be predictive. o The dashed lines denote the

Comprehensive mechanism: We have made significant progress
towards the development of a rigorous, comprehensive chemical kinetic
model for the combustion of propane. Our current model accurately
accounts for the complex temperature and pressure dependence exhibited by the rate coefficients of reactions that
involve multiple, interconnected potential wells. The source of most of this information is our own theoretical
analyses, which necessarily agree with reliable experimental results where they exist. Our model has gone through a
number of versions since last year, the most important of which was a merging with the small-alcohol mechanism.
We have made comparisons of our model predictions with high-temperature macroscopic experiments, namely
flame speeds and ignition delay times. The agreement between the model predictions and experiment for the low-
molecular-weight hydrocarbon fuels (methane, ethane, ethylene, acetylene, propene, and propane) is considerably
better than we expected. High pressure (at least up to ~ 20 atm) seems not to be a problem. We anticipate having
completed a manuscript on this work before the end of the year.

Fig. 3: Comparison of the multi-scale

uncertainty in the model predictions.

Future Directions

HRRST Developments: The HRRST is currently setup to determine the full range of operating conditions and
will be coupled once more to an electron impact TOF-MS for kinetic studies similar to those performed with the full
size diaphragmless shock tube. In the near future, additional experiments will be performed at the APS to study jet
formation from the nozzle at the end of the HRRST and more experiments are planned at the ALS to investigate
chemical kinetics of dimethyl ether pyrolysis and oxidation at engine relevant temperatures and pressures.

Development of high-pressure (HP)-PIMS: We plan two major improvements through the design of a new
apparatus. First, to suppress heterogeneous chemistry that inevitably occurs on reactor walls, we will optimize the
sampling geometry to only probe the core of the reacting flow. In addition, the metal wetted parts of the reactor will
be replaced with more chemically inert fused silica, minimizing sample degradation before the reaction chamber.
Second, we plan to transfer the ionization region closer to the sampling nozzle (into the area of higher sample
density) and use electrostatic optics to guide a large fraction of the resulting ions into the mass spectrometer region.
This revision should yield significantly higher signal levels, thereby extending the accessible range of pressures.
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Low-temperature autoignition chemistry: In collaboration with other ongoing projects at Sandia, we will
explore the low-temperature alkyl oxidation reactions for longer-chain and branched alkanes, such as methyl
cyclohexane. We will continue our current work on butanol and furanic species combustion using both HP-MPIMS
and LIF techniques, with an eye on extending the accessible range of experimental conditions to higher pressures. In
addition, we plan to investigate the reaction of OH with 2-butene, focusing on the temperature-dependent
competition between hydrogen abstraction, addition of OH to the double bond, and back-dissociation of the resulting
B-hydroxyalkyl radical adduct in the 600 — 750 K temperature range. The results will be interpreted in the context of
a comprehensive model for butanol combustion.

Theoretical Reaction Kinetics: Our core mechanism modeling efforts have highlighted a number of reactions of
importance for further study. Our modeling of flame speeds identified the reactions H + HCO, OH + HCO, H +
C,H3, and H + C,Hs to be worthy of high-level theoretical investigation. The reactions C;Hg + O,, and C;Hg + HO,
are of importance to ignition delays. Meanwhile, the low temperature oxidation kinetics is sensitive to the possibility
of secondary dissociation, prior to thermalization, for chemically activated reactions. We will also further explore
the predictive nature of our coupled energy transfer/two-dimensional master equation approach.
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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, reactions, and
spectroscopy 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
electronically excited species. The common theme in these studies is interactions between
states of different character and intersections between the corresponding potential energy
surfaces. We also continued to develop and benchmark computational methods for modeling
electronic structure and spectroscopy of open-shell species. Particular emphasis was placed
on determining spectroscopic signatures of transient species, to facilitate comparisons with
experimental data. In particular, we have been motivated by photoionization and photode-
tachment experiments that are broadly used in the combustion community, e.g., photoion-
ization is used as a tool to identify transient reaction intermediates in combustion processes,
whereas photodetachment is often employed to create radicals implicated in combustion in
order to study their properties and spectroscopic signatures. Interpretation of the photoion-
ization/photodetachment measurements requires information about ionization/detachment
energies, cross-sections, and Franck-Condon factors of different species.

In 2012-2013, the DOE support has been acknowledged in two papers;*? one paper is
under review,® and two more — in final stages of preparation. Some of the recent results
are highlighted below.

2
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2.1 lIonization-induced proton transfer in microsolvated clusters

Excited-state proton transfer (PT) is ubiquitous in chemistry, materials, and biology. Ion-
ization also increases proton-donating ability of molecules facilitating PT in ionized clusters.
Protonated species are commonly observed in molecular beam experiments that are using
VUV ionization as a probe, such as experiments at Advanced Light Source at LBNL. In
collaboration with Dr. M. Ahmed, we found that water has dramatic effect on PT in ion-
ized species. We investigated this phenomenon in methylated uracil (mU) clusters; however,
similar trends were observed in other microhydrated species. We found that microsolvation
changes the branching ratio between different relaxation channels and entirely shuts down
PT between the mU fragments. Instead, a new pathway opens up in which protonated nucle-
obases are produced by PT from the ionized water molecule and elimination of the hydroxyl
radical. Electronic structure calculations reveal that the shape of the potential energy profile
along the PT coordinate depends strongly on the character of molecular orbital from which
electron is removed, i.e., the PT from water to mU becomes barrierless when an ionized state
localized on water is accessed (see Fig. 1). The computed energetics of PT is in excellent
agreement with the experimental appearance energies. We also note that possible adiabatic
process, which becomes energetically accessible at lower energies, is not efficient. Thus, in
this system PT is controlled electronically, by the character of the ionized state, rather than
statistically, by simple energy considerations.

e neutrar Figure 1: Potential energy profiles for low-
- ;’/ﬁ\{: lying states of mU-HO™ along the PT reac-
ionization from water —+—3A" tion coordinate. The proton is moved from
the water molecule to the mU oxygen site.
The 5th ionized state, 3A”, in which the
hole is located on the water molecule, shows
no barrier facilitating downhill PT. PT from
lower ionized states is possible, but involves
o] &% ~ changes in electronic wave function charac-
ter and requires more than 10.2 eV photon
energy. The left panel shows the experi-
mental ratio between the [mU(D20)3]™ and
. . . . . . [mU(D20)2D] " signals; it shows dramatic
[mUeH,01" mUH"+OH*  enhancement in PT when the 3A” state is
accessed.

2.19eV

2.61eV

2.2 Modeling photodetachment spectra

Calculations of photoionization/photodetachment energies and photoelectron spectra is in-
strumental for interpretation of experimental studies that are using photoionization as a
diagnostic tool. This study was motivated by the discrepancies between three experimental
studies aiming to measure photodetachment spectrum and detachment energy of HBDI. We
first performed careful benchmarking of a smaller system, phenolate anion, and found that
theory can accurately reproduce both energetics and the spectrum (see Fig. 2). The impor-
tant results are: (i) DFT using wB97X-D functional agrees well with coupled-cluster and
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equation-of-motion methods; (ii) both diffuse functions and high level of polarization are
important, for example, Dunning basis sets are superior to similar quality Pople basis sets,
i.e., the aug-cc-pVTZ and 6-311+,+G** results differ by 0.3 eV; (iii) the maximum in the
spectrum corresponds to the 00 transition — therefore, the computed vertical detachment
energy differs considerably from the spectrum maximum. The computed and experimental
00 transitions differ by 0.06 eV. The computed spectrum of HBDI has the same feature —
the most intense transition is 00; thus, the computed vertical detachment energy should
not be compared with the experimental maximum. Our calculations of HBDI suggested a
possible cause of the discrepancies between different experiments.

07— e

--- unsclaed, unshifted FWHF=0.01
— experiment, Lineberger (PES) -

| meaked hited 1 Figure 2: Comparison of the computed

7 (wB97X-D/aug-cc-pVTZ) and experimental
4 photoelectron spectrum of phenolate. The
computed spectrum is shifted by +0.06 eV
to match the experimental 00 transition. The
7 wB97X-D/aug-cc-pVTZ value of detachment
| energy is within 0.05 eV from the CCSD(T)
1 and EOM-IP-CCSD results.
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2.3 Benchmarking of non-collinear SF-TDDFT

Many of the so-called “multi-reference” situations, which are common in molecules with
stretched bonds and unpaired electrons, can be efficiently described by robust and efficient
single-reference approaches based on equation-of-motion or linear response formalisms. In
particular, electronic states of polyradicals can be described as spin-flipping excitation from
well-behaved high-spin reference states, which is exploited in the spin-flip (SF) approach.
When implemented within DFT, the SF method extends DFT to systems with exten-
sive electronic degeneracies, such as diradicals, triradicals, and even transition metals. We
implemented! a general non-collinear variant of SF-TDDFT, which improved the accuracy
of original (collinear) SF-TDDFT. The initial study' focused on energy gaps in a variety
of organic diradicals and open-shell atoms (41 energy gaps). Recently, we extended our
benchmark studies to species containing transition metals, such as organometallic molecules
considered as building blocks for molecular magnets. We find that SF-TDDFT performs
consistently well for this extended set and reproduces small energy gaps ranging from 0 to
800 cm™!. As in the case of purely organic molecules, B5050LYP and PBE50 show the best
performance. Currently, we are investigating the effect of ECP on the overall performance

(Fig. 3).
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Figure 3: Singlet-triplet gaps
-100 (em~!) in a di-copper compound
(shown below). The experimental
value is -286 cm~!. We observe that
using triple-zeta quality basis set on
light atoms (denoted by 3) is im-
portant. Furthermore, Stuttgart’s
ECPs (lower panel) perform bet-
ter than LANL2Z, CRENBL, and
80 SRSC (upper panel). B5050LYP
and PBES50 show the best perfor-
mance for this and seven other
copper-containing complexes that
we considered so far.
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3 Current developments and future plans

Currently, we are pursuing modeling of electronic structure and dynamics of several
radicals relevant to combustion. We are working on improving numeric stability of analytic
gradients for non-collinear SF-TDDFT. We are also working on improving our Dyson orbital
formalism for quantitative calculations of photoionization cross sections.
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I.  Scope of the Project

Understanding the fundamental chemical processes that govern combustion phenomena offers
the opportunity to optimize combustion for improved engine efficiency and minimization of
pollutant formation. Combustion is a complex process involving short-lived radicals, highly
excited states, transport processes, heterogeneous chemistry, fluid dynamics, and energy transfer.
Vacuum ultraviolet (VUV) light from the Chemical Dynamics Beamline of the Advanced Light
Source is a powerful tool to selectively investigate the individual component processes involved
in combustion with the aim of improving understanding as a whole. Several experimental
techniques are used to work towards this goal; one such apparatus for gas-phase reactions is a
multiplexed photoionization mass spectrometer (MPIMS), which was co-constructed with David
Osborn and Craig Taatjes of the Sandia Combustion Research Facility. Another is an aerosol
mass spectrometer, and a third is a molecular beam source for VUV probing of radical species.
Coupling of a shock tube to the beamline, with Robert Tranter of Argonne National Laboratory,
as well as a jet-stirred reactor with Craig Taatjes, provide original platforms for innovative
investigations.

II. Recent Progress

A. Gas-Phase Chemistry

During the combustion process a multitude of gas-phase species are formed, react with others
and are destroyed. The molecules produced at the end of this chain process are dependent on the
isomers formed at each stage. Recently, the MPIMS was employed to study the reaction
between CH and acrolein. It was found that H-loss from the adduct between the reactants is the
dominant reactive pathway and that the principal product is 1,3-butadienal, with a branching
fraction of 51 + 36%. Significantly, the second most abundant product isomer is furan, an
oxygen heterocycle, with a branching fraction of 30 + 26%. Currently, the reactive pathways
that lead to oxygen-heterocycles in combustion environments are not well understood and so the
result is significant for an awareness of this class of compounds in combustion environments.
Moreover, the cyclization step competes effectively with more entropically, but less
energetically, favorable pathways such as direct H-loss. More generally, the CH + propanal and
CH + butanal reactions have been investigated as part of a project to understand CH reactivity
with the aldehyde functional group. The goal is to be able to predict the products that are likely
to be formed in the reaction of CH with larger aldehydes.

B. Heterogeneous Chemistry

In order to understand the elementary heterogeneous processes that govern the performance of a
combustion system, model systems are required that can successfully reproduce the primary
characteristics of larger molecules. The reactions of organic aerosol particles with radicals such
as OH, and halogen atoms in the presence of oxygen represent such model systems, which allow
the complex radical chain chemistry associated with combustion reactions to be studied under
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ambient conditions. The role of heterogeneous chemistry will occupy a greater prominence as
low volatility oxygenated fuels are direct-injected into combustion chambers, coating cylinder
walls, injectors and valves. The reaction of I atoms with sub-micron droplets composed of
squalene and squalane was investigated in an atmospheric pressure flow tube in order to examine
how hydrogen abstraction competes with radical addition when C=C bonds are present. The
results show no evidence of product formation with squalane droplets (no C=C bonds), but with
unsaturated squalene droplets (6 C=C bonds) new peaks appear in the spectrum that can be
attributed to iodated squalene. Clear evidence that I atoms add sequentially to the squalene
double bond during the reaction is found, and the number of adsorbed I atoms appears to
correlate the number of C=C bonds present. The reaction of OH radicals, in the presence of O,,
with sub-micron oleic acid, linoleic acid and linolenic acid particles has been measured in a
photochemical flow reactor. Oleic acid, linoleic acid, and linolenic acid have one, two, and three
double bonds, respectively. Kinetic measurements find that the uptake coefficient for OH on
these unsaturated fatty acid particles in the absence and presence of O, is larger than unity,
providing clear evidence for particle phase secondary radical chain chemistry that accelerates the
rate of particle oxidation. In addition, the uptake coefficient is inversely proportional to the
concentration of OH, signaling a chain termination step by OH that competes with the chain
propagation steps. Using a sequential oxidation model, it is found that non-oxidative secondary
chain reactions accelerate the reactive depletion rate of the molecular species. In an
investigation to probe how molecular structure influences the reaction rates and chemical
mechanism in the OH-initiated reaction, it was found that the reactive uptake coefficient for OH
+ squalene is smaller than those measured for linoleic and linolenic acid. This suggests that the
chemical mechanism for branched unsaturated organic particles may be different from that of
linear unsaturated organic particles. In another study, the effect of O, concentration on the
reaction kinetics of squalane aerosol particles with OH radicals has been investigated using a
continuous flow stirred tank reactor (CFSTR). The CFSTR allows for much longer interaction
times between the radicals and the aerosol particles than would typically be found in flow tube
experiments. Preliminary results suggest that the OH uptake coefficient decreases substantially
when the O, concentration is increased from 5 to 10%. This important finding indicates that
high O, concentrations effectively suppress radical chain cycling chemistry within the droplet.

C. Collaborations at the Beamline

With Barney Ellison (Univ. of Colorado, Boulder), John Daily (Univ. of Colorado, Boulder),
John Stanton (Univ. of Texas, Austin) and David Osborn (Sandia), the unimolecular dissociation
and bimolecular reactions in acetaldehyde decomposition were characterized. These studies
were extended to furan and methyl furan, and experiments are underway to quantify branching
ratios as a function of reaction temperature. Ralf Kaiser (U Hawaii, Manoa) and Alex Mebel
(Florida International Univ.) investigated the formation mechanisms of polycyclic aromatic
hydrocarbons (PAHs) with an indene core in hydrocarbon-based combustion processes.
‘Directed synthesis’ of the PAHs was performed in situ in a supersonic molecular beam through
reaction of pyrolytically generated phenyl radicals (C¢Hs) with hydrocarbons inside the heated
microtubular reactor. By selecting the reactants, allene (H,CCCH;), methylacetylene (CH;CCH),
propylene (CH3;C,H3), diacetylene (HCCCCH), vinylacetylene (HCCC;,H3), and 1,3-butadiene
(C,H3C;,Hs), these studies access the important CoHy (x=8,10) potential energy surfaces; among
them are the crucial combustion intermediates with an indene core. A very recent effort to probe
high pressure-high temperature chemistry at the beamline involved the coupling of a novel
miniature high repetition rate shock tube (HRRST) developed by Rob Tranter (ANL). The
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scientific driver for this particular project is to examine the existence of roaming pathways that
lead to molecular rather than radical products when a molecule (acetaldehyde, dimethyl ether)
thermally dissociates.

D. Development of a Jet-Stirred Reactor

A high temperature (500-1100 K) and high pressure (1-10 atm) jet-stirred reactor (JSR) system,
which can be used to investigate the chemical transformations in well-defined conditions
comparable to those occurring in combustion engines, was designed and is being built. In
conjunction with the VUV photoionization aerosol and molecular beam mass spectrometers, the
JSR will be used to investigate hydrocarbon oxidation reactions in the gas and particle phase, in
addition to biofuel droplet evaporation, differential evaporation, and decomposition. The main
innovation of the designed experimental setup consists of the application of aerosol mass
spectrometry and analysis techniques to probe high pressure- and temperature-dependent particle
formation and destruction chemistry.

III.  Future Plans

Future directions in the gas-phase combustion project involve studying the reaction of CH with
methanol, which has been the subject of computational research and yet experimental results
regarding the isomers formed in the reaction are not known. Understanding the reaction of CH
with such a fundamental small molecule, the smallest alcohol, will be important for combustion
modelling. In addition, the reaction of CH with oxygen-heterocycles and branched aldehydes
will be probed. Cyclic compounds play an important role in combustion and the insights
obtained on the branched aldehydes can be compared to those for the linear aldehydes and
analogies drawn. The heterogeneous studies will extend several aspects of existing work. Recent
improvements of the experimental setup are expected to reduce the amount of residual O, to a
limit that will allow the study of hydrocarbon radicals with aerosols. The JSR will be utilized for
studying heterogeneous chemistry of methyl esters, for example, methyl stearate, methyl oleate,
and methyl linoleate. This series of molecules, differing by the number of unsaturated bonds,
will be used to investigate the dependence of differential evaporation and oxidation pathways on
molecular structure for a range of droplet-oxidizer concentrations. Other future systems to be
studied include polycyclic aromatic hydrocarbon (PAH) particle formation chemistry. The
phenyl radical is a key intermediate in the PAH formation process and its reactions will be
investigated to better understand particle formation. The mass yields and chemical composition
of particles formed will be studied. In addition, the reaction of methyl substituted phenyl radicals
with O, will also be studied to understand how the presence of methyl side groups may influence
PAH particle formation. To develop an overall understanding of combustion processes it is
helpful to combine experimental studies with kinetic modeling. However, traditional kinetic
models based on coupled differential equations become unwieldy when treating complex
systems such as heterogenous oxidation reactions. To this end, a stochastic model is being
developed that will treat all mechanistic pathways of the reaction in addition to adsorption onto,
and diffusion within, aerosol droplets. Such a model for heterogeneous oxidation reactions will
allow the effect of a range of parameters on the oxidation process to be efficiently tested and will
ultimately better inform future experimental studies.
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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?I1 band system. However, collision partners
known to quench electronically excited OH A’x* 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-BES funding in the Lester laboratory is aimed at
understanding the fundamental chemical dynamics governing quenching of OH A%=* by molecular
partners (M = H,, Ny, O,, CO, CO,, H,0) of significance in combustion environments.

1. Recent Progress
A. A new spectroscopic window on hydroxyl radicals using UV+VUYV resonant ionization

Although OH is readily detected using LIF on the A°2*~X°II transition, a quantum state-selective
ionization scheme has been a long-standing goal. We have developed a new UV+VUYV ionization
scheme: the UV photon prepares the A?S* valence state as the resonant intermediate state and a
subsequent fixed frequency VUV photon at 118.2 nm (10.490 eV) provides sufficient energy to ionize.*
The UV+VUV scheme accesses autoionizing Rydberg states that converge on the OH* A’IT ion state.
The onset of ionization with the A-X (1,0) band is attributed to an energetic threshold to accessing this
Rydberg series. Recent studies have focused on a detailed comparison of REMPI vs. LIF intensities for
various OH A-X (1,0) lines, which avoids complications due to temperatures (population) or line
strengths (saturation). The ratio of REMPI to LIF yields an enhancement profile for A-X (1,0) excitation
that coincides with the OH [AI, 3d], v = 0 Rydberg feature. This sensitive ionization scheme for OH
radicals is applicable to velocity-map ion imaging of fundamental reaction, photodissociation and
inelastic collision dynamics, as will be demonstrated in future research.

B. Outcomes of collisional quenching of electronically excited OH A’E" radicals

1. Reactive quenching of OH A%Z* by O, and CO

We have examined the outcomes following collisional quenching of electronically excited OH A’z*
by O, and CO in a combined experimental and theoretical study.? The atomic H- and O-atom products
from reactive quenching were probed using two-photon laser-induced fluorescence to obtain the relative
yields of these products. Doppler profiles of the H-atom fragments are analyzed to obtain the average
kinetic energy and, as indicated, the percentage of available energy released as translation to H + O
(35%) or H + CO, (6%) products. For O-atom products, we lack the laser resolution required for Doppler
measurements, but we are able to show a nearly statistical fine structure distribution. Most interesting is
the branching fraction: The experimental product branching ratios show that the O-atom producing
pathways are the dominant outcomes of quenching: the OH A’Z* + O, — O + HO, channel accounts for
48(3)% of products and the OH A’X* + CO — O + HCO channel yields 76(5)% of products. Theoretical
studies also characterized the properties of energy minimized conical intersections in regions of strong
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nonadiabatic coupling accessible from the OH A’Z* + CO asymptote. Energy minimized points were
located on a seam of conical intersection from the OH A?Z* + CO asymptote to a conical intersection with
an extended OH bond length and the H-side of OH pointing towards CO in a bent configuration. This
region, exoergic with respect to the reaction asymptote, is likely to be the origin of the dominant O +
HCO product channel.

2. Nonreactive quenching of OH A’Z* by Kr

Finally, we have examined the OH X°IT (v"=0-2) products from quenching of OH A’Z* (v'=0) by Kr;
notably He, Ne, and Ar do not quench OH A%Z*. As observed previously with H,, N,, and O, partners,
we find highly rotationally excited OH X°IT (v"=0) products. Ongoing theoretical work by Millard
Alexander and coworkers has shown strong nonadiabatic coupling between the OH (A%Z*, X°IT) + Kr
potentials of A" symmetry for a crossing (linear) or avoided crossing (non-linear) in Kr-O-H orientations,
but not in Kr-H-O configurations where the crossing lies at much higher energy. This 3D system seems
to mirror many of the nonadiabatic effects we have unraveled in HO-H, (6D), making it more tractable
for dynamical calculations.

C. New velocity map imaging apparatus: Calibration and first results

DOE provided supplementary equipment funds that enabled us to construct a new velocity map
imaging (VMI) apparatus, an experimental method first developed by Chandler and Houston® and further
expanded by Eppink and Parker.*> Sydor Instruments designed and constructed the coupled detector,
CCD camera, and MCP gating module system based on our specifications along with a custom light-tight
camera enclosure with access for lens focusing. The ion optics assembly is based on the modified design
of Suits and coworkers.®

The new VMI instrument has been calibrated using photolysis of O, around 226 nm. In a one-color
experiment, O, is photodissociated into O (°P,) + O (*P;, where J=2,1,0) and O (°P,) is subsequently
ionized via (2+1) REMPL.” The known Kinetic energy release corresponds to the radial distribution of the
image; the raw image is reconstructed using pBASEX.2 Our velocity resolution of ~4% is excellent
compared with previous studies, which reported resolution of 10% or less. Our apparatus also has 2D
slicing capability with a 10 ns temporal width, which will yield even better velocity resolution.

First new scientific results using VMI: The photodissociation dynamics of CH,l, in the ultraviolet
range of 277-305 nm via the two lowest B, excited states has been well studied using one-color velocity
map ion imaging and photofragment translational spectroscopy.’ We have carried out a two-color
experimental study in which CH;l, is photodissociated by 248 nm via the B, or A, excited states to give
CH,l and 1 (°P35,) or I (Py,). The iodine atoms are then state selectively ionized using a (2+1)
resonance-enhanced multiphoton ionization process near 310 nm and detected by VMI. Preliminary
results show about 85% of the available energy is being funneled into the internal energy of the CH,l
fragment, consistent with prior infrared emission results of Baughcum and Leone.”® The anisotropy
parameter derived from the image indicates this is a fast dissociation process and reflects the character of
the electronic transition. The internal energy distribution of the CH,I fragment is of particular interest
because of its subsequent reaction with O, in a near thermo-neutral reaction to produce the smallest
Criegee intermediate, CH,00.""** \We anticipate that the internal energy contained in CH,I will likely be
carried forward into CH,OO0.

I11. Future Work

Our ongoing research is focused on the outcomes of collisional quenching of electronically excited
OH A%z radicals. Specifically, the experimental studies are examining reactive quenching processes that
generate chemically distinct products as well as nonreactive quenching processes that return OH A*z*
radicals to their ground X°IT electronic state, the latter with an emphasis on the energy transferred to the
collision partner. The observed product state distributions from reactive and nonreactive quenching
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processes are used to identify the forces acting on the nuclei as the system switches from the
electronically excited to ground state potential energy surface. The systems investigated and
experimental methods utilized are being expanded to probe previously unobserved outcomes of
collisional quenching. Finally, collaborations are being developed with theoretical groups to obtain a
comprehensive model for quenching consistent with kinetic rate measurements, product branching ratios,
guantum state distributions, and kinetic energy release.
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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

a) Classification of Nodal Pockets in Many-Electron Wave Functions via Machine
Learning (with E. LeDell, Prabhat, D. Yu. Zubarev, and B. M. Austin)

The accurate treatment of electron correlation in quantum chemistry requires
solving the many-electron problem. If the nodal surface of a many-electron wave
function is available even in an approximate form, the fixed-node diffusion Monte
Carlo (FNDMC) approach from the family of quantum Monte Carlo (QMC) methods
can be successfully used for this purpose. The issue of description and classification
of nodal surfaces of fermionic wave functions becomes central for understanding
the basic properties of many-electron wave functions and for the control of accuracy
and computational efficiency of FNDMC computations. In a recent study, we began
to explore the approach of automatic classification of nodal pockets of many-
electron wave functions. We formulated this problem as that of binary classification
and applied a number of techniques from the machine learning literature. We
implemented these techniques on a range of atoms of light elements and
demonstrated the capability of each. We observed that classifiers with relatively

simple geometry performed poorly on the classification task; methods based on a
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random collection of tree-based classifiers appeared to perform best. We identified
computational challenges and complexity associated with applying these techniques

to heavier atoms.

b) From Aromaticity to Self-Organized Criticality in Graphene (with D. Yu. Zubarev and
M. Frenklach)

The unique properties of graphene are rooted in its peculiar electronic structure
where effects of electron delocalization are pivotal. We have shown® that the
traditional view of delocalization as formation of a local or global aromatic bonding
framework has to be expanded for these systems. A modification of the p-electron
system of a finite-size graphene substrate results in a scale-invariant response in the
relaxation of interatomic distances and reveals self-organized criticality as a mode
of delocalized bonding. Graphene is shown to belong to a diverse class of finite-size
extended systems with simple local interactions where complexity emerges
spontaneously under very general conditions that can be a critical factor controlling
observable properties such as chemical activity, electron transport, and spin-

polarization.

c) Correlation of Oxiradical Kinetics with Aromaticity (with D. E. Edwards, X. You, D.
Yu. Zubarev, and M. Frenklach) See the Frenklach abstract in this book.

d) Oxidation of Phenanthrene Radicals by OH (with D. E. Edwards, X. You, D. Yu.
Zubarev, and M. Frenklach) See the Frenklach abstract in this book.

Future Plans

The present level of development of the two central QMC approaches,
variational Monte Carlo (VMC) and FNDMC, is sufficiently high that they can be used
routinely to compute ground state energies of molecular systems. Certain basic and
methodological aspects of QMC still need refinement and development, especially
for electronically excited states and open-shell systems. Future research
incorporates these aspects. The first direction is system-specific research that aims

to address issues relevant to experimental investigations carried out by CSD PIs.
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This direction is primarily dedicated to utilization of existing QMC methodology for
computations of various energetic characteristics of molecules, such as reaction
energies, reaction barriers, electron affinities and detachment energies. FNDMC is a
reliable source of these values even with the simplest available trial wave functions
of Hartree-Fock (HF) or Kohn-Sham (KS-DFT) quality. The second direction is
directed at the extension of the FNDMC method to the domain of problems that
previously have not been addressed by the approach.

Exploration of reactions on graphene will continue in collaboration with
Michael Frenklach’s group. One of the immediate goals is investigation of the triplet

potential energy surface for the phenanthrene + OH reaction.
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Development of Kinetics for Soot Oxidation at High Pressures Under Fuel-

Lean Conditions
JoAnn S. Lighty
Department of Chemica Engineering, University of Utah, jlighty@utah.edu
Randall Vander Wal
Dept. of Energy and Mineral Engineering, Pennsylvania State University, ruv12@psu.edu

I. Project Scope

The focus of the proposed research is to develop kinetic models for soot oxidation with the hope of
developing a validated, predictive, multi-scale, combustion model to optimize the design and operation of
evolving fuels in advanced engines for transportation applications. The work focuses on the relatively
unstudied area of the fundamental mechanism for soot oxidation. The objectives include understanding of
the kinetics of soot oxidation by O, under high pressure which require: 1) development of intrinsic
kinetics for the surface oxidation, which takes into account the dependence of reactivity upon
nanostructure and 2) evolution of nanostructure and its impact upon oxidation rate and 3) inclusion of
internal surface area development and possible fragmentation resulting from pore development and /or
surface oxidation. These objectives will be explored for a variety of pure fuel components and surrogate
fuels.

This project isajoint effort between the University of Utah (UU) and Pennsylvania State University
(Penn State). The work at the UU focuses on experimenta studies using a Two-Stage burner and high-
pressure TGA. Penn State will provide HRTEM images and guidance in the fringe analysis algorithms
and parameter quantification for the images.

1. Recent Progress

A. Fuel components
Soot samples from pure fuels and surrogates were studied. For this study, a mixture of n-dodecane/m-
xylene was used as a surrogate for jet fuel. Normal-butanol and n-dodecane were chosen as an
oxygenated surrogate fuel. A commercial black carbon, Carboxen 1000, was used as a reference. Three
model black carbons, ranging from amorphous to onion-like structures are currently being evaluated to
obtain a better understanding of the role of nanostructure on oxidation.

B. Oxidation Studies

The estimation of the kinetic parameters for a variety of fuels and pressures was completed by utilizing a
high-pressure thermogravimetric analyzer (HTGA), Cahn TherMax 500. The first step was to find the
most favorable experimental conditions such as initial sample mass and the oxidizer gas flow rates to
minimize the diffusional limitations.® An inert material was added to “fill” the crucible to reduce the
film diffusion thickness between the top of the crucible and the sample.>* In addition, an algorithm was
developed to account for the actual rates versus those rates obtained from the experiment.®” Corrections
to kinetic parameters obtained from the mass data Arrhenius plots® were found from these effectiveness
factors. Multiple isothermal tests were performed at varying temperatures (from 550 to 650°C, with
increments of 25°C). A heating rate of 10°C/min was used to reach the oxidation temperature under a
controlled gas environment. Nitrogen flowed at 0.55 L/min through the microbalance to protect it. The
oxidizer, amixture of O,/ N,, flowed at 1 L/min.

The activation energy values estimated in this work for m-xylene, n-dodecane, and surrogate jet fuel
mixture soot samples were found to range between 154 and 165, which are in the range reported by
Ciampelli et a.®, Otto et al."* and Neeft et a.'' Carboxen results were aso found to be in the range
previously reported, approximately 140 kJ/mol.** Results were not dependent upon pressure and the pure
fuels had similar results as compared to the mixture.
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To study the effect of oxygenated fuels on the kinetic parameters, a variety of tests were carried out with
n-butanol and with a 40/60 (molar base) mixture of n-butanol/n-dodecane. The experiments were
conducted at atmospheric pressure, 21% O, in N,, and temperature range from 400 to 625°C. The
activation energy values were found to be 114 kJ/mol for n-butanol and 129 kJ/mol for the mixture of n-
butanol/n-dodecane. Figure 1 shows the mass loss for these fuels, and the surrogate jet fuel, based on the
kinetic parameters obtained. As seen in this figure, the kinetics for the pure butanol are the fastest,
followed by butanol/dodecane, and the slowest is the
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C. Nanostructure Comparison of Various Soots
Penn State performed HR-TEM analysis for the above-referenced soots to explore the effect of
nanostructure. The nanostructure analysis was performed by using a custom a gorithms devel oped by Dr.
Vander Wal’s group for fringelength and tortuosity. **** The HR-TEMs and fringe analyses are shown in
Figure 2.
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D. Effect of Pressure on the Nanostructure of Oxidized Soot

For these studies, soot was collected for the various fuels and then oxidized in the HTGA at 575°C, 21%
oxygen, until 50% mass loss. Three pressures were studied: 1 atm, 10 atm, and 40 atm. For pure fuels,
butanol and n-dodecane did not show a change in the fringe length with a change in pressure. However,
m-Xylene exhibited some change in structure with oxidation pressure. The fringe length increased and
(not shown here) the tortuosity became broader, suggesting more curvature in the structure. Butanol and
n-dodecane did show some differences between the “nascent” soot and the 10 atm oxidation. No real
differences were identified between oxidation at 10 and 40 atm. The butanol showed longer fringe
lengths and more curvature, while dodecane exhibited the opposite behavior. For the mixtures, the most
prominent fringe-length differences were found for the butanol/dodecane mixture. As seen in Figure 4,
the fringe length decreases with pressure and the tortuosity increases, suggesting a more curved structure.
This unique observation could be a hybrid of external surface oxidation, or shrinking core oxidation, and
internal burning of the particle. Thisisrelevant to transportation fuels, such as gasoline and diesel, since
these fuels are blends of petroleum-based components and oxygenates, in the form of either ethanol or
biodiesd. These results suggest that synergies between fuel components might account for different
oxidation models and rates. Our intent is to pursue studies with representative aromatic components
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ternary  mixtures
of all three
chemical classes:

& EE b oxygenates,
g 15 N ] paraffins, and
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I11. Future Plans

We have just started to look at the oxidation kinetic and nanostructure of model carbons, ranging from
amorphous to onion-like nanostructures. These carbons feature uniform morphology and homogeneous
edge versus basal plane sites, and can form a baseline by which to gauge rates and activation energies
towards mechanistic models and more understanding of the role of nanostructure.

Also, we will continue with our work on butanol as an additive to dodecane to explore the oxidation
kinetics with afocus on the amount of the oxygenated fuel and nanostructure.
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Computational Flame Diagnostics for Direct Numerical Simulations

with Detailed Chemistry of Transportation Fuels
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I. Program Scope

The goal of the proposed research is to create computational flame diagnostics (CFLD) that are
rigorous numerical algorithms for systematic detection of critical flame features, such as ignition,
extinction, and premixed and non-premixed flamelets, and to understand the underlying physicochemical
processes controlling limit flame phenomena, flame stabilization, turbulence-chemistry interactions and
pollutant emissions etc. The computational diagnostics will be based on quantitative information
extracted using CFLD from high-fidelity datasets generated from direct numerical simulations (DNS).
The goal will be accomplished through an integrated approach combining mechanism reduction, DNS of
flames at engine conditions, computational diagnostics, turbulence modeling, and DNS data mining and
data reduction. Specifically, non-stiff reduced mechanisms for transportation fuels that are amenable for
three-dimensional DNS will be derived through rigorous algorithmic development for detailed chemical
kinetics that can be highly nonlinear, chemically stiff and extremely large in size. DNS for premixed and
non-premixed flames at diesel and homogeneous charge compression ignition (HCCI) engine conditions
using non-stiff reduced chemistry will be performed through a collaborative effort with Sandia (Dr. J.H.
Chen). The resulting DNS data will be systematically diagnosed with CFLD, e.g. based on chemical
explosive mode analysis (CEMA) [i], to systematically extract and understand the critical flame features,
and to validate and improve mixing and combustion models for turbulent flame simulations. Systematic
methods for DNS data reduction/reconstruction, without significant loss of chemical kinetic information,
will be developed to improve the efficiencies of data storage, transfer and processing for petascale DNS.

II. Recent Progress

The program started on Sept. 1, 2012. During the reporting period, reduced mechanisms for
transportation fuels, including primary reference fuels (PRF) and n-dodecane, were being developed and
validated for DNS and other flame simulations. Development and validation of computational diagnostic
algorithms based on CEMA and bifurcation analysis is in progress, as summarized in the following.

A. Development of non-stiff reduced mechanisms for DNS and other flame simulations

Detailed mechanisms for transportation fuels involve a large number of species and reactions and
can induce severe chemical stiffness, and thus are computationally expensive for DNS and other flame
simulations. A systematic approach based on the directed relation graph (DRG) method, analytically
solved linearized quasi steady state approximations (LQSSA) and dynamic chemical stiffness removal [ii]
was employed to obtain an accurate reduced mechanism for PRF that is suitable for DNS of HCCI
combustion. The reduction was based on a detailed LLNL mechanism (ver. 3) for PRF with 1271 species
[iii]. The non-stiff reduced mechanism consists of 116 species, while it’s comparable to the detailed
mechanism in comprehensiveness and accuracy, as demonstrated in Fig. 1 for ignition and extinction for
selected parameter ranges.

The non-stiff reduced mechanism was then employed in a 2-D DNS of HCCI with PRF
(collaboration with C.S. Yoo). The DNS results (Fig. 2a) were diagnosed with CEMA to identify the
auto-igniting mixtures (red), near-equilibrium combustion products (blue), and propagating flame fronts
(black isocontour) as shown in Fig. 2b. The relative importance of auto-ignition and premixed flame
propagation in controlling the HCCI combustion rate was quantified.
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Figure 1. Comparison of the 171-species skeletal and 116-species reduced mechanisms with the detailed
mechanism for a) constant-pressure ignition delays, b) extinction temperatures in PSR [1].

(a) Temperature (1000 K) (b) sign(2,,) x log,(max(1, [Da))
- - -\\.. - :

e 2.1 6.0
g 1.9 4.0
= 1.7 2.0
1.5 0.0

1.3 2.0

1.1 -4.0

> 0.9 > -6.0

x (mm) x (mm)

Figure 2. Isocontour of (a) temperature, and (b) a Damkdéhler number defined on CEMA, for a 2-D DNS of HCCI
with PRF/air at /1;; = 0.95 with 15K RMS initial temperature fluctuations (Simulation by C.S.Yoo) [1].

To simulate lifted jet flame combustion at diesel engine conditions, a detailed mechanism for n-
dodecane was updated, reduced and integrated into diesel engine simulations (collaboration with W.J.
Pitz and S. Som) [2]. The updated detailed mechanism consists of more than 2000 species involving the
negative temperature coefficient (NTC) chemistry. A 106-species skeletal mechanism was derived and
employed to simulate a lifted diesel jet flame as shown in Fig. 3. The skeletal mechanism was
comprehensively validated in 0-D, 1-D and 3-D combustion systems. Good agreement was observed in
the flame lift-off length (LOL) as shown in Fig. 3, which compared the simulated temperature isocontour
(by S. Som) and experimentally measured OH chemiluminescence data [iv].

B. A bifurcation analysis to identify important reactions for limit flame phenomena
A bifurcation analysis was developed (manuscript in preparation) to systematically identify limit
flame phenomena, including ignition, extinction and changes in flame stability, and to understand the
underlying physicochemical processes controlling the limit phenomena of steady state flames. A
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bifurcation index was further defined to quantify the importance of the reactions and the mixing/transport
process to the limit phenomena. Figure 4a shows the S-curve for a rich DME/air mixture with NTC

behaviors in a steady state perfectly stirred
reactor (PSR). The actual flame ignition and
extinction states, which may be different
from the conventionally regarded turning
points, were rigorously detected by
bifurcation analysis as the transition states
between the stable (solid lines) and unstable
(dashed lines) states.

Controlling reactions for the
ignition and extinction states were identified
by the bifurcation indices as shown in Fig.
4b for the extinction state of the strong
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flames (E2’ in Fig. 4a) and that of the cool 1800
flames (E1°), respectively. It was found that
the strong flame extinction was primarily
controlled by the reactions relevant to CO
formation, while the extinction of the cool
flames involves the NTC chemistry, as
expected.

The importance of the reactions in
Fig. 4b identified with the bifurcation
analysis was verified by perturbing the “A”-
factors and recalculating the extinction states with the perturbed mechanisms. It was found that
uncertainties (or perturbations) in the “A”-factors of such identified reactions have significant effects on
the corresponding extinction states as shown in Fig. 5, and thus their rate parameters should be
determined with high accuracy in detailed kinetics. In reduced chemistry, the “A”-factors of these
reactions can be slightly tuned to obtain highly reduced mechanism that can accurately predict ignition,
extinction and onset of flame instabilities.
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Figure 3. OH chemiluminescence image [iv] and simulated
temperature contour plot for a lifted jet flame of n-dodecane
into heated air (RANS simulation by S. Som).
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Figure 4. (a) The S-curve for a rich DME/air mixture in PSR (solid lines: stable, dashed: unstable). (b) and (c) the
important reactions identified with bifurcation indices for the extinction of strong and cool flames, respectively.

III. Future Work

In the next stage of the proposed research, we plan to further validate and finalize the reduced
chemistry for gasoline and diesel surrogates and generate 2-D and 3-D DNS data with the reduced
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mechanisms. Dynamic adaptive chemistry and other reduction algorithms will be further investigated to
achieve highly efficient flame simulations. Computational diagnostic methods will be created by
extending CEMA and the bifurcation analysis for both spatially homogenous and diffusive flames for
systematic identification and modeling of the critical flame features in complex turbulent flames. DNS
data reduction will also be investigated.
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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. 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 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 been focused on fs CARS, although the systems will be
useful for a wide range of future diagnostic technigues involving two-photon transitions.

Over the past year we have continued our PS measurements of atomic hydrogen in flames. We
developed and optimized a new laser system for the PS measurements of atomic hydrogen featuring
two injection-seeded optical parametric generator/pulsed dye amplifier (OPG/PDA) systems at 656 nm
and 486 nm. We are now in the process of developing and aligning a system with OPG/PDA stages
for generation of 460.2 nm and 480 nm beams for PS measurements of carbon monoxide. The 460.2
nm beam will be frequency-doubled to provide the 230.1 nm excitation beam for the two-photon X-B
transition, and the 480 nm beam will be used to probe the B-A transition.

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. We also
have modified the code to calculate PS and 6WM signal intensities based on spatial integration along
the signal beam path.

We also developed a new technique for simultaneous pure rotational and vibrational CARS
during the past year. This method takes advantage of a newly discovered two-beam phase-matching
scheme for pure rotational CARS.

I1. Recent Progress

A. Femtosecond CARS Calculations and Experiments

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 signal generation 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. Our Coherent ultrafast laser system operates at 5 kHz with a fundamental pulse
width of 60 fs and energy of over 2 mJ. The fundamental 800-nm pulse is Fourier-transform-limited
to within a few percent. The fundamental 800-nm beam is used as the probe beam for our chirped-
pulse-probe (CPP) fs CARS experiments as shown in Fig. 1. The greatly increased pulse energy of the
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diffusion flame using CPP fs CARS. The measurements were | € upper end, the signal-to-noise
perfomed 10 mm above the 5-mm-diameter nozzle exit plane, 9 ratl_o is still acceptable but_decreases
mm from the nozzle centerline rapidly as the temperature increases.

The physics of the CPP fs
CARS process was previously analyzed using a time-dependent density matrix analysis. 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. This
code is described in detail in publication P3.

B. Polarization Spectroscopy and Six-Wave Mixing: Experiments and Modeling Efforts

We developed and have continued to apply a new experimental apparatus for high-spectral-
resolution PS measurements. The system features two OPG stages that injection seeded at the idler
wavelength and pumped by the 355-nm third harmonic radiation from an injection-seeded Nd:YAG
laser. The signal radiation from OPGs is then amplified using two separate pulse dye amplifier stages.
The first species of interest for us was atomic hydrogen experiments featuring OPGs seeded at 1313
nm and 772 nm with signal outputs at 486 nm and 656 nm, respectively. This system is described in
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3Ds/, detail in P4. The 486-nm beam is then
3Papp T 3Ds), frequency-doubled to 243 nm for two-
3Py — 3S12 photon excitation of the 1S-2S resonance.
The 656-nm beam is used to probe the 2S-
< 3P transition using polarization
spectroscopy. The 656-nm beam is split
2P, into a relatively strong circularly polarized
2S — 4:: 2P pump beam and a linearly polarized probe
Fast Collisional beam. This energy level structure for this
Transfer process is depicted schematically in Fig. 3.
We have used this system in the past year
for an extensive investigation of atomic
hydrogen PS line shapes in near-adiabatic
hydrogen-air flames, and investigated the
accuracy and precision of concentration
measurements of atomic hydrogen in these
flames. The system is in the process of
being modified for planned measurements
of CO; this requires the new injection
seeding sources for the OPGs to produce signal wavelengths of 460.2 nm and 480 nm, and some
reconfiguration of the PDA stages for the 480-nm probe beam.

We are continuing our collaborative efforts with Dr. Thomas B. Settersten at Sandia’s
Combustion Research Facility on six-wave mixing (6WM) spectroscopy and PS of atomic hydrogen.
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 computer code has been modified
recently to compute the PS signal by integrating over the path length of the PS probe beam, a
modification that was necessary to account for the saturation of the 2S-3P transition in the
experiments.

——————

<

1Sy,

Figure 3. Energy level diagram for two-color PS of atomic
hydrogen.

C. Development of a New System for Combined Pure Rotational and Vibrational CARS

We have developed a new scheme for simultaneous generation and detection of pure rotational
and vibrational N, CARS using two 532-nm pump beams and a 607-nm dye laser beam. The
generation of both the pure rotational and the vibrational CARS signals is advantageous because pure
rotational CARS is an excellent
thermometry technique for
Signal o, temperatures below 1000 K, and
vibrational CARS is most accurate
for temperatures above 1000 K. The
pure rotational CARS signal is
generated by the interaction of either
04 =y - 0y + O3 K3, 03 K 532-nm beam with the 607-nm

______ L 01 beam, and is essentially collinear
3 0, with either 532-nm beam. The
phase-matching scheme for the two-
beam pure rotational CARS is

Pump o, + Stokes w,

Probe wg

shown in Fig. 4. Recent

developments in short-wave pass

v,J filters allow us to detect the pure

rotational CARS signal in the

Figure 4. Phase-matching for two-beam pure rotational CARS. presence of the very strong 532-nm
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beam. We have demonstrated the simultaneous detection of both pure rotational and N2 vibrational
CARS in near adiabatic hydrogen/air flames; these measurements and the experimental system are
discussed in P7.

I11. Future Work

We will continue to perform fs CARS experiments in our laboratory using the Coherent ultrafast
laser system. Our studies of concentration measurements using CPP fs CARS will continue. We will
explore the potential for using CPP fs CARS for accurate concentration measurements for water
vapor, a very hard species to measure using ns CARS. We will also investigate the potential for
measuring mixtures of hydrocarbon species.

Our investigation of the physics of two-photon, two-color PS and 6WM measurements of
species such as CO will continue. We have developed a new experimental apparatus for these
measurements and collected extensive line shape and concentration data for atomic hydrogen. We
have nearly completed the installation and alignment of the optics needed for two-color PS and/or
6WM studies of CO. We will be able to explore collisional effects on the PS and 6WM processes in
much more detail using a low-pressure cell filled with CO and different buffer gases. We will continue
to use the density matrix code for comparison with and interpretation of the data, and to gain insight
into the physics of the PS and 6WM processes.

In the future we plan to introduce a dual-pump CARS variant of the technique for sensitive
detection of three or more species along with the temperature measurement from both pure rotational
and vibrational CARS. We plan to combine the two-beam pure rotational CARS with a dual-beam
CARS system where the vibrational spectra for H, and N, are detected simultaneously.
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Time-Resolved Infrared Absorption Studies of Radical-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

The old rectangular reaction chamber has been replaced by a new stainless steel
cylindrical chamber, approximately 120 x 15 cm. The new chamber is heated by 6 barrel
heaters divided into 3 zones. Three PID controllers provide uniform heating along the
length of cylinder. Brewster-angle CaF, windows admit the UV laser photolysis and
probe laser radiation. The window holders are heated by separate heating elements. The
laser radiation passes through the center of the chamber remote from the walls.
Temperatures over 400 C can be obtained with a uniformity of about 3 Celsius degrees
over the length of the 150 cm optical path. The gas mixtures are injected into the
chamber through a series of fine holes evenly spaced along the length of the chamber by
a ¥ inch diameter stainless steel tube. The gases are preheated by placing another 1/8
inch diameter tube inside the first. This injection arrangement reduces the possibility of
back flow of chamber gases into the injection region by creating a large pressure
differential between the injection region and the chamber. Thus, measurements of rate
constants can be made over a large pressure range, from a few Torr to over several
hundred Torr.

NH,(X?B;) + NH,(X°B;) Recombination

171



Work is continuing on the study of NH, + NH; and NH, + H radical-radical
recombination reactions over an extended temperature and pressure ranges. The NH, +
NH; system is an ideal system to study the influence of different third bodies on a simple
radical-radical recombination reaction. The theoretical calculations of Klippenstein et al
(J. Phys. Chem. A 2009, 113, 10241) show that near 300 K bimolecular rate processes
make little contribution to the removal process of NH,; furthermore, these workers have
calculated the low and high pressure limits for this system. The reaction system is quite
straightforward:

NH3 —)193nm NH, + H
NH, + NH, —M 5 NoH, AHo, = -267.5 kI mole®. (1)

Both NH; and NH3; are monitored simultaneously following the photolysis laser
pulse. The loss of NH3 provides a direct measure of the NH; radical concentration. With
the extended mode hop free tuning range of the new dual cavity OPO laser, it is
straightforward to determine the NH3 concentration by recording on and of line laser
intensity.

As the pressure increases, the NH3 temporal profiles are sensitive to the
recombination rate reaction:

NH, + H — NH; AHg; = 4445kJmole™,  (2)

and it is possible to measure the recombination rate constant for reaction 2. To date, the
temperature and pressure dependence of reactions 1 and 2 have been made with CF, as
the third body over a temperature range of 295 to 450 K and pressure range of 2 to 100
Torr.

The pressure and temperature dependence of the NH; self-recombination reaction
rate constant was fit to Troe parameters by fixing k., to the theoretical estimate of
Klippenstein et al J. Phys. Chem A 113, 10241 (2009) and varying ko(T) and F,
assuming Fe is independent of temperature. With the extended pressure range the
determination of these parameters is better defined. At 295 K, the value of F was found
to be slightly reduced from the previous measurement to 0.50 and ko(295) = 7.4x10™%°
cm® molecule™ s™, 10 % smaller. The temperature dependence of ko was surprising
large, decreasing a factor of 5.5 over the temperature range. For CF, as third body, ko
had a T*° dependence compared to the theoretical prediction for ko with N, as collision
partner of T>’. For NH, +H, the measurements appeared to be in the low pressure
regime even up to 100 Torr and the bimolecular rate constants were linear with third
body pressure. The slope provided an improved measurement of ko(NHs) to be 5.7x10°
cm® molecule™ s™ at 296 K. The temperature dependence for ko(NH3) was found to be
T, There are no previous temperature measurements for this rate constant. Work is
continuing to further extend these measurements to both higher temperatures and
pressures.

OH(X?I1,) + OH(XI1,) — H,0 + O(P) abstraction channel
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Work has been started on the study of the OH + OH abstraction reaction as a
function of temperature. This reaction has important consequences in combustion
processes in its own right but also has been treated as a test case for the study of radical-
radical reactions in general. It is important to establish the rate constant for the abstraction
channel in order to determine accurate measurements of the recombination rate constant for
the OH + OH — H,0,. Previous work from this laboratory, (Bahng and Macdonald, J.
Phys. Chem. 111, 3850 (2007)) measured a rate constant at 295 K that was almost a factor
of two greater than the IUPAC recommended value. Recent work from another laboratory
( Sangwan and Krasnoperov, J. Phys. Chem. 116, 11817 (2012)), seemed to confirm the
IUPAC value and extended the temperature measurement to 400 K. However, these
workers used an indirect method to determine the rate constant in contrast to the direct
measurements of Bahng and Macdonald. Besides the inherent difficulty in measuring rate
constants for radical-radical reaction, this reaction is difficult to study because the rate

constant is much smaller than typical radical-radical reactions near 300 K.

In the present experiments, the OH radical was produced by the reaction of o(‘D)
with H,O, following the 193 nm photolysis of NZO The carrier gas was CF4, chosen to
lower the diffusion rate of OH and not quench O(*D). The OH radical was monitored on
the P1¢/11(4.5) line of the fundamental vibrational transition. The measurements were made
over the pressure range of 3 -12 Torr and temperature range of 295 — 647 K. First-order
loss by diffusion and flow play an |mportant role in these measurements. Generally, at
initial OH radical pressures < 2x10" molecules cm™, the abstraction reaction accounts for
less than 5% of the loss of OH and the dlffu5|on/flow rate constant can be estimated. The
rate constants are determined by profile simulations of the reaction system. At low
temperatures, recombination contributes to loss of OH but the rate constant decreases
significantly with increasing temperature. The results of the measurements so far are
summarized in Figure 1.

Publications 2009-present.

Determination of the rate constants for the radical-radical reactions NH,(X*B;) +
NH,(X?B;) Recombination Reaction with Collision Partners He, Ne, Ar, and N, at Low
Pressures and 296 K. Part 1, G. Altinay and R. G. Macdonald, J. Phys. Chem. 2012, 116,
1353-1367.

Determination of the rate constants for the radical-radical reactions NH,(X?By) +
NH,(X*B) and NH,(X?B;) + H Recombination Reactions with Collision Partners CH,
C,Hs, CO,, CF4, and SFg at Low Pressures and 296 K. Part 2, G. Altinay and R. G.
Macdonald, J. Phys. Chem. A, 2012, 116, 2161-2176.
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Figure 1. The results for the determination of the rate constant for the abstraction channel
for the OH + OH reaction at 294 and 647 K. Each red dot is the average of at least 6
separate measurements of Kons+on at the indicated pressure but different initial OH
concentrations. The error bars indicate the scatter in the experimental measurement at the
+ 1o level. The blue lines are the average of all the data at that temperature. The data at
294 K is in good agreement with previous measurements from this laboratory using
different laser systems, OH transitions and reaction chambers. Measurements at
intermediate temperatures are in progress.
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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

In this project, we investigate complex chemical mechanisms of PAH formation and
growth via theoretical studies of their critical elementary reactions. Our primary objectives
include (i) to unravel reaction mechanisms through detailed, accurate, and reliable calculations of
pertinent potential energy surfaces (PESs); (ii) to compute rate constants for individual reaction
steps and total absolute reaction rate constants and product branching ratios depending on reaction
conditions, such as collision energy or temperature and pressure; (iii) to characterize molecular,
energetic, and spectroscopic parameters of various possible reaction intermediates and products
including their enthalpies of formation, geometric structure, vibrational frequencies and rotational
constants, as well as photoionization and photoexcitation spectra. To achieve these goals, we
employ chemically accurate ab initio and density functional calculations (using CCSD(T)/CBS,
G3, G4, and explicitly correlated methods) of the PESs of these reactions which are then utilized
for statistical (TST and RRKM/Master Equation) computations of absolute reaction rate constants
and product branching ratios. The underlying theme of the current project period concerns the
reactions of phenyl and cyclopentadienyl radical, which are able to produce the smallest PAH and
CP-PAH molecules, naphthalene and indene, respectively. In addition, we investigate reactions of
dicarbon C, with unsaturated hydrocarbons producing resonance-stabilized free radicals (RSFR),
which in turn can contribute to the formation of aromatic species and also a variety of oxidation
reactions competing with the PAH growth.

Recent Progress

Product branching ratios in photodissociation of phenyl radical. Ab initio
CCSD(T)/CBS//B3LYP/6-311G** calculations of the potential energy surface for possible
dissociation channels of the phenyl radical were combined with microcanonical RRKM
calculations of reaction rate constants in order to predict statistical product branching ratios in
photodissociation of ¢-C¢Hs at various wavelengths. The results indicate that at 248 nm the
photodissociation process is dominated by the production of ortho benzyne via direct elimination
of a hydrogen atom from the phenyl radical. At 193 nm, the statistical branching ratios are
computed to be 63.4%, 21.1%, and 14.4% for the 0-C¢H4 + H, /-C¢H4 ((Z)-hexa-3-ene-1,5-diyne)
+ H, and n-C4H; + C,H; products, respectively, in a contradiction with recent experimental
measurements, which showed C4Hs + C,H, as the major product. Although two lower energy
pathways to the i-C4H3; + C,H; products are identified, they appeared to be kinetically unfavorable
and the computed statistical branching ratio of i-C4Hs + C,H; does not exceed 1%. To explain the
disagreement with experiment, we optimized conical intersections between the ground and the
first excited electronic states of C¢Hs and, based on their structures and energies, suggested the
following photodissociation mechanism at 193 nm: ¢-C¢Hs 1 — absorption of a photon —
electronically excited 1 — internal conversion to the lowest excited state — conversion to the
ground electronic state via conical intersections at CI-2 or CI-3 — non-statistical decay of the
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vibrationally excited radical favoring the formation of the n-C4H; + C,H, products. This scenario
can be attained if the intramolecular vibrational redistribution in the CI-2 or CI-3 structures in the
ground electronic state is slower than their dissociation to n-C4H; + C;H, driven by the dynamical
preference.

Formation mechanism of polycyclic aromatic hydrocarbons beyond the second aromatic
ring. The formation mechanism of polycyclic aromatic hydrocarbons (PAH) containing three
rings starting from naphthalene has been studied using accurate ab initio G3(MP2,CC)//B3LYP/6-
311G** calculations followed by kinetic analysis of various reaction pathways and computation
of relative product yields. The results reveal new insights into the classical Hydrogen Abstraction
aCetylene Addition (HACA) scheme of PAH growth. The HACA mechanism has been shown to
produce mostly cyclopentafused PAHSs instead of PAHs with six-member rings only, in contrast
to the generally accepted view on this mechanism. For naphthalene, the HACA-type synthesis of
higher PAHs with all six-member rings, anthracene and phenanthrene, accounts only for 3-6% of
the total product yield at temperatures relevant to combustion (1000-2000 K), whereas
cyclopentafused PAHS, including acenaphthalene (41-48%), 4-ethynylacenaphthalene (~14%), 3-
ethynylacenaphthalene (~7.5%), 1-methylene-1H-cyclopenta[b]naphthalene (~6%), and 3-
methylene-3H-cyclopenta[a]naphthalene (~5%) account for another ~75%. It has been shown that
acetylene addition to the radical site adjacent to the bay region in naphthalene (as in 1-naphthyl
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radical) or other similar PAH with a bay region is highly unlikely to be followed by the addition
of a second acetylene molecule; alternatively, the bay region closure with a build-up of a new
five-member ring occurs. Acetylene addition to a non-bay carbon atom (as in 2-naphthyl radical)
can be followed by the second acetylene addition only at T < 1000 K and lead to anthracene and
phenanthrene. However, at temperatures relevant to combustion such pathways give negligible
contributions to the total product vyield, whereas the dominant reaction product, 2-
ethynylnaphthalene, is formed by simple hydrogen atom elimination from the attached ethenyl
group. An additional six-member ring build-up may occur only after intermolecular hydrogen
abstraction from ethynyl-substituted PAH (2-ethynylnaphthalene), in particular, from the carbon
atoms adjacent to the existing ethynyl (C,H) fragment, followed by C,H, addition producing
adducts with two ethynyl C,H and ethenyl C,H, groups next to each other, which then undergo a
fast six-member ring closure. Nevertheless, this process has been shown to be relatively minor
(~25%), whereas the major process is a five-member ring closure involving the same C,H and
C,H, groups and leading to a cyclopentafused PAH molecule. Although the computed product
yields show a good agreement with experimentally observed concentrations of acenaphthalene
and anthracene in various aliphatic and aromatic flames, the yield of phenanthrene, which exhibits
an order of magnitude higher concentrations than anthracene both in combustion flames and
environmental mixtures, via the considered pathways is significantly underpredicted. This result
points at possible existence of another mechanism responsible for the formation of phenanthrene
and other all-six-member-ring PAHs. The overall kinetic scheme for the HACA build-up process
leading to various three-ring PAHs (both with six-member rings only and cyclopentafused) from
naphthalene, which can be included in flame kinetic models, has been constructed, with rate
constants for all individual reaction steps provided.

Future Plans

We continue investigating PESs relevant to the formation of larger PAH molecules
(anthracene, phenathrene, chrysene, pyrene, benzopyrene, etc.) via HACA sequences and other
possible mechanisms with the goal to understand relative abundances of various PAH molecules
in different isomeric forms in combustion flames and environmental samples. The PES
calculations will be followed by kinetic computations of reaction rate constants and product
branching ratios at various combustion conditions. RRKM-ME calculations are underway for the
reactions of oxidation of phenyl and naphthyl radicals, C¢Hs/CioH7 + O,, employing MultiWell
and MESMER codes for solving Master Equations. Finally, we study the mechanism and product
branching ratios of the reactions of dicarbon, C2(129+/3Hu), with propene CsHg and C4Hg isomers
1,2-butadiene and 1- and 2-butynes, in collaboration with Ralf Kaiser’s group at the University of
Hawaii, who explore these reactions under single-collision conditions of crossed molecular
beams. The reactions may potentially lead to the formation of cyclopentadienyl and phenyl
radicals as well as to a variety of RSFR, including chain CgHs, CsHs, CsHs, and C4H3 isomers.
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FLASH PHOTOLYSIS-SHOCK TUBE STUDIES
Joe V. Michael

Chemical Sciences and Engineering Division
Argonne National Laboratory, Argonne, IL 60439
E-mail: jmichael@anl.gov

The scope of the program is to measure, with the ANL flash photolysis reflected
shock tube technique, high-temperature thermal rate constants for use in high-
temperature combustion. This year we have concentrated on reactions where H(or D) is
either a reactant or product. We have also evaluated the viability of using O, as a thermal
source of O-atoms for use in kinetics studies involving molecules of interest to
combustion. For both types of studies we used H/D- and O-atom atomic resonance
absorption spectrometry (ARAS) as detection techniques.'” In this work, we are
responding to the specific need to develop chemical mechanisms for biofuels. We have
already presented results for two such molecules, methylformate and methylacetate.” The
current emphasis is on CH;OC(O)OCH; (dimethyl carbonate, DMC).

The Thermal Decomposition of DMC and H(D) + DMC:* The shock tube technique
was used to study the high temperature thermal decomposition of DMC. The formation
of H-atoms was measured behind reflected shock waves by using the H-atom ARAS
technique. The experiments span a T-range of 1053—-1157 K at pressures ~ 0.5 atm. The
H-atom profiles were simulated using a detailed chemical kinetics mechanism for thermal
decomposition. Simulations indicate that the formation of H-atoms is sensitive to the rate
constants for the energetically lowest-lying bond fission channel,

CH;0C(0)OCH; — CH; + CH;0C(0)O (A)

where H-atoms form instantaneously at high temperatures from the sequence of radical p-
scissions, CH3;0C(0O)O — CH;0 + CO; — H + CH,0 + CO,. A master equation analysis
was performed using CCSD(T)/cc-pvooz//M06-2X/cc-pvtz energetics and molecular
properties for all thermal decomposition processes in DMC. The theoretical predictions
were found to be in good agreement with the present experimentally derived rate
constants for the bond fission channel (A). The theoretically derived rate constants for
this important bond-fission process in DMC can be represented by a modified Arrhenius
expression at 0.5 atm over the 7-range 1000-2000 K as,

ka(T) = 6.85 x 10°°T **** exp(-65250 K/T) s~

The H-atom temporal profiles at long times show only minor sensitivity to the
abstraction reaction,

H + CH;0C(0)OCH; — H; + CH;0C(0)OCH;, (B)
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However, H + DMC is an important fuel destruction reaction at high temperatures in
oxidative systems. Consequently, measurements of D-atom profiles using D-ARAS
allowed unambiguous rate constant measurements for the deuterated analog of reaction

(B)
D + CH;0C(0)OCH; — HD + CH;0C(O)OCH, (©)

Reaction (C) is a surrogate for H + DMC since the theoretically predicted kinetic isotope
effect at high temperatures (1000 - 2000K) is close to unity, kc = 1.2 kg. TST calculations
employing CCSD(T)/cc-pveoz//M06-2X/cc-pvtz energetics and molecular properties for
reactions (B) and (C) are in good agreement with the experimental rate constants. The
theoretical rate constants for these bimolecular processes can be represented by modified
Arrhenius expressions over the 7-range 500—-2000 K as,

ka(T) = 1.45 x 10T ***7 exp(-3398 K/T) cm’molecule™'s™
ke(T) =2.94 x 10T > exp(-3215 K/T) cm’molecule™s™

Both expressions (two bottom lines) are plotted along with the experimental data in Fig.
1. The top line in the figure is from ref. 5.

The Bimolecular Reactions, O + DMC and H(D) + DMC:® The shock tube technique
was used to study the thermal decomposition of ozone, O3, with a view to using this as a
thermal precursor of O-atoms at high temperatures. The formation of O-atoms was
measured behind reflected shock waves by using atomic resonance absorption
spectrometry (ARAS). The experiments span a T-range, 819 K <7< 1166 K, at pressures
0.13 bar < P < 0.6 bar. Unimolecular rate theory provides an excellent representation of
the fall-off characteristics from the present and literature data on ozone decomposition at
high temperatures. The present decomposition study on ozone permits its usage as a
thermal source for O-atoms allowing measurements for,

O + CH;0C(0)OCH; — OH + CH;0C(0)OCH, (A)

Reflected shock tube experiments monitoring the formation and decay of O-atoms
were performed on reaction (A) using mixtures of O3 and DMC, in Kr bath gas over the
T-range, 862 K < 7< 1167 K, and pressure range, 0.15 bar < P < 0.33 bar. A detailed
model was used to fit the O-atom temporal profile to obtain experimental rate constants
for reaction (A). Rate constants from the present experiments for O + DMC are plotted in
Fig. 2 and can be represented by the Arrhenius expression

ka(T) =2.70 x 10! exp(-2725 K/T) cm’molecule”'s™ (862 — 1167 K).

Transition State Theory calculations employing CCSD(T)/cc-pveoz//M06-2X/cc-
pvtz energetics and molecular properties for reaction (A) are in good agreement with the
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experimental rate constants. The theoretical rate constants can be well represented (to
within = 10%) over the 500 — 2000 K temperature range by,

ka(T) = 1.87 x 10T *** exp(-2338 K/T) cm’molecule™’s™

The present study represents the first experimental measurement and theoretical
study on this bimolecular reaction, and this reaction is undoubtedly important in the high
temperature oxidation of DMC.

Experiments and kinetics modeling on the thermal decomposition of isopropanol
and its reaction with D-atoms are already complete. We also have extensive data on the
pyrolysis of three partially deuterated iso-propanes in an attempt to understand branching
ratios for radical decompositions. This work is still in progress. With additional
experiments, we are also carrying out ab initio electronic structure calculations in support
of the isopropanol reaction system.

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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Particle Diagnostics Development
H. A. Michelsen
Sandia National Labs, MS 9055, P. O. Box 969, Livermore, CA 94551
hamiche@sandia.gov

I. Program Scope

Combustion processes often produce solid carbon particles, i.e., soot. These particles may be oxidized
to form gas-phase species or released into the exhaust stream, where they can be coated with liquid
coatings. These coatings can be comprised of any of a number of components, including unburned fuel,
lube oil, sulfuric acid, water, and other combustion by-products.' The research program described here
focuses on the development of optical diagnostics for soot particles in combustion environments and
combustion exhaust plumes. The goal of this work is in situ measurements of volume fraction, size,
composition, and morphology of combustion-generated particles with fast time response and high
sensitivity. Measurement techniques are targeted for studies of soot formation and evolution and must be
versatile enough to probe particles throughout their entire life cycle. Techniques are being developed for
detection and characterization of particles in combustion environments from incipient particles that are 2-
10 nm in diameter and composed of condensed large organic species to mature soot particles composed of
aggregates of carbonaceous primary particles resembling polycrystalline graphite. Diagnostics are also
being developed for characterization of inhomogeneous exhaust particles.

I1. Recent Progress

Our work has focused on developing a detailed understanding of the chemical and physical
mechanisms that influence the applicability of laser-based techniques for soot detection under a wide
range of conditions. In recent work, for instance, we have investigated the optical properties of soot in a
flame. Using a combination of laser-induced incandescence (LII), extinction, and particle temperature
measurements from spectrally and temporally resolved radiative emission, we have studied the
wavelength and temperature dependence of the scattering and absorption cross-sections of soot. We have
used these results in a model that describes the energy- and mass-balance equations for laser-heated soot
and compared the model predictions of time-resolved incandescence signals and particle temperatures to
observed LIl and temperature temporal profiles. We have also built a particle-beam chamber for focusing
and coating soot particles and measuring their optical properties under controlled conditions. We have
used this chamber to measure LIl of flame-generated soot under low-pressure conditions.

We are also working on a SISGR project led by Prof. Angela Viola to develop a validated predictive
multiscale model to describe the chemical composition of soot nanoparticles in premixed and diffusion
flames. This project closely couples experimental investigations of soot precursors and incipient particle
characteristics with the development of a predictive model for the chemical composition of soot
nanoparticles. The co-investigators on the project are Profs. Angela Violi (University of Michigan) for
model development and Drs. Hope Michelsen (Sandia), Nils Hansen (Sandia), and Kevin Wilson (LBNL
ALS) for experimental investigations.

Experimental and modeling studies have been carried out for several low- and atmospheric pressure
flames fueled by acetylene, ethylene, and propane. We designed and built a new counter-flow burner and
sampling probe for this project. Polycyclic aromatic hydrocarbons (PAHs) and small soot particles are
extracted from the counter-flow flames via a microprobe. The flames vary from lean to rich conditions in
order to cover a wide range of practical conditions. The composition of incipient particles is measured
using the aerosol mass spectrometer developed by Kevin Wilson and coworkers at the ALS. The
corresponding particle size distributions are measured using an SMPS. Angela Violi and coworkers use
the experimental results in the development and validation of a predictive multiscale soot model.

A. Composition of Incipient Soot Particles

The goal of these studies was to measure incipient soot particle sizes and composition in a
counterflow diffusion flame at atmospheric pressure. These measurements were intended to inform,
constrain, and test the nanoparticle formation model. We designed and built a counterflow burner for
measurements of incipient soot particle distributions in these flames at pressures close to atmospheric. We
also designed and built a microprobe that would allow dilution of the flow after sampling from the flame
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to reduce particle coagulation. We coupled this extraction line to the aerosol mass spectrometer (AMS)
developed at the ALS by Kevin Wilson and coworkers. This AMS uses an aerodynamic-lens system to
focus an ensemble of particles, sampled at atmospheric pressure, into the high vacuum region of a time-
of-flight mass spectrometer. The particle beam is directed onto a heated target, which flash vaporizes the
non-refractory components of the particle beam. The resulting vapor plume is photoionized by high-flux
tunable VUV radiation (~10" photons/s) produced by the ALS, and the ions are detected with a time-of-
flight mass spectrometer. An illustration of the experimental apparatus is shown in Fig. 1. As with the
gas-phase experiments above, the burner was translated relative to the sampling probe for particle profile
measurements in the flame, and we scanned the VUV photon energy to measure photoionization
efficiency (PIE) curves for isomer identification. We also performed experiments in which we diverted
the extraction line to a Scanning Mobility Particle Sizer (SMPS) for particle size distribution
measurements.

Time of flight region

Aerodynamic
lens system

VUV photon
beam

Heated copper
target

Flame Particle beam

Figure 1. lllustration of the experimental apparatus. Incipient soot particles and their precursors are generated in a
counter-flow diffusion flame, extracted through a microprobe into an aerodynamic lens system. Incipient particles
condense semi-volatile PAHs and other soot precursors and grow sufficiently in size to make it through the
aerodynamic lens system to a heated target where they are flash vaporized and ionized by the VUV beam and
detected in the mass spectrometer.

The novelty of this instrument lies in its ability to measure tunable VUV photoionization mass spectra
of sub-nanometer particles in real time. Unlike conventional electron impact (EI) ionization sources,
which produce many small fragment ions in a mass spectrum, VUV photoionization yields enhanced
molecular ion signals that are necessary to analyze chemically complex particle types. We made
measurements for several fuels (acetylene, propane, and ethylene) with an opposing flow of O,. Both fuel
and O, were diluted with argon. We presented some of the results in a paper that is currently in press.?

Particle-growth mechanisms, such as nucleation, condensation, and coagulation, work to our
advantage in the particle-composition experiments. The aerodynamic-lens system used to focus the
particles onto the heated target is optimized for focusing particles in the size range of 90-500 nm in
diameter and will efficiently focus particles as small as 50 nm.* Particles in our size range of interest (1-
10 nm) are not focused and are not expected to make it to the heated target. Condensation of gas-phase
species onto incipient particles and coagulation of these tiny particles, however, leads to particle-size
growth and generates particles large enough for us to detect. We find that, if we send the particles through
a thermodenuder (heated to 400°C) to remove the volatile portion prior to the AMS, the particle
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composition changes; some of the smaller species are removed from the mass spectra recorded,
suggesting that these species were not in particulate form in the flame.

Flame-sampled mass spectra for three fuels are shown in Fig. 2. The samples were extracted from the
flames, and the mass spectra were recorded with a s
heated target temperature of 300°C and a photon ', /s ia 17 18 19 20 21 22 —-
energy of 9.0eV. Under these conditions, we | CyH1o
observed ion signal for species with mass-to-charge ‘ Céi‘f
ratios (m/z) ranging from 15 to >900 with a peak C o
m/z of 202 or 226 (CigHye Or CigHyo). This figure g
shows an example of some of the differences seen
between fuels. These spectra mainly consist of
regular progressions of groups of CiH," ions (with
x=14-24 and y=10-16). Groups of C, appear to
alternate in intensity, with the even carbon numbers
being favored. These results are consistent with (b) ethylene flame
previous work.* but quantitative comparisons are
difficult because the AMS ion signals are not easily
calibrated. A comparison of PIE curves among the
three flames suggested the presence of species with
higher ionization thresholds than would be expected
for the most thermodynamically stable PAHs
commonly identified in flames.” These species may
be representative of aromatic rings joined by } |
aliphatic-linked or oxygen-containing aromatic L m w _MJ
hydrocarbons, and their presence provides evidence mj‘ijm“mwwmﬁﬁm&
for additional, yet unexplored, molecular-growth spe:es Mo = 215,
pathways. 239, and 263.

We also observed low-molecular-weight radical
SpeCieS, €.g., CH3, C2H5, C3H2, C3H3, C3H5, C4H5,
CsHs, CsHs, and CgHs, which only appeared when
the target temperature was elevated, suggesting that
these radicals are associated with the sampled
particles or condensed matter. The PIE curves
demonstrate consistency with reference PIE curves
for these radicals, at photon energies near their | I
ionization thresholds, indicating that these species  Figuse 2. fdemesampledoaerogol massspessid of
are not attributable to photofragmentation. The ion  (2) propane, (b) ethyleng,yand (c) acetylene flames
signal intensity of the small radicals increased at  in the range of 170-310 amu. Samples were
higher target temperatures and may be facilitated by ~ c°llected ata DFFO of 4.5 mm with the heated

. target at 300 °C, and mass spectra were obtained
thermal processes, but a full understanding of the at a photon energy of 9.0 eV
origin of these radicals (and fragments) will require R
further investigation.

I11. Future Work

Some of our future work focuses on combustion-generated particles with inorganic and organic
coatings representative of particles found in exhaust plumes. In order to simulate exhaust-plume
particulates, we have built a flow-tube system to allow controlled deposition of a coating with low
volatility on flame-generated soot. The thickness of the coating can be varied, and the particles collected
for analysis by TEM or analyzed with an aerosol mass spectrometer that is under construction. Coatings
investigated to date have been selected for diagnostic development for diesel exhaust and include sulfuric
acid, heptamethylnonane, and oleic acid. We have also developed a model to describe soot detection by
laser-induced incandescence. The model is being modified for release as a community-based model in
collaboration with Karla Morris, another staff member at Sandia.

lon counts

+76 am +CgH5/-H
+38 am |+03H31-H
+24 am +CoH,/-2H

+16 amul—-vo -2 amw-2H
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1 Program Scope

Combustion processes have been studied for many years, but the chemistry is very complex and yet to be fully
understood. Moreover new fuels have introduced modifications to traditional mechanisms. Modern computer
codes for modeling typically employ hundreds of reaction steps with a comparable number of chemical interme-
diates. The predictions of such models are obviously limited by the dynamical and mechanistic data that are
input. Spectroscopic identifications and diagnostics for the chemical intermediates in the reaction mechanisms
constitute an important experimental benchmark for the models, as well as providing molecular parameters that
are “gold standards” against which quantum chemistry computations of molecular properties may be judged.
Our recent work has emphasized the spectroscopy of reactive organic peroxy radicals which are known to be key
intermediates in combustion reactions.

2 Recent Progress

For several years the technique of cavity ringdown spectroscopy (CRDS) of reactive chemical intermediates
has been a mainstay in our laboratory and we have used it to investigate the A-X absorptions of simple
alkyl peroxy radicals. These studies have created a database which allows structural-spectral relationships to
be developed. These relationships provide approximate predictions of spectral shifts for structural changes
like position (primary, secondary, tertiary) of the peroxy group, length of the hydrocarbon chain, additional
substitutions along the chain, etc. For the most part, these relationships have been based on the spectra of
small peroxy radicals, often isomer specific. Most combustion fuels contain a mixture of larger hydrocarbons and
we have recently concentrated on obtaining the spectroscopy of their combustion intermediates with the goal of
determining how well CRDS can characterize complex peroxy radicals and mixtures of such radicals.

A second, and closely related area of work, has been our

efforts to develop a practical CRDS apparatus to take advan- ey o
tage of the fact that for any absorption spectroscopy, such as 100 T ooy (Shitec- 0 perr)
CRDS, in the limit of small absorption, the observed signal . f —— DeoyPerony (Scaledby 3, Shifted 45 pam)
intensity is linearly related to the concentration of the molec-
ular species. For that reason we have constructed a dual ] / \\
wavelength CRDS apparatus (2A\-CRDS) capable of pulsed g . ! '\M My,
. . . E gy
or CW operation to measure absorption cross-sections and g w
. . . . 204
rates of reactions for chemical intermediates. \
ol
W Mm o ‘MMW
2.1 Spectroscopic Investigations of Cg-Cq o1 | —
Peroxy Radicals 700 740 760 700 G0 @0 800 a0 oa00

Wavenumber

It is well known that larger chain alkanes (>C,) are impor-

tant components of gasoline and diesel fuels. Nonetheless our  Figure 1: A— X spectra of the straight chain Cg-Cyo peroxy
previous CRDS spectroscopy of combustion intermediates has = radicals. The sharp lines in the hexyl peroxy trace (~8230-
been limited to the A — X transition of peroxy radicals with iﬁi&?ﬁon )bzrnedéue fo incomplete substraction of a precursor
<5 carbon atoms. Recently we have extended our observations to larger chain intermediates, e.g. hexyl, heptyl,
octyl, nonyl, and decyl peroxy radicals. In these experiments the peroxy radicals were formed from H atom
extraction by Cl atom attack on the corresponding hydrocarbon followed by reaction with Oy. Multiple isomers
of peroxy radicals are formed as there are several unique hydrogen atoms that can be abstracted by the Cl atom.

Fig. 1 shows that the spectra of all the larger peroxy radicals are dominated by two broad bands. The band
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near 7585 cm ™! is the origin band of the A — X transition and about 900 cm™! to the blue, there is another
absorption band that results from excitation of the OO stretch vibration.

The chemical formula for the straight chain hydrocarbons is of the form CHjs-(CHs),—CHs. Clearly such
species will have 6 primary sites for peroxy substitution and 2n sites for secondary substitution. Given that
n = 4 — 8 for the hydrocarbons studied and the fact that H atom extraction by Cl is significantly favored at more
highly branched sites, one would expect the secondary alkyl peroxy isomers to be predominately produced.
The position of the origin bands shown in Fig. 1 all lie at

e ety (Scaledby /3, Shited +45 ppm) ~7585 cm~!. Primary peroxy radical isomers typically have

70 —— Isoocty Perowy (4 illisecond deia) an origin frequency that is <7500 cm~!, so we believe that
/\ \ y the secondary peroxy radical isomers are responsible for the

o] \WM/\ spectrum. The broad lines in Fig. 1 are likely caused by the
50 . strong overlapping of spectral transitions of the different sec-
g ondary isomers produced. Additionally, upon peroxy radical
g% excitation to the A state there is a slight lengthening of the

. 0-0O bond which gives rise to an OO stretch fundamental,
and to which we assign the bands appearing ~900 cm~! to
the blue of the origin bands. The spectrum of hexyl peroxy
. v  canbedistinguished from that of the other straight chain per-
7200 7400 7600 7800 8000 8200 8400 8600 8800 %000 0pyxy radicals by the additional absorption bands around 7750
Fi 2 A_% Jravermber . cm~! and 8050 cm~!. While there are differences among the
1gure 2: A — X spectra of octyl and isooctyl peroxy radi

cals_.lThe sharp .Iines in the isooctyl Peroxy trace (R~8290-8420 C7'CIO peroxy radical spectra, they are small and it would
. b)aiff f?ﬁg‘gggtmyf’gfoi';b;ﬁiifgOtiigzct“fﬁ;ib;szy be difficult to distinguish among the radicals on the basis of
of 1 millisecond (bottom trace) shows the time evolution of these spectra alone.

the isooctyl peroxy spectrum. As is well known iso-octane is the standard (100%) for
grading gasolines. The peroxy spectra derived from n-octane and iso-octane are compared in Fig. 2. The
spectrum of isooctyl peroxy is easily distinguished from the spectrum of ocytl peroxy and the spectra of the
other straight-chain peroxy radicals. In the isooctyl peroxy spectrum there are two broad bands appearing at
7500 cm™! and 7798 cm~! which we assign to the origin bands of the primary and tertiary peroxy isomers,
respectively. This assignment is consistent with out previous argument that secondary peroxy radicals have an
origin that is slightly to the blue of primary peroxy radicals. In addition, tertiary peroxy radicals have origin
frequencies that are still further to the blue. Moreover, the long lifetime of the band at 7798 cm~! is consistent
with it being the tertiary isomer, as such long lived behavior was previously observed with tert-butyl peroxy.
The additional bands, COO bend and CO stretch, in the spectrum can also be assigned as belonging to either
the primary or tertiary isomer by their temporal behavior and frequency.

2.2 Application of the CW 2X\-CRDS Apparatus to High Precision Reaction Rate
Measurements

Our recently developed 2A\-CRDS apparatus with optional
CW or pulsed operation gives us the capability to measure Pulsed Laser System
both absorption cross-sections and rates of reaction for chem-
ical intermediates. The operation of the 2A-CRDS apparatus
in the CW mode utilizes a rapid periodic sweep of an ex- '
ternal cavity diode laser frequency across a resonance of the
cavity to inject light twice per sweep period (500us), whose ‘
subsequent ringdown decay time can be measured.

A schematic diagram of the apparatus is shown in Fig. 3.
A feedback circuit dynamically “locks” the laser frequency
to the cavity mode by compensating for the effects of slow Pulsed or CW Laser
drift of the cavity length or laser frequency. The use of a System
high repetition rate sweep of the CW laser has two major
advantages. It has a duty factor of the order of unity, allowing  Figure 3: Schematic design of the CW version of the 2\
fast data acquisition. The high duty factor also allows for the CRDS spectrometer. See text for details.
near-continuous monitoring of the evolution of the concentration of the same sample of radicals thus eliminating
random and/or systematic errors, e.g. the shot-to-shot variation of initial number density of the species of
interest, arising from monitoring different samples. This apparatus can be utilized to monitor the absorption
of chemically decaying peroxy radicals as a function of time by monitoring the signal strength at the peak of

Reactive
species
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the origin band of the A + X transition. The relative width (= 1 ecm™1!) of the absorption peak at ambient
conditions eliminates the need for locking of the midpoint of the frequency sweep to an external reference. If one
considers the self-reaction of peroxy radicals, ROo,

RO5 + RO9 kO—b> products

monitoring the temporal profile of the absorption allows for the direct determination of the absorption decay
rate.
To demonstrate the capabilities of the method and charac-

terize the apparatus, we performed measurements of the self- @ @

reaction rate of the ethyl peroxy radical as illustrated in Fig. \

4. The rapid periodic sweep of the laser frequency generates \

a succession of ringdown events which are displayed in panels \.,

(a) and (b). Panel (a) shows the succession of decays prior to

the photolytic generation of radicals, which determines the TR T
ringdown time of the cavity in the absence of ethyl peroxy. 3:: @ el @ .

Panel (b) shows a succession of more rapid decays shortly af- 2 £os &

ter the photolysis pulse and these ringdown curves determine Eeo S0z

the absorption, A(t), with ethyl peroxy sample present. Each :j: S0

ringdown curve in panel (b) determines a single data point % ool

for the absorption A and A~! vs. time plots shown in panels oo @ 0 e 0T
(C) and (d) respectively. Figure 4: Spec‘c‘roscopic measurements of the kinetic rate

In the absence of competing removal processes, the num- constant. Panels (?) )and (b) ShOV(V decay curves of the prob-

. . . . . ing light without (a) and with (b) radicals present. Each

ber density of radicals and the resulting absorption of a uni- light decay curve produces a single data point on the tempo-
form sample of length L, would decay according to second ral absorption profile, plotted as absorption (c) and inverse

order kinetics, absorption (d) vs. time.
L _ L . <k0b5> ;
214(75) ZA(O) op

as is plotted in panel (d). The slope of the straight line is panel (d) is kops/op, in which ks is the effective
reaction rate constant for the peroxy radical self-reaction, including secondary chemistry effects. The op is the
cross-section at the frequency of the peak absorption, which has been previously obtained by an independent
measurement in the same 2A-CRDS apparatus. It can be shown, and is discussed in an upcoming paper, that
competing radical removal processes due to macroscopic flow and diffusion, do contribute in a minor way to the
observed decay rate, but these effects can be easily accounted for to obtain k. for the chemical reaction.

The experimentally observed value for the kops/op was
found to be 1.827(45)-107 cm/s, which implies a statistical
uncertainty of under 3%. The statistical distribution of the
measured values of ks /o p for 1200 individual measurements A
recorded in under 2 hours of operation time, is shown in Fig.
5. Based on these measurements and the previously obtained
value! of 0p=>5.29(20)-1072 cm?, the effective value for the ]
self-reaction is found to be kops =9.66(44)-10714 cm? /s with
the error estimate largely due to the uncertainties in op. The
newly obtained value is consistent with most of the previously

120

40

available results but enjoys substantially better precision. H HH H
o EI|:||:||:| | DDDDD =l

The A + X absorption spectra of peroxy radicals offers

two significant advantages for following their chemistry com- 170 175 180 185 190 1.95
pared to the traditionally used B < X transition. First,
despite its weakness, the A — X transition can be success-
fully observed and quantified by means of CRDS spectroscopy ~F18Ure 5: Statistical distribution of the values of (kobs /o r)
A . obtained from individual measurements.

which allows for accurate measurement of species concentra-

tions, given a known absorption cross-section, o,. Second, due to the relatively sharp structure of the transition,
one can measure uniquely concentrations of different chemical species and their isomers and conformers, even
when several members of the same chemical family are present.

(kops/Op), 107 cm/s

189

2.00



3 Future Directions

Studies of additional combustion intermediates are planned. A family of molecules closely related to the peroxy
radicals is that of the Criegee intermediates, or carbonyl oxides. Criegee intermediates have been implicated in
tropospheric oxidation cycles and hydrocarbon autoignition mechanisms. Recently a synthetic pathway to create
the Criegee intermediate has been found. The intermediate has been detected by photo-ionization techniques
and a structureless B — X absorption band reported. Our lab is currently preparing to search for the A — X
transition of this molecule which according to electronic structure calculations should be shifted to the visible
from the near infrared where alkyl peroxy radicals absorb.

The measurements of the kinetic decay rate of ethyl peroxy radicals showed that the application of the CW
CRDS spectroscopy for kinetic studies has substantial potential. We plan to extend these measurements to
other peroxy radical species important for combustion and atmospheric chemistry. Additionally, we plan to
combine the CW CRDS with the pulsed CRDS system in a 2A-CRDS configuration to measure the absolute
absorption cross-sections for a number of peroxy radicals. With the cross-section information available, it should
be straight-forward to measure cross-reaction rates between these radical species using the same apparatus.
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I. Program Scope or Definition

The goal of this program is the development of theoretical methods and models for describing
the dynamics of chemical reactions, with specific interest for application to polyatomic
molecular systems of special interest and relevance. There is interest in developing the most
rigorous possible theoretical approaches and also in more approximate treatments that are more
readily applicable to complex systems.

II. Recent Progress

Effort in recent years has focused on finding ways to add quantum mechanical effects to classical
molecular dynamics (MD) simulations, which are now so ubiquitously applied to all types of
dynamical processes in complex molecular systems, e.g., chemical reactions in clusters, nano-
structures, molecules on or in solids, bio-molecular systems, etc. Since quantum effects in
transitions between different electronic states can obviously be very significant, one of the most
important applications of semiclassical (SC) approaches'™ is to these non-adiabatic processes.
The first approach that allowed both nuclear and electronic degrees of freedom to be treated by
SC, or even classical methods, in a unified and completely consistent fashion was the model
introduced by Meyer and Miller* (MM), in which each electronic state is characterized by a
classical degree of freedom (a harmonic oscillator). [Stock and Thoss’ (ST) later showed this to
be an exact representation of a vibronic system.] A variety of applications of this approach has
demonstrated its usefulness.”®

An even more ambitious classical model for electronic degrees of freedom was introduced later
by Miller and White’ (MW): here the creation/annihilation operators for individual single-
particle states in the second-quantized many-electron Hamiltonian operator,

ﬁg,=2<i|j>a§aj+12 <ijlkl>ajdlaa, (1)
ij 2 jkl

are replaced by functions of classical action-angle variables (n;, q;). Since the 1- and 2-electron
matrix elements are functions of the nuclear coordinates R of the molecular system, the resulting
classical electronic Hamiltonian is also a function of nuclear coordinates, and the complete
classical vibronic Hamiltonian is obtained by adding the nuclear kinetic energy to it,
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P2
H(PaRanvq) = % 2 N Hel(naq;R) 9 (2)

my

where P, are the nuclear momenta and {m, } their corresponding masses.

This ‘classical second-quantized’ electronic Hamiltonian (with no nuclear degrees of freedom)
was recently applied to the resonant level (Landauer) model as a simple example of quantum
transport.'” It consists of a single quantum dot state coupled to two electrodes (left and right)
with the following electronic Hamiltonian

A N N
H =¢gala,+ Y gaja, + t(aa, +ala,), 3)
k=1 k=1

where g, is the energy of the isolated quantum dot (which is used to model a gate voltage), ¢, is
the energy of level k of the electrode, and t, the coupling between the dot and electrode mode k;
the classical electronic Hamiltonian corresponding to this is

N N
H(n,q) = gn,+ S gn, + 3 t, /no—n§+l
k=1 k=1 2
, 1
X . [n, —n; +5 cos(g, —4,) - 4

Calculations were carried out in this initial application at the primitive ‘quasi-classical’ level,
i.e., purely classically, for the flux through the dot, and gave extremely good agreement with the
correct quantum results."’

Buoyed by this success, a 2-electron term (the Coulomb interaction on the quantum dot) was
added to the above Hamiltonian (the Anderson model) to see if this classical theory is capable of
describing the effect of Coulomb blockade, i.e., the barrier to electron transmission between the
two electrodes when the quantum dot orbital is filled (with two electrons). The original version
of the MW Hamiltonian does not capture the Coulomb blockage effect, but a modified version
does."" Thus the original Coulomb interaction is modified as follows,

Ud,"d,d,d, =Unn, —Uf (n,)f(n,)) (5)

where the n’s are the classical action variables for the two spin states of the dot’s orbital. The
only quantum mechanical restriction on the function f(n) is that f{0) = 0 and f(1) = 1. The
simplest such function is f{n) = n, as in the original MW model,” but this allows the orbitals on
the quantum dot to fill continuously as the bias voltage is increased, not showing the threshold
(sigmoid) shape characteristic of Coulomb blockade. We were thus led to try the function

fny=e 6)
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which does satisfy f(1) = 1 and f{0) ~ O for large values of A. The Coulomb interaction is thus
essentially zero unless both spin states of the dot’s orbital are close to 1.

Figure 1 below shows the steady state current versus the bias between the two electrodes: the
non-equilibrium Greens function (NEGF) gives the correct quantum result, and small values of A
are essentially the original unmodified Coulomb interaction, not showing the Coulomb blockade
effect. Ones sees, however, that large values of A do indeed show the correct effect (independent
of the precise value of A once it is large enough), in fact being in excellent agreement with the
correct quantum results.

0.5 T ] T I T T T T T

Figure 1. Steady-
state current versus
source-drain bias
voltage. NEGF is
the correct quantum

E result. The red curve
Al is essentially the
2z original MW model
g of the Coulomb

I

interaction, and the
others for higher A
values are results
with the new
modified Coulomb
interaction.

III. Future Plans

This ‘classical second-quantized’ electronic Hamiltonian is thus seen to be capable of describing
quite subtle effects in the electronic dynamics and thus clearly bears pursuing to see just how far
it can go. The essential attractive feature, of course, is that this classical treatment of the
electronic dynamics can be readily combined with a classical treatment of the nuclear dynamics,
thus providing for a unified and consistent classical molecular dynamics simulation of the
complete vibronic dynamics.
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I. Program Scope

We investigate the microscopic mechanisms for inelastic collisions of molecules with large
amounts of internal energy using high-resolution transient IR absorption probing. Collisional energy
transfer is ubiquitous in gas-phase chemistry and impacts overall reaction rates and branching ratios. This
is particularly true for high energy molecules that are more likely to undergo chemical transformations.
Currently, there are no first-principle theories of collisional energy transfer for high energy molecules and
the lack of fundamental knowledge often results in cursory and insufficient treatments in reactive models.
A goal of my research program is to gain new insights into the microscopic details of relatively large
complex molecules at high energy as they undergo quenching collisions and redistribute their energy.
This data provides important benchmarks for the development of new models that account for energy
partitioning in molecular collisions.

We use state-resolved transient IR absorption to characterize the energy transfer pathways that
are responsible for the collisional cooling of high energy molecules. Direct probing of high energy
molecules is challenging due to their transient nature, poorly defined spectral signatures and high state
densities. Our approach is to develop a molecular level understanding by focusing instead on the small
energy-accepting bath molecules that undergo collisions with high energy molecules. We measure the
population changes for individual rotational and vibrational states that are induced by collisions and the
nascent translational energies of the scattered molecules. With this technique, we have performed in-
depth spectroscopic studies that provide a greater understanding of high energy molecules and their
collisional energy transfer. In 2007, we made a major advance in developing the means to characterize
the transient behavior for the full range of rotational states for the scattered molecules. Previous
measurements had been limited to only the highest energy states, thereby giving information just about
the “strongest” collisions. Having eyes also on the so-called “weak” collisions now gives us access to
characterize the entire energy transfer distribution with unprecedented detail.

In the current 3-year funding period, we have made major progress expanding our instrumental
capabilities, thereby opening exciting new research directions. Just over a year ago, we incorporated a
new generation mid-IR optical parametric oscillator (OPO) into one of our transient absorption
spectrometers. The OPO offers a number of advantages for high resolution transient IR probing:
continuous broad tuning ranges, a high degree of frequency and amplitude stability and high output
powers. Our IR tuning range now covers A=2.5-3.9 um (OPO) and 4.2-4.5 um (diodes). Our first studies
using the OPO focused on the collision dynamics of highly vibrationally excited pyrazine (C4H4N,,
E=38000 cm™) with HCI, as described below. The high quality of the OPO light enabled us to complete
these measurements, whereas diode laser measurements were stymied by low signal to noise levels.

Our ability to measure the full distribution of scattered molecules allows us to ask even more
fundamental questions about the underlying molecular features that are responsible for observed energy
transfer behavior. One such question is how the rotational energy structure of the energy-accepting bath
molecule affects the energy exchange dynamics in collisions of highly excited molecules. To answer this
question, we measured energy gain profiles for HCI following collisions of pyrazine (C4H4N,, E,,=38000
cm™) and compared the results to data on DCI collisions with pyrazine." While these experiments were
designed to provide information about the importance of energy gaps and angular momentum gaps in
collisional energy transfer, the pyrazine-HCI system turns out to be more complex than other collision
systems we have studied. Our recent progress in this work is described below.
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II. Recent Progress
A. Collision dynamics of pyrazine-h, (E=38000 cm™) + HCI

Rotational energy in scattered HCI (v=0). We have completed measurements on the nascent rotational
and translational energy profiles for the J=2-13 states of HCI (v=0) following collisions with pyrazine-
h4(E). We have measured absolute appearance rates for the (v=0) and (v=1) product channels and find
that the appearance rate for (v=0) is very close to the Lennard-Jones collision rate. The (v=0) channel
accounts for more than 99% of pyrazine-HCI collisions. The nascent scattered HCl(v=0) molecules are
rotationally excited and fit to a Boltzmann distribution with T,= 937 &+ 95 K. This result is similar to the
rotational distribution measured previously for the (v=0) channel from DCl-pyrazine collisions, which fit
to T, = 880 + 90 K. Thus we find that differences between the rotational energy spacing of HCl and DCl
do not influence the amount of rotational energy gained in collisions with highly excited pyrazine. This
similarity is likely a result of the large amount of internal energy in pyrazine relative to the rotational
energy spacing for the states populated and it may be that differences in rotational energy gain are
observed at lower internal energies of pyrazine.

J-specific translational energies for scattered HCIl(v=0). The J-dependent translational energy
distributions for HCl/pyrazine-hy(E) collisions are shown in Fig. 1a. Translational energies are shown for
appearance of scattered HCl molecules and for depletion of initial HCI states that are thermally populated
at 300 K. The depletion measurements show initial temperatures of 230-250 K, indicating that slightly
cooler than ambient molecules are favored in the collisions. Similar behavior was observed in DCl
depletion measurements. Appearance line widths show that the scattered molecules have translational
energy that is greater than the pre-collision value for all HCI J-states observed, indicating that rotational
and translational energy are coupled in the relaxation mechanism for pyrazine-hy(E)-HCI collisions.
However, for HCI collisions, the translational energy of the scattered molecules is inversely correlated to
the final HCI rotational state. Earlier results' show that pyrazine-DCI collisions lead the DCI(v=0)
products with the opposite rotation-translational correlation as HCI, as shown in Fig. 1b.
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Fig. 1. a) Nascent J-dependent translational energy of HCI(v=0) products from collisions of
pyrazine-h,(E) and HCI (300 K). b) Comparison with DCI collisions.'

Previously we had interpreted the DCI(v=0) scattering data in terms of an impulsive mechanism for which
product rotational and translational energy gains are directly correlated. In this mechanism, we envision
that stronger collisions impart large amounts of both rotation and translation while gentler collisions yield
more modest amounts of both types of energy. There is ample evidence that the primary pathway for
quenching of high energy molecules by CO, involves impulsive collisions, which may be direct single-
impact encounters or may be chattering collisions that involve multiple, sequential points of impact. In
contrast, the inverted product correlation from HCI collisions suggests that the energy transfer does not
occur solely from a random distribution of HCI orientations and this observation has caused us to explore
how hydrogen bonding interactions may be influencing the energy transfer mechanisms of HCI. The
picture that emerges has HCI molecules experiencing a strong electric field that orients them relative to
pyrazine prior to scattering and that the energy transfer occurs in a quasi-complex. The new question
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becomes why do HCl and DCI scatter so differently? The following experiments were designed to
investigate energy transfer in the presence of strong orienting intermolecular forces.

Dynamics of the HCI(v=1) channel. To sort out the collisional energy transfer of molecules capable of
hydrogen bonding, we turned to the body of research on the vibrational predissociation of van der Waals
complexes.” In the case of acetylene-HCI and -DC1 complexes, one study suggests that near-resonant
intermolecular vibrational energy transfer causes an anomalously short predissociation lifetime for the
HCI complex.® Later studies indicate that 1) intramolecular vibrational energy transfer is involved
instead * and 2) the intermolecular vibrational energy transfer is not energetically accessible.” To
investigate the presence of near-resonant vibrational energy transfer, we have used transient IR absorption
to measure product state distributions for the HCI(v=1) channel in pyrazine-HCI collisions. Rate constant
measurements show that this channel represents a minor pathway compared to the (v=0) channel and
accounts for less than 1% of collisions. The HCI(v=1) products have a modest amount of rotational
energy and a distribution having T,,=614 K. The translational energy profiles are essentially the same for
all final scattered J-states with values near T=480 K. The modest amounts of rotational and translational
energy in the products are consistent with a near-resonant intermolecular mechanism.

B. Isotope Effects: Collision dynamics of pyrazine-d, (E=38000 cm™) + HCI

A new study is underway to investigate possible hydrogen-bonding effects and the role of near-resonant
intermolecular vibrational energy transfer in collisions of pyrazine-HCl. We have turned our attention to
collisions of pyrazine-d4(E) and HCl. Our results so far indicate the HCI(v=0) channel is again the
primary scattering product. Transient Doppler-broadened line profiles have been collected for many
states from J=2-13, as shown in Fig. 2. The thermally populated low-J states show double Gaussian
profiles with a negative-going depletion component and a positively-going appearance component. Line
profiles for appearance of product molecules have translational temperatures ranging from 1300 K for J=2
to 444 K for J=13. The depletion of initial states indicates that the initial velocities are 300 K or less.
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Fig. 2. Nascent Doppler-broadened line profiles for various J states of HCl(v=0) scattered via
collisions with pyrazine-d4(E). The red curves correspond to depletion of thermally populated
states and the blue curves describe the appearance of product states.

The J-dependent recoil velocity distributions for HCI(v=0) are shown in Fig. 3a. The overall trend for
pyrazine-d4 collisions is similar to that for pyrazine-hs.both for appearance of scattered HCI(v=0) and
depletion of thermally populated HCI low-J states. However, the pyrazine-d, collisions impart even more
translational energy to the HCI(v=0) products. To understand the meaning of these results we will
consider differences in zero point energies and the energy content per mode.
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Fig. 3. a) Nascent J-dependent translational energies of HCl(v=0) products from collisions of
pyrazine-d4(E) and HCI (300 K). b) Comparison of pyrazine-d4(E) and pyrazine-hy(E).

III. Future Work

In the short term, we will continue our studies on the energy transfer dynamics in collisions of

highly excited molecules with HCl. Our immediate goals are to characterize the rotational distribution
and rate constants for pyrazine-d4 collisions and then look at the dynamics for (v=1) products. We are
also gearing up for 2 new studies. In the first we will look at the state-resolved collision dynamics of
methane using IR probing at A=3.4 um. These studies are important for learning how larger molecules
accept energy fom highly excited donors. The second study will measure state-to-state dynamics and use
saturation spectroscopy for labeling an initial collision partner.
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Reacting Flow Modeling with Detailed Chemical Kinetics
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I. Program Scope

The goal of this research program is to improve our fundamental understanding of reacting flow, thereby advancing
the state of the art in predictive modeling of combustion. The work involves:

e Developing numerical methods for the efficient solution of reacting flow systems of equations with detailed
kinetics and transport, massively parallel codes for computing large scale reacting flow with detailed kinetics,
and techniques for analysis of multidimensional reacting flow.

e Using computations to investigate the structure and dynamics of flames using detailed chemical kinetics.
e Developing numerical methods for uncertainty quantification in reacting flow computations.

e Estimation of uncertain chemical model parameters, and calibration/validation of reacting flow models,
based on experimental data and computational predictions.

e Uncertainty quantification studies in computations of chemical systems and reacting flow.

In the following, recent progress and future plans in this overall area are discussed.

II. Recent Progress

A. Reacting Flow Computations, Analysis, and Model Reduction

n-Heptane/Air Edge Flame: We continued our study of the chemical structure of n-heptane/air edge flames
using our rectangular-geometry low Mach number reacting flow code. We used a detailed n-heptane/air kinetic
model of 560 species and 2538 reversible reactions, with comparisons to simpler models. We relied on computa-
tional singular perturbation (CSP) to analyze the flame structure. We identified the dominant chemical pathways
contributing to the heat release rate in different edge flame layers. The reactions dominating the heat release rate
in the lean premixed branch and the non-premixed central part of this n-heptane edge flame are mostly the same
as for methane/air edge flames. Only in the rich premixed branch, do we find a set of dominant reactions specific
to the fuel. In this region we find reactions with a negative heat-release rate, being mostly thermal decomposition
reactions. The most important one is the decomposition of CoHs to CoH4. We also analyzed fuel consumption
pathways, and found that H abstraction by the H radical is the dominating process all along the rich branch and the
region around stoichiometric conditions. Only in the lean branch, does H abstraction by OH take over the leading
role. Further, thermal decomposition occurs mostly behind the rich branch where the temperature ranges between
1300-1600 K, but has a lower reaction rate than H abstraction. Moreover, using CSP analysis, we derived simpli-
fied chemical models in different flame layers. Overall, the analysis confirms the qualitative understanding of an
edge/triple flame. We also presented a detailed analysis of CSP explosive modes in different edge flame layers.
These findings suggest that there are two different mechanisms responsible for the explosive behavior in the main
region inside the premixed branches and in the low-temperature preheat region. In the premixed branches, thermal
runaway of the chain-branching H>/O; system seems to be the explosive process while in the preheat region it is
the build-up of certain species of the low-temperature ignition chemistry specific to n-heptane. Finally, we com-
pared the flame structure from the detailed 560-species mechanism with that from a 66-species mechanism, which
we previously derived using CSP. Significant differences exist, particularly as regards low temperature ignition
chemistry of n-heptane. Overall, however, the skeletal 66-species mechanism is found to be accurate in predicting
the major flame properties - e.g. temperature, propagation speed, mole fractions of major reactants, products, and
species of the methane base chemistry - at ~ 72 reduced computational cost.
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Sparse Reduced Chemical Models: On another front, we explored the potential for using L;-norm sparsification
methods in the context of chemical model reduction with CSP. In general, the goal of such a strategy is to identify
the smallest (hence sparse) simplified chemical model that satisfies specified accuracy requirements, relative to
the starting detailed mechanism. In this context, we explored means of reformulating our CSP-based chemical
model reduction strategy as an optimization problem so that L1-norm regularization can be used to impose spar-
sity. We found, in fact, that this is not feasible nor necessary, unless one discards the requirement of ensuring
accurate dynamical response. If the measure of model quality were a database-error norm between the computed
detailed/reduced solutions, this might have been viable. However, putting the stress on dynamical analysis, which
we feel is the best option, it is clear that the present greedy tree-based model reduction strategy based on CSP leads
by default to a sparse construction, and deviations from it towards higher sparsity and lower database-error would
only be done at the expense of accuracy in dynamical response.

B. Uncertainty Quantification in Reacting Flow

Correlations and Rate Rules: 'We continued our exploration of the consequences of accounting for correlations
among uncertain inputs, whether due to experimental fitting or due to the use of reaction rate rules, in the context of
uncertainty quantification (UQ) in chemical igntion. We note that this is important, to begin with, from an accuracy
perspective, providing a proper characterization of uncertainty per available information. Beside this, a crucial
consequence is the reduction of the effective dimensionality of the UQ problem in chemical kinetics modeling.
The uncertainties in rate parameters derived from the same rate rule are perfectly correlated, and therefore can be
represented in terms of a single degree of freedom. The potential reduction in the number of degrees of freedom
in a large mechanism can be two orders of magnitude. We demonstrated the significant impact of accounting for
rate-rule correlations on both accuracy, and dimensionality, with a relatively simple model for the oxidation of a
propane/ethane mixture. Specifically, from an accuracy perspective, we found that proper accounting for rate rule
induced dependence among rate parameters in this system can lead to large differences in the resulting uncertainty
in ignition delay time.

Estimation of Kinetic Rate Coefficients: We continued to work on the use of Bayesian methods to infer uncer-
tain chemical rate coefficients for the H-abstraction reaction CH3;CH(OH)CH3 + OH — CH3C (OH)CH3 + H,O0,
based on data on isopropanol+OH. The results of this analysis provided a rich commentary on the performance of
a number of high-level electronic-structure calculations in predicting these rate coefficients. (with J. Zador)

Data Free Inference: We continued to refine the application of our Data Free Inference (DFI) method to chem-
ical systems. We set up a hypothetical scenario where a synthetic data set was used to infer a posterior density
on parameters of a single-step global chemistry model for methane-oxidation, and only summaries of this density
(nominals/bounds) were reported while the data is discarded. We then used DFI to construct a joint density consis-
tent with this and other presumed-given information, such as e.g. the nature of the “instrument” noise model. As
part of this study, we improved the robustness of the algorithm by using appropriately normalized density weight
functions in the likelihood function on the data space. Results highlighted the convergence of the algorithm, in
terms of various accuracy control parameters and the number of data samples. Further, results illustrated the effec-
tiveness of the algorithm in discovering a density that, in fact, approximates the missing density quite well. This
last result, while desireable, is not necessarily expected, depending on the amount/nature of given information.

III. Future Plans

A. Reacting Flow Computations, Analysis, and Model Reduction

Reacting Flow Code Development: We have an ongoing collaboration with MIT, based on our earlier BES-
SciDAC developed AMR reacting flow code. A PhD student is presently evolving and using this code. Develop-
ments in progress include handling immersed solid bodies, and transitioning the code to a 3D configuration. In
this regard, all discretization, interpolation, and filtering stencils are already in 3D. Requisite 3D development will
need to target primarily the pressure solver and overall data structures interfacing to the CHOMBO AMR mesh
library.
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Analysis of Uncertain Reacting Flow Databases: Anticipating future flame computations with quantified un-
certainty, we will be working on development and optimization of methods for analysis and visualization of un-
certain computational reacting flow databases. We have recently made tentative steps in this area, where we have
computed a steady-state laminar axisymmetric jet flame with presumed uncertainty in two Arrhenius rate coeffi-
cients, and have begun to analyze the resulting uncertain 2D reacting flow. Much further needs to be done in this
regard. One necessary part of the strategy, going forward, is to focus on specific flame features, with suitable spa-
tiotemporal shift strategies to provide meaningful analysis of uncertainty in flame-features of interest. At the same
time, the correlation structure evident in the computed uncertain reacting flow field is of interest, as it provides
useful information on the internal physics of the system. For example, correlation length scales would provide
information on the coupling between different flow regions/structures. Moreover, a strong correlation between a
specific flame observable at a particular location and another quantity of interest (Qol) would point out specific
measurements that can be used to constrain the Qol. Aside from all this, strategies for effective visualization of
uncertainty in flames are challenging, and generally lacking. We plan to explore available strategies in this regard.

Global Sensitivity Analysis in Flames: For a given detailed chemical model, with typically a large number of
parameters, sensitivity analysis can provide information on the impact of any given parameter/reaction onto a given
flame Qol. This is of importance for understanding reacting flow physics, and for developing an appreciation of
which parameters can be estimated based on measurements of which flame observable. It is also of significant
utility in cutting down the dimensionality of the forward UQ problem as pertains to any chosen Qol. However,
given uncertainties in parameters, this sensitivity analysis needs to be global, over the range of input uncertainty,
and not local at the nominal parameter values. On the other hard, global sensitivity analysis is expensive in
high-dimensional spaces, being equivalent to a forward UQ problem. We propose to deal with this challenge using
statistical methods for discovering sparsity in high-dimensional models. Specifically, we will make use of Bayesian
compressive sensing (BCS) methods, employing Monte Carlo sampling of model parameters over select ranges,
in order to identify the sparse dependence of select Qols on model parameters, thereby providing both associated
understanding and feasible paths towards forward UQ and parameter estimation. BCS provides a probabilistic
estimation of sparse output dependencies on uncertain inputs, thereby also measuring the quality of the results.

Application of DFI to an H,-O, Mechanism: We will apply the above DFI procedure towards the estimation
of a joint density on Arrhenius rate coefficients of a chemical model based on published data. We will do this in
the context of a hydrogen-oxygen mechanism, with 9 species and 19 reactions. This work will involve a detailed
study of the experimental literature on each of the reactions in this mechanism. For each reaction, we will compile
existing information on the parameters in question, and on the measurement strategy and instrument details. Given
that fitting to establish rate coefficients of a reaction can rely on previously measured rate constants of other
reactions, there will likely be correlation among the rate coefficients of different reactions, beside the expected
correlation among the coefficients of any one reaction. We will encompass this picture in the application of the DFI
procedure, deriving a pooled joint probability density function (PDF) on all relevant parameters based on available
information. To our knowledge, this would be the first such analysis in pursuit of a joint PDF on all parameters
of a chemical mechanism. We anticipate challenges with ambiguity in published results, and significant lack of
information about the underlying instruments/experiments, particularly for older literature. Where appropriate we
will rely on consultations with experts to provide informed judgements in these situations.

B. Uncertainty Quantification in Reacting Flow

Forward UQ: In the forward UQ context, one area of significant challenge has been the use of intrusive global
Polynomial Chaos (PC) methods for forward propagation of uncertainty in chemical ordinary differential equation
(ODE) systems. These methods, if they can be made to work effectively, can lead to significant computational
savings, avoiding (sparse) quadrature sampling strategies in high-dimensional spaces. On the other hand, we have
experienced first hand their instabilities when applied to chemical ignition computations. In was established in
subsequent work that one path towards stability involves the use of local PC methods, relying on block decompo-
sition of the parametric space and local, spectral-element type, representations. This path, however, while indeed
stable, is not viable for high dimensional spaces because of the challenges with meshing in high-D and large com-
putational cost. Accordingly, there is still a strong need for stabilized intrusive global PC constructions employed
in ODEs.
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We have recently started a new line of work in this context, focusing on methods for stabilizing global intrusive
ODE computations. We have been successful in developing a numerical “filtering” procedure that enforces chosen
constraints on the solution PDF in order to minimize the probability of spurious solutions, resulting from aliasing
and high-order truncation errors. We have been testing and evaluating this approach in the context of a 2-equation
ODE system. Preliminary tests are highly encouraging, leading to stable solutions with acceptable accuracy. Much
more needs to be done here going forward. We plan to evaluate and test this filtering approach exhaustively in
chemical ODE systems involving both energy and species equations governing hydrocarbon-air mixture ignition.
We look forward to demonstrating accurate and efficient filtered intrusive global PC computations in chemical
systems.

Inverse UQ: In the inverse UQ context, we plan to explore the effectiveness of the DFI algorithm in chemical
models with very poor and deficient information, in order to understand the limits of performance of the construc-
tion. This includes situations where partial information is available on a subset of the parameters, for example:
nominals/bounds on some parameters but only nominals on the rest, no information on instrument errors, and
contexts with fitting relying on underlying uncertain information.

Model Reduction under Uncertainty: We will also continue to develop both theory and numerical methods
pertaining to model reduction under uncertainty. In this context, we need to develop effective means of solving for
intrusive Galerkin PC system eigenmodes in the context of chemical models, as we’ve only demonstrated this so far
only in simple model ODE systems. We will also formulate means for characterizing uncertain slow manifolds, and
estimating probabilistic importance indices for reactions following the CSP method. We will also work on methods
for comparison of uncertain models, most likely relying on Kullbeck-Leibler (KL) divergence measures, useful for
estimating “distances” between PDFs, in an information-theoretic context. These methods will enable rational
comparisons among uncertain simplified and detailed models, and provide means for incorporating uncertainty in
the error budget analysis employed in chemical model simplification strategies.

IV. BES-Supported Published/In-Press Publications [2011-2013]

[1] Najm, H.N., Berry, R.D., Safta, C., Sargsyan, K., and Debusschere, B.J., Data Free Inference of Uncertain
Parameters in Chemical Models, Int. J. for Uncertainty Quantification (2013) in press.

[2] Prager, J., Najm, H.N., Sargsyan, K., Safta, C., and Pitz, W.J., Uncertainty Quantification of Reaction Mech-
anisms Accounting for Correlations Introduced by Rate Rules and Fitted Arrhenius Parameters, Combustion
and Flame (2013) in press.

[3] Prager, J., Najm, H.N., and Zador, J., Uncertainty Quantification in the ab initio Rate-Coefficient Calculation
for the CH3;CH(OH)CH3+OH—CH3C*(OH)CH3+H,O Reaction, Proc. Comb. Inst., 34:583-590 (2013).

[4] Berry, R.D., Najm, H.N., Debusschere, B.J., Adalsteinsson, H., and Marzouk, Y.M., Data-free inference of the
joint distribution of uncertain model parameters, Journal of Computational Physics, 231:2180-2198 (2012).

[5] Alexanderian, A., Maitre, O.P. Le, Najm, H.N., Iskandarani, M., and Knio, O.M., Multiscale stochastic
preconditioners in non-intrusive spectral projection, J. Sci. Comp., 50:306-340 (2012).

[6] Salloum, M., Alexanderian, A., Maitre, O.P. Le, Najm, H.N., and Knio, O.M., Simplified CSP Analysis of a
Stiff Stochastic ODE System, Computer Methods in Applied Mechanics and Engineering, 217-220:121-138
(2012).

[7] Prager, J., Najm, H.N., Valorani, M., and Goussis, D., Structure of n-Heptane/Air Triple Flames in Partially-
Premixed Mixing Layers, Combustion and Flame, 158:2128-2144 (2011).

[8] Sonday, B.E., Berry, R.D., Najm, H.N., and Debusschere, B.J., Eigenvalues of the Jacobian of a Galerkin-
Projected Uncertain ODE System, SIAM J. Sci. Comp., 33:1212-1233 (2011).

[9] Najm, H.N., Uncertainty Quantification in Fluid Flow, in Turbulent Combustion Modeling: Advances, New
Trends and Perspectives (T. Echekki and N. Mastorakos, Eds.), Springer-Verlag, Berlin,, 2011, , pp. 381-407.

202



Spectroscopy, Kinetics and Dynamics of Combustion Radicals
David J. Nesbitt
JILA, University of Colorado and National Institute of Sandards and Technology, and
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Dynamics and spectroscopy of jet cooled hydrocarbon transients relevant to the DOE
combustion mission have been explored, utilizing 1) high resolution IR lasers, ii) slit discharge
sources for formation of jet cooled radicals, and iii) high sensitivity detection with direct laser
absorption methods near the quantum shot noise limit. The unique advantage of this powerful
experimental combination of tools is that such highly reactive radical transients can be made
under pressures/temperatures characteristic of combustion conditions, with the resulting
species rapidly cooled to low temperatures (T =10-15K) in the slit supersonic expansion for
spectroscopic simplification. Highlights from work over the last year are summarized below.

1. Sub-Doppler Spectroscopy of transsHOCO Radical in the OH Stretching Mode

The chemical reaction, OH + CO — H + CO,, has gained significant attention due its
critical role in combustion chemistry, and indeed has been labeled the “second most
important combustion reaction” in a review paper by Miller et. al’. It is an overall strongly
exothermic process and responsible for the final oxidative conversion step of CO to CO,
which is clearly essential to achieving high efficiency levels of combustion. The unusual
nature of this reaction is that it plays a critical and ubiquitous role in oxidative combustion of
essentially all hydrocarbons, yet the reaction does not explicitly involve the actual
hydrocarbon fuel. Despite its deceptive simplicity, this reaction is clearly far from
“elementary” and is known to have multiple barriers, intermediates and pathways along the
reaction coordinate. Interestingly, this reaction and its many competing oxidative pathways
also strongly impact levels of OH radical concentration in the atmosphere, mainly via
oxidation of hydrocarbons to produce the peroxy radical, RO,. Indeed, recent laboratory
investigations have revealed that current atmospheric models are not able to predict the
correct concentration levels of OH radical, which in turn plays a central role in the
production of tropospheric ozone.

As one fundamental step toward elucidating these issues, we have investigated the
fundamental OH stretching vibrational mode of trans-HOCO, investigated herein with
supersonic cooling (15 K) and sub-Doppler resolution (60 MHz) in a tunable difference
frequency discharge infrared spectrometer. With the combination of slit jet absorption

sensitivity and rotational cooling, we are able to observe

the predominantly strong a-type transitions of the OH @ ’f"
stretch band, as well as the much weaker b-type

transitions undetected in previous studies by Petty and trans—0Co &l)s:-HOCO
Moore.> In addition, the combination of sub-Doppler . : L
resolution in the slit jet (~60 MHz) and low jet rotational il trans-HOCO

temperatures enables us to completely resolve electron
spin-rotation structure in this radical. From Boltzmann
plots for integrated areas of the two band types, the ratio
of vibrational transition dipole moments along the A- and
B- principal axes can also be determined and compared
with quantum theoretical predictions. The transsHOCO
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radical is formed by discharge dissociation of H,O to form OH, which then combines with
CO and cools in the Ne expansion to a rotational temperature of 16 K. Rigorous assignment
of both a-type and b-type spectral transitions is made possible by 2-line combination
differences from microwave studies, with full rovibrational analysis of the spectrum based on
a Watson asymmetric top Hamiltonian. Additionally, fine structure splittings of each line due
to electron spin are completely resolved and thus permitting all three €,,, €, €cc Spin rotation
constants to be experimentally determined in the vibrationally excited state. Furthermore, as
both a- and b-type transitions for trans-HOCO are observed for the first time, the ratio of
transition dipole moment projections along the A, B principal axes is determined to be /[y
= 1.72(5), which is in very close agreement with density functional quantum theoretical
predictions (B3LYP/6-311++g(3df,3pd), Wa/Its = 1.85). Most importantly, these studies lay
the essential groundwork for establishing necessary confidence in the trans-HOCO discharge
chemistry, which will be the basis for future search in the OH stretching region for the IR
spectrum of the surprisingly elusive ciSsHOCO radical.

2. High-Resolution Spectroscopy of Jet-cooled Hydr oxymethyl Radical

Hydroxymethyl radical, CH,OH, has been the subject of over 100 experimental and
theoretical papers in the last 40 years, in large measure due to the important role it plays as a
reactive intermediate in combustion and environmental chemistry. As one example, the
combustion initiation step for oxygenated hydrocarbon fuels such as methanol is thought to
be hydrogen abstraction by O; to produce hydroxymethyl radical, i.e., CH;OH + O, —
CH,OH + HO,_ There is also central involvement of hydroxymethyl radical in many of the
subsequent chain reaction kinetics, for example, a fundamental chain propagation step in the
oxidative combustion of methanol is CH;0H + HO, — CH,OH + H,0,. Indeed, real time
monitoring capabilities for CH,OH radical in methanol combustion, as well as a detailed
understanding of the underlying kinetics would be very desirable in optimizing combustion
processes. Significantly complicating this task is the ubiquitous presence of methoxy radical
(CH30) in many combustion systems, which has the same chemical composition as
hydroxymethyl radical. This makes mass spectrometry a less versatile method for monitoring
the underlying radical kinetics, although the recent combination of synchrotron VUV
photoionization and mass spectroscopy looks especially promising.” In addition to
fundamental combustion processes, hydroxymethyl radical is an important intermediate for
oxidative reactions occurring in the troposphere. Indeed, atmospheric scrubbing reactions of
alkanes, alkenes, and alcohols all involve hydroxymethyl radical as a reactive intermediate.
Alkenes account for about 10% of the non-methane organic compound concentration in
many urban areas as a result of gasoline-based fuels and motor vehicle exhaust emissions.
The initial oxidative scrubbing reactions of simple alkenes such as ethene are initiated by
hydroxyl (OH) radical attack, which features several steps involving CH,OH as an

intermediate. Furthermore, methanol itself has a non-
trivial concentration in the troposphere, ranging from
400-700 ppt depending upon the latitude, with about
85% of atmospheric oxidative scrubbing reactions
producing hydroxymethyl radical as a transient
intermediate.

In this past year, we have built on the
pioneering work of Reisler and coworkers* to help
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guide a near IR search for hydroxymethyl radical with sub-Doppler, fully rovibrationally
resolved spectral resolution. Although we have very good estimates from the previous studies
for all three H-stretching bands, we have chosen first to focus on the symmetric CH stretch
spectral region near 3043 cm™, which is predicted to have the highest integrated CH band
intensity. Indeed, we have observed a surprisingly rich spectrum in this region, partially
congested by discharge induced hot band transitions in methanol and which is still under
further analysis. However, as first high resolution data on this critical combustion radical, we
have been able to unambiguously identify and assign the K, = 0 < 0 progression of
symmetric stretch excited CH,OH, which serves as the primary focus of this report.
Specifically, high resolution, fully rotationally resolved direct absorption spectra of
hydroxymethyl radical, CH,OH, are presented in the infrared CH stretching region. As a
result of low rotational temperatures and sub-Doppler linewidths obtained in the slit
supersonic expansion, the K,= 0«0 band of the symmetric CH stretch for CH,OH has been
unambiguously identified and analyzed. By way of chemical confirmation, hydroxymethyl
radical is generated via two different slit jet discharge “syntheses”: 1) direct dissociation of
CH;0H to form CH,OH and ii) dissociation of Cl, followed by the radical H atom extraction
reaction Cl + CH;OH = HCl + CH,OH. The identified transitions are fit to a Watson A-
reduced symmetric top Hamiltonian to yield first precision experimental values for the
ground state rotational constants as well as improved values for the symmetric stretch
rotational constants and vibrational band origin. The results both complement and
substantially improve upon spectral efforts via previous double resonance ionization detected
IR methods by Reisler and coworkers® as well as offer high resolution predictions for
laboratory and astronomical detection of hydroxymethyl radical in the mm-wave region.

3. Spectroscopy and Spin—Rotation Dynamics of Jet-Cooled Propar gyl Radical

Propargyl radical is one of the most abundant conjugated linear radicals produced as a
reactive intermediate in the combustion of complex hydrocarbon fuels. Of special
importance, propargyl radical is also postulated to be the raw material for “head to tail”
bimolecular formation of the simplest aromatic ring product species (e.g., phenyl + H). This
is exceptionally important, since the formation of even these simplest aromatic species from
combustion of non-aromatic fuels is still poorly understood. The chemical stability of
propargyl radical arises from delocalization of the unpaired electron, which yields resonance
structures corresponding to both propargyl-like (H,C—C=CH) or an allenyl-like
(H,C=C=CH) forms, with some suggestions that a balanced intermediate resonance structure
[H,C—C=CH < H,C=C=CH] , which may be an

more appropriate description for this system. To
help contribute to the knowledge base on this

crucial combustion radical, we have utilized slit
supersonic discharges of 0.1% propargyl 0307 8w 4B Gwlalelm  Sedu 1
bromide/Ne in the slit jet spectrometer to obtain 025 A
high sensitivity (S/N > 100:1) sub-Doppler 0] @ JJJ "jJJ
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rovibrational analysis of the propargyl spectrum
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spectroscopy of Curl et al..” Furthermore, the sub-Doppler capabilities of the slit jet
expansion permit spin rotation and structure and even partial Fermi contact hyperfine
interactions to be observed as a function of total rotational angular momentum and projection
quantum state. As a result, the spin-rotation and Fermi contact interactions in the upper state
are analyzed for the first time, which help provide insight into electron spin density
contributions for the various resonance structure contributions.

4. High Resolution IR Spectroscopy of Open Shell Aromatics: Phenyl Radical
We have quite recently refocused our efforts in exploring IR spectroscopy of jet
cooled phenyl radical (C¢Hs) in the CH stretching

region, building on and extending our earlier Jet Cooled Phenyl Radical
efforts with considerably improved S/N. Phenyl (Out-of-phase Symmetric CH Stretch)
is a highly reactive 6-membered organic L

hydrocarbon ring intermediate formed from
homolytic cleavage of a CH bond in benzene. By
virtue of its overall reactivity, this radical plays a
central role in combustion, especially for fossil
fuels typically rich in aromatics. It is the classic

. . 0.025
prototype of an open shell aromatic species, ] ‘
achieving partial stabilization of the radical due 0.000 1 M} ‘ t il NW'
to resonance structures arising from electron , :
3068 3CB9 30?1] 3(]?'1 3072 3073 3]74

delocalization around the ring. This radical Fig. 4 Frequency (em™)
stabilization also makes it a prime target 9:

0.075 -'
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intermediate for ring formation in complex combustion processes, which identifies phenyl as
a crucial species in mediating the early stages of soot formation. Fig. 4 displays a rotationally
resolved spectrum of the in-phase asymmetric CH stretch band (v19) in phenyl radical
obtained with significantly improved S/N, which is just one of 3 bands currently being
explored with sufficient IR intensity to observe and analyze. Indeed, we have also now
observed the v; (in-phase, symmetric stretch of all 5 CH bonds) and v, (out-of-phase,
symmetric stretch of the ortho and para CH bonds) vibrational modes of a; symmetry, with
band origins at 3073.96850(8) cm™ and 3062.26480(7) cm™, respectively. Interestingly, the
V19, Vi and Vv, features each agree well with anharmonic scaling predictions based on
B3LYP/6-311g++(3df,3dp) calculations, but differ dramatically (= 11 cm™ vs. <1 cm™) in
terms of red shift from experimental Ar-matrix results. It is worth stressing that the ability to
obtain rovibrationally resolved spectra for such a large but fundamental aromatic species
represents a critical milestone for spectroscopic study, detection and analysis of even more
complex aromatic combustion radical intermediates implicated in the soot formation process.

: J. A. Miller, R. J. Kee, and C. K. Westbrook, Annu. Rev. Phys. Chem. 1990, 41 (1),

345,
2 J. T. Petty and C. B. Moore, J. Mol. Spectrosc. 1993, 161 (1), 149.
3 C. A. Taatjes, N. Hansen, D. L. Osborn, K. Kohse-Hoinghaus, T. A. Cool, and P. R.

Westmoreland, Phys. Chem. Chem. Phys. 2008, 10 (1), 20.

4 L. Feng, J. Wei, and H. Reisler, J. Phys. Chem. A 2004, 108 (39), 7903.

> C. L. Morter, C. Domingo, S. K. Farhat, E. Cartwright, G. P. Glass, and R. F. Curl,
Chem. Phys. Lett. 1992, 195 (4), 316.
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Radical Photophysics and Photochemistry

Daniel Neumark
Chemical Sciences Division
Lawrence Berkeley National Laboratory
Berkeley, CA 94720

This project applies complementary experimental techniques to study the spectroscopy and
photodissociation of free radicals, with a particular focus on species that play a key role in
combustion chemistry. These experiments also provide fundamental new insights into the
chemical dynamics of free radicals. These species, owing to their high reactivity, present
unique experimental challenges that are absent for closed shell molecules. The experiments
are carried out on two instruments: a fast radical beam instrument (FRBM) and a molecular
beam apparatus. In the FRBM instrument, free radicals are formed by photodetaching a fast
beam of mass-selected negative ions. The resulting radicals are photodissociated by a second
laser. Photofragments are detected in coincidence using a time-and-position sensitive (TPS)
detector. In the molecular beam apparatus, radicals are generated by flash photolysis of a
suitable precursor and photodissociated. Photofragments are detected with a rotating mass
spectrometer. Both experiments yield primary photochemistry along with translational energy
and angular distributions for each product channel.

To measure the relative position and arrival time of coincident photofragments in the FRBM
experiment, we have recently upgraded our previous TPS detection scheme to a Roentdek
Hex80 delay line anode detector. Our previous detector involved a microchannel plate (MCP)
assembly with phosphor screen and CCD camera for accurate position measurement and 4x4
multianode PMT array for accurate timing and rough position information. The delay-line anode
has the advantage of much simpler data acquisition and read out while requiring fewer
detection components and less alignment for operation. The previous setup also has some
limitations on timing recognition of neighboring particle hits that are encoded by the same PMT
anode. While uncommon with traditional 2-body dissociation, multi-fragment dissociation can
result in two fragments read by the same PMT anode, resulting in a discarded data point.
However, the delay line anode allows more efficient collection of events with small inter-
fragment separation.

Research during the last year has focused on the sulfur-containing radicals methyl perthiyl
(CH3SS) and thiophenoxy (CeHsS). Sulfur-containing molecules are a major constituent of both
fossil fuels and biomass, and the combustion of these materials results in the emission of many
sulfur oxide (SOy) pollutants. Gas phase reactions of sulfur containing radicals are of particular
importance as these highly reactive species can act as key intermediates in these hydrocarbon
combustion processes and have a major influence on the ultimate reaction products. With
molecular beam photodissociation experiments, the kinetics and energetics of the
decomposition of these molecules can be probed in detail to provide a deeper understanding of
these species and their reactivity. Moreover, it is of interest to compare these species to the
oxygen-containing analogs, CH300 and CgHsO,
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Herein, we report the photodissociation dynamics of the thiophenoxy radical (CsHsS:) studied
by fast beam coincidence translational spectroscopy at 248 and 193 nm.

Photofragment translational spectroscopy was used to study the photodissociation of the
methyl perthiyl radical CHsSS at 248 nm. The radical was produced by flash pyrolysis of
dimethyl disulfide (CH3SSCH3). The primary objectives of this study were (a) to probe the
primary photochemistry of the methyl perthiyl radical and (b) to gain insight into the
photodissociation mechanism at 248 nm. A key question is whether photodissociation occurs
on an excited state surface or if the excited radical undergoes internal conversion to the ground
state followed by statistical dissociation. This issue can be addressed by examining the
translational energy distributions for the observed channels to see if they are consistent with
statistical decay on the ground state surface.

At 248 nm, corresponding to a photon energy of 5.0 eV, there are several energetically allowed
products from the photodissociation of the methyl perthiyl radical:

CH3SS (X°A”) > CH3 (X°Ay") +SS (X°%,) AH,=2.06 eV,
CH5SS (X*A”) = CH3S (X%E) + S (°P) AH,=3.61 eV,
CH3SS (X°A”)) = CH,S (X*A1) + SH (XN) AHy=2.0 eV

Two channels were observed: CHs + S, and CH,S + SH. Photofragment translational energy (E+)
distributions for the CHs3 + S, channel peaked near zero translational energy and were well-fit by
a prior distribution, indicating that CHs + S, results from C-S bond fission on the ground state
surface. The P(E7) distribution for the CH,S +SH channel peaked further from zero. This
distribution suggests isomerization to CH,SSH on the ground state surface followed by
dissociation over a small exit barrier, but the energetics are also consistent with production of
electronically excited CH,S.

The photodissociation dynamics of the thiophenoxy radical (C¢HsS+) at 248 and 193 nm were
investigated using fast beam coincidence translational spectroscopy. Thiophenoxy radicals were
produced by photodetachment of the thiophenoxide anion followed by photodissociation at
248nm (5.0 eV) and 193nm (6.4eV). Experimental results show two competing dissociation
channels leading to S + C¢Hs: (phenyl) and CS + CsHs- (cyclopentadienyl). The bond dissociation
energies for these channels are 3.90 and 3.10 eV, respectively.

The S:CS branching ratio was found to be 0.5 at 248 nm and 1.2 at 193 nm. Translational
energy distributions were measured for both channels at each wavelength. Zero-point energy
corrected potential energy surfaces were calculated using DFT to aid the experimental
interpretation. The proposed dissociation mechanism involves internal conversion from an
excited state prior to statistical dissociation on the ground state surface. Calculations (see
Figure 1) show that the S loss channel is simple bond fission whereas the CS loss pathway
entails multiple transition states as it undergoes bicyclic isomerization followed by five
membered ring formation. The potential energy surface in Fig. 1 is consistent with the
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experimental translational energy distributions where CS loss is broader and peaks farther away
from zero that the corresponding distribution for S loss. It also explains the photon energy
dependence of the product branching ratio, because the more endothermic channel (S atom
loss) proceeds via a loose transition state and thus becomes more favored at higher excitation
energy.

While the reaction pathway for CS loss in Fig.1 is similar to that for CO loss from phenoxy, the
energetics of the phenoxy radical are very different. The CO loss channel is considerably lower
in energy than O atom loss and thus dominates the unimolecular decay of phenoxy. Moreover,
the analog of TS2 is the highest barrier along the pathway for CO loss owing to the asymptotic
energetics.
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Fig. 1. Calculated potential energy surface for the ground state
dissociation of the thiophenoxy radical

In the future, the two radical photodissociation experiments along with anion slow electron
velocity map imaging will be used to study the spectroscopy and photodissociation of free
radicals, with a particular focus on species that play a key role in combustion chemistry.
Specific target systems include radicals with relative low bond dissociation energies that take
part in low-temperature (<1000 K) autoignition chemistry, particularly peroxyl (RO;) radicals,
their as-yet unobserved QOOH isomers, and the radicals resulting from the subsequent
reactions of these species. Radicals such as benzyl and benzoxyl are of interest as
intermediates in the oxidation of aromatic hydrocarbons. Finally, resonance-stabilized radicals,
including open chains (pentadienyl, heptadienyl, C4H3, CsHs) and radicals comprising an intact
aromatic ring (phenoxy, indenyl, phenalenyl), are of interest owing to their role in the growth of
complex hydrocarbons such as PAH’s in combustion.
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Resolution Photoionization and Photoelectron Methods
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. Program Scope:

The main goal of this research program is to obtain accurate thermochemical data, such as ionization
energies (IEs), 0 K dissociative photoionization thresholds or appearance energies (AEs), 0 K bond
dissociation energies (Dy’s), and 0 K heats of formation (AH®g’s) for small and medium sizes molecular
species and their ions of relevance to combustion chemistry. Accurate thermochemical data determined by
high-resolution photoionization and photoelectron studies for selected polyatomic neutrals and their ions are
also useful for benchmarking the next generation of ab initio quantum computational procedures.

1. Recent Progress:

The propargyl radical (C3H;) and its cation (C3H;") play an important role in the chemistry occurring
in combustion and planetary atmospheres. The primary motivation for spectroscopic studies of C3Hz/C3Hs"
in the fields of combustion and astrochemistry is concerned with finding the appropriate spectroscopic
signatures for the detection of these species. Being the smallest m-conjugated hydrocarbon system, the
C3;H3/C;H;" system has been the subject of many experimental and theoretical investigations, aiming to
obtain fundamental insight into the electronic and bonding structures of m-conjugated hydrocarbon species.
The recent efforts in accurate determinations of the ionization energy (IE) and vacuum ultraviolet (VUV)
photoionization cross sections of C;H; radical have made possible the quantitative detection of C;H; in
combustion flames using the VUV photoionization mass spectrometric method.

Due to the space charge effect, ions cannot be prepared with high intensities, and thus high-
resolution spectroscopic data for ions are more difficult to obtain compared to those for neutral species.
Although all the twelve vibrational frequencies for C;H; have been well determined with selected vibrational
bands measured to the rotational detail, the vibrational frequencies for gaseous C3H;" were not known until
about ten years ago. To our knowledge, well resolved vibrational spectra of neat gaseous C;H; " have not yet
been reported previously. The current most precise vibrational frequencies for the C-H, C-C, and C=C
stretching modes of these ion species were obtained indirectly by IR-photodissociation (IRPD) of weekly
bound Ar-tagged complex Ar-C;H;".' Since the IR absorption frequencies of the Ar-tagged complex are
different from the gaseous C3Hs", it is not surprising that discrepancies were observed between the IRPD
determinations and theoretical predictions. A notable example is that the vs'(a;) C-C stretching frequency of
C;H;" determined by the recent Ar-tagged IRPD method was found to be ~100 cm™ lower than the
predictions based on the current state-of-the-art ab initio quantum calculations. Furthermore, due to the
restricted tuning range of commercial IR laser sources, the vibrational frequencies observed in the IRPD
studies were limited to frequencies above 1000 cm™. Photoelectron spectroscopy is a reliable method for
vibrational spectroscopy measurements of neat gaseous ions.

Motivated by the discrepancy observed between the vs'(a;) C-C stretching frequency of Cs;Hj"
measured by Ar-tagged IRPD and those obtained by state-of-the-art theoretical calculations, we have
performed a velocity-map imaging (VMI) of photoelectrons produced by tunable VUV laser PD of C;H3
radicals® prepared by a supersonically cooled radical beam source. The VMI-photoelectron (VMI-PE)
technique has been shown to achieve similar resolution and higher collection efficiency compared to the
pulsed field ionization-photoelectron method. This experiment represents the first application of the VMI-
PE method for the photoelectron study of neutral free radicals, particularly using tunable VUV laser as the
photoionization source. The ability for the identification of weak vibrational bands for C;H;" in the range of
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0-4,600 cm” above the IE(C;H;) in this experiment can be attributed to the high detection sensitivity
achieved in the VMI-PE measurement.

The VUV laser VMI-PE apparatus used consists of a tunable VUV laser, a supersonically cooled
C;H; radical beam source, and a VMI-PE detection T
system. Tunable VUV laser radiation was generated by e S o .
four-wave difference-frequency mixing using a Xe jet as -
the nonlinear medium. The cold C;H; sample was
produced by a supersonically cooled excimer laser PD
radical beam source. We have measured the VMI-PE
images of C;H; at the VUV photoionization energies of
8.927, 8.966, 9.109, 9.157, 9.219, and 9.277 eV. The
VMI-PE images thus obtained reveal rings of
photoelectron images with quite homogeneous angular
intensities, allowing the observation of the photoelectron
bands for C;H;"(X'A) formed in the energy region of 0-
4600 cm™ above the IE(C5Hs) = 8.6982+0.0005 eV.

Figure 1 depicts the VMI-PE spectrum derived T T
from the VMI-PE images, which was found to exhibit an 0 1000 2000 3000 4000

overwhelmingly strong origin band along with several Fig. 1. The VMI-PE :I;:C";x;;mfgr C,H, derived
weak vibrational peaks. The energy calibration of the o1 the VMI-PE images. The vibrational

VMI-PE spectrum was achieved by setting the peak assignments are marked on top of the averaged
position of the VMI-PE origin band to be the IE(CsH3).  VMI-PE spectrum by drop lines.

The VMI-PE bands at 71014, 71276, 71900, 72242,

72403, and 74300 cm™ are discernible in individual VMI-PE spectra. Two very weak vibrational bands at
72728 and 73513 ecm™ are also evident in the spectrum. The observed vibrational frequencies 858, 1120,
1744, 2086, 2247, 2572, 3357, and 4152 cm™ determined for the VMI-PE vibrational bands of C;H;" (XlAl)
are given in Table I for comparison with the IRPD measurements and theoretical predictions.

In order to deduce the peak heights and widths of the observed vibrational bands, we have obtained a
simulated spectrum (shown as the lower spectrum of Fig. 1) for the VMI-PE spectrum assuming a Gaussian
instrumental peak profile for the VMI-PE bands. While the peak width for the origin band is found to be 116
cm’, the widths of other excited vibrational bands are generally become narrower as their positions are

I(photoelectron)/I(hv) (arbitrary units)

closer to VUV photoionization Table I. Assignment of near threshold VMI-PE bands for C;H;" in the 0-4436
energy. For the vibrational band | ¢y above the IE(C;H;).2
at 74300 cm” (9.2120 eV), the _ . . _ : .
width is found to be 87 cm’. V|b_rat|onal Experiment (cm™) Ab initio Calculations (cm™)
This observation is consistent | 21NNt This work” | Ricketal.' | Huangetal.’ | Botschwina et
with the trend for the achievable al?
energy  resolution in  near v4(by) 858 - 862 872
threshold VMI-PE measurements. vs(a;) 1120 1222 1132 1123
The  electronic  con- 2v4(a;) 1744 -~ 1724 1744
figuration for the ground state of vs(ap) 2086 2077 2082 2080
CiH; is ...7a°1b,’1b,*2b,°2b, 2vs(a)) 2247 2264 2245
giving rise to a ground state of 3v7'(by) 2572 - 2586 2616
B, symmetry in the C,, point 3vs(a) 3357 - 3395 3369
group. The highest occupied 2b, 2vs(ar) 4144 - 4164 4160

orbital is essentially a delocalized m-type orbital covering the linear CCC structure of CsH;. Thus, the
ejection of the unpaired 2b; electron by photoionization is expected to affect the bonding of the CCC
structure, inducing the excitations of the C—C and C=C stretching and CCC and CCH bending modes of
C;H;"(X'A)). Guided by the calculated anharmonic vibrational frequencies, the theoretical normalized
FCFs, and the IRPD measurements, we have assigned the vibrational bands observed in the VMI-PE
spectrum as shown in Table I and marked in Fig. 1 by drop lines. The assignments of the vibration band,
2v;7(a;) = 1744 cm™ and the vibration progressions: vs (a;, C—C stretch) = 1120 cm™, 2vs" = 2247 cm™, and
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3vs = 3357 cm'l, and v;'(a;, C=C stretch) = 2086 cm’! and 2v;* = 4144 ¢cm™ are Franck-Condon allowed
photoionization transitions. An important result of this study is that the vs'(a;) frequency of 1120 cm
determined by the VMI-PE study is found to be smaller than the IRPD value of 1222 cm™ by 102 cm™,
confirming the result high-level theoretical predictions of 1123-1132 cm™. The observation of the weaker
bands v;(b;) and 3v;'(b)) is interesting, as the excitation of these vibration bands may involve vibronic
interactions. We note that the 3v; (b;) band can be assigned to the v, +vs' combination band as they are
predicted to have similar vibrational frequencies. As shown in Table I, the vibrational frequencies of
C3H3+(X1A1) determined here, i.e., v, (b;) = 858 cm'l, vs =1120 cm'l, 2v," = 1744 cm’l, v; = 2086 cm'l,
2vs"=2247 em™, 3v; (b)) = 2572 cm™, 3vs” = 3357 cm™', and 2v;" = 4144 cm’', are in excellent accord with
the predictions of the high-level ab initio quantum theoretical calculations.

The relative peak heights for the VMI-PE vibrational bands observed in Fig. 1 can be considered as
relative Franck-Condon factors (FCFs) for the photoionization process. A high-level theoretical
investigation of the FCFs for the Cs3Hs/C3H;" photoionization system has been reported previously by
Botschwina and Oswald.” The FCFs calculated by Botschwina and Oswald predicted the excitations of the
vibrational bands, in the order of increasing vibrational frequency, vs', v4, v3', 2vs', v4  +vs', 2v4", vo', v +
vs', and v;". Nevertheless, among these predictions, only the vs', v3*, and 2vs" bands are observed in the
present study. Furthermore, the calculated FCFs for the v;* and 2vs™ bands are found to be significantly
smaller than the experimental observation. In addition, the observation of the v;" (b)), 2v7", 3v; (b;), 3vs', and
2v;" bands in the present experiment was not predicted by the theoretical calculation of Botschwina and
Oswald. These discrepancies observed between the experiment and theoretical results indicate that the
potential energy surfaces governing the photoionization of C;H; near its IE are in need of further
improvement in order to provide a reliable FCF prediction for the C;H5/C;H;" photoionization system. We
note that the observation of the v, (b;) and 3v;'(b;) bands is indicative of vibronic interactions, which were
not taken into account in the theoretical calculation. Furthermore, the relative intensities for the vibrational
bands observed can also be affected by near resonance autoionizing Rydberg states in the present study.

1. VUV laser PIE, PFI-PE and VMI-PE and VMI-TPE studies of radicals

We are making excellent progress in VUV-PIE and VUV-PFI-PE measurements of small radicals
using the VUV laser photoion-photoelectron apparatuses established in our laboratory. In collaboration with
Xu Zhang (Jet propulsion Laboratory, NASA), Barney Eillison (Univ. of Colorado, Boulder), we also plan to
study of the IR spectroscopy of hydrocarbon radicals and their ions using the two-color IR-VUV PI, and IR-
VUV-PFI-PE methods, which have recently developed in our laboratory. We have also been successful in
performing high-resolution VUV laser VMI-PE and VMI-TPE imaging measurements on selected radicals,
such as propargyl (C;H;), allyl (C;Hs), and halogenated hydrocarbon methyl radicals CH,X, X = Cl and Br.
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LES of Turbulence-Chemistry Interactions in Reacting Multiphase Flows
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I. Program Scope

Application of the Large Eddy Simulation (LES) technique within the Diagnostics and Reacting Flows program
at the CRF is based on two primary objectives. The first is to establish a set of high-fidelity “first-principles” com-
putational benchmarks that identically match the geometry (i.e., experimental test section and burner) and operating
conditions of selected experimental target flames. The second is to establish a scientific foundation for advanced model
development that effectively bridges the gap between the idealized jet flame processes studied under this program and
application relevant processes exhibited at the device scale. The goal is to provide direct one-to-one correspondence
between measured and modeled results at conditions unattainable using Direct Numerical Simulation (DNS) by per-
forming a series of detailed simulations that progressively incorporate the fully coupled dynamic behavior of reacting
flows with detailed thermodynamics, transport, chemistry, and realistic levels of turbulence. Our primary focal point is
the series of flames that have been studied as part of the Experimental Reacting Flow Research program in collabora-
tion with Rob Barlow and Jonathan Frank. This represents a direct extension of joint activities being pursued as part of
the International Workshop on Measurement and Computation of Turbulent (Non)premixed Flames' (i.e., the “TNF
Workshop”). Complementary information from highly specialized LES calculations, combined with detailed laser-
based measurements, provide new opportunities to understand the central physics of turbulence-chemistry interactions
in realistic parameter spaces and for the development of accurate predictive models for turbulent combustion. After
achieving an adequate level of validation, results from high-fidelity LES provide fundamental information that cannot
be measured and a strong link between theory, experiments, and relevant applications. The insights gained provide
a basic science foundation for development of models and simulation techniques for state-of-the-art transportation,
propulsion, and power devices such as internal combustion engines (e.g., reciprocating, gas turbine, liquid rockets).

II. Recent Progress

The need for improved quality metrics for LES has been recognized now for many years. Activities associated with
the TNF Workshop, for example, has identified many issues. In TNF8 (Heidelberg Germany, 2006), attempts to model
simple bluff-body flames (the HM1 case for example) by several different research groups around the world illustrated
many ambiguities. Two issues arose from initial comparisons with available experimental data: 1) uncertainty with
respect to boundary conditions, and 2) uncertainty with respect to code and simulation parameters (i.e., numerics,
grid resolution, time-step, integration time, etc.). Codes with a variety of different numerical schemes and capabilities
(e.g., with and without artificial dissipation added for stability) were used. Geometric details of the burner were not
resolved. Limited computational resources imposed significant constraints on the levels spatial and temporal resolution
applied. The combined uncertainties made it impossible to draw any conclusions regarding model accuracy. The
reason for these ambiguities is due to the fact that all Computational Fluid Dynamics (CFD) calculations are composed
of different mathematical elements: 1) numerical methods, 2) physical models, 3) a discretized physical domain, and
4) boundary conditions. Each of these elements introduces uncertainties, and the competing errors interact in a highly
nonlinear manner due to the coupled nature of the mathematical systems (see Geurts et al.”). The broadband multi-
scale nature of LES makes it particularly sensitive to these errors. In addition, the integral-scale Reynolds number
for the flames studied under this program (e.g., TNF flames) are of O(10%) whereas those associated with most
transportation, propulsion, and power devices are of O(10%) or greater. Thus, there is a related need to quantify the
effects of increasing Reynolds number and other key quantities on turbulent flame dynamics and understand how to
scale validated LES to conditions exhibited at the application level. Accomplishing this hinges on understanding the
ranges of scales that a given system of subgrid models accurately operates over.
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LES Predictions of Temperature (Sydney Bluff-Body Flame)
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Figure 1: The Sydney bluff-body flame shown at left is used to demonstrate the error-landscape method (see Kempf, Geurts,
and Oefelein''). Figures a-d show the instantaneous temperature from LES and illustrate the effects of different values of the
Smagorinsky constant C;. Small values of C, (a) allow structures on order of the grid spacing where numerical errors dominate.
Large values (d) suppress structures. The optimal value is found at C; = 0.173. (c)

Development of predictive LES is complicated by the interdependence of different subgrid models, competition
between modeling and numerical errors, model variability, and numerical implementation. Errors and ambiguities are
multiplying, and control of accuracy has become a critical aspect in the development of predictive LES for design.
When accuracy is not sufficient, results can be misleading and intractably erroneous due to factors such as poor
numerics, poor grid quality, lack of appropriate spatial or temporal resolution, ill-posed boundary conditions, and
inaccurate models. Given the myriad of competing interdependencies that affect solution accuracy, time to solution,
and the overall confidence in the predictive quality of LES, we have devoted significant time recently to begin to
establish robust performance metrics to assess the “quality” of a given simulation in a manner that minimizes potential
sources of error and provides a clear set of quantitative implementation requirements for different classes of subgrid
models. Collaborative efforts were coordinated as part of recent TNF workshops. !

Initial studies aimed at understanding and improving the accuracy of LES focused on the impact of grid resolution
on numerical errors and/or model errors. Past criteria have been developed to assess LES quality in simple geometries,
under simple conditions (single phase, low turbulence intensity, non-reacting). Similarly, various algebraic error
indicators (such as Popes 80 % criterion?) have been developed in an attempt to provide some guiding metrics (see
for example Gant? and Celik et al.*). In TNF9 (Montreal Canada, 2009), algebraic error indicators were applied to
the Sydney bluff-body flame (HM1) to explore their utility in the context of the observations above. It was shown that
these indicators produce anomalous results. In dissipative schemes, for example, measures of the resolved turbulent
kinetic energy in an LES can be misleadingly high since dissipative errors incorrectly damp the velocity fluctuations
and thus the total level of turbulent kinetic energy in the system. As a consequence, low values of turbulent viscosity
suggest good resolution, when in reality artificial dissipation introduced non-physical damping of the turbulence.

A second focal point in TNF9, followed by TNF10 (Beijing China, 2010), was application of more advanced
techniques based on multi-objective optimizations to reach an ideal set of simulation parameters (see for example the
pioneering work of Meyers et al.>%). One such technique known as the error-landscape method was applied to the Syd-
ney bluff-body flame (HM1) by Kempf, Geurts, and Oefelein.'! Figure 1 shows representative results that demonstrate
how to optimize the widely used Smagorinsky model on a given grid. Small values of the Smagorinsky constant C; (a)
allow structures on order of grid spacing where numerical errors dominate. Large values (d) suppress structures. The
optimal value is found in between at C; = 0.173 (c). The error-landscape method is used to systematically assess the
total simulation error that results from the combination of specific models and numerical methods. The novel feature
of this method is that it makes use of available experimental data to quantify the error in corresponding simulations.
This is in contrast to more sophisticated uncertainty quantification methods that require significantly more input than
is typically available from an experiment. The primary advantage the technique is that it identifies combinations of
grid, filter, and model parameters that introduce incorrect flow physics. This allows one to simultaneously minimize
the competing effects of these errors. The disadvantage, however, is that combined errors are lumped together and the
total error cannot be reduced to any arbitrary level.
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A major deficiency with the quality indicators used to date is that none of them account for the various sources
of error rigorously. Only the bulk error from multiple competing sources has been considered instead of the distinct
sources of error. Discretization and modeling associated with LES introduces three distinct forms of error: 1) dis-
cretization errors associated with the numerical techniques; i.e., temporal integration, spatial differencing, and related
stabilization schemes, which can induce damping and dispersion of broadband flow processes; 2) the total model
residual error, which is caused by discretization of the sub-models themselves; and 3) the error associated with the
model approximation itself due to both the basic assumptions and the related range of subgrid- or subfilter-scales it
is specified to work over. Ongoing work is focused on understanding and minimizing these three distinct sources of
error and the interactions between them.

Quality metrics that relate local grid resolution, the spatial filter size, and corresponding integration time-step to
key physical scales such as the Kolmogorov time and length scales, scalar thickness, flame thickness, reaction zone
thickness (depending on the flow system of interest) are being developed that can be used to quantify each of the
sources of error individually. Once the errors are quantified, implementation requirements aimed at simultaneously
minimizing respective errors and the compounding interactions between them will be developed. To accomplish this
goal, we use a framework similar to that developed by Vervisch et al.? as the initial starting point. In contrast to
Vervisch et al., who focused on developing mesh quality criterion aimed exclusively at minimizing the total model
residual error for accurate treatment and analysis of DNS data, our effort will extend these ideas with emphasis
on treating all three forms of error in the context of LES. Development of the quality assessment techniques and
corresponding implementation requirements for accurate LES will be directly linked to the hierarchy of experiments
that Barlow and Frank have proposed.

II1. Future Work

We will continue to use the foundational approach and framework described above with emphasis placed on three
interrelated areas of research: 1) Maintain close coordination between LES and the experimental reacting flow research
program with emphasis on the collaborative activities of the TNF Workshop to advance our fundamental understanding
of turbulent reacting flows. 2) Initiate a significant effort in the development of quality assessment techniques for
LES aimed at understanding and controlling the myriad of errors that complicate the development and validation of
predictive models. 3) Continue to develop advanced models and simulation techniques aimed at accurate prediction
of flame behavior across a broad range of combustion modes, regimes, and fuels. Tasks related to research area 1 will
be pursued through close collaborations with R. Barlow and J. Frank following the proposed series of experiments
outlined in their respective abstracts. Tasks related to research area 2 will be pursued through close collaborations
with R. Dahms and H. Najm (e.g., see Najm’s abstract). Calculations will be performed in a manner that leverages
our combined expertise in LES, high performance computing, and access to unique massively parallel computational
facilities. Emphasis will be placed on establishing high-fidelity computational benchmarks that identically match the
geometry and operating conditions of the selected experimental target flames. The goal is to establish a scientific
foundation for advanced model development that bridges the gap between the idealized jet flame processes studied
under this program and application relevant processes exhibited at the device scale.
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PROGRAM SCOPE

The goal of this program is to elucidate mechanisms of elementary combustion reactions
through the use of multiplexed optical spectroscopy and mass spectrometry. We developed a
technique known as time-resolved multiplexed photoionization mass spectrometry (MPIMS),
which is used to sensitively and selectively probe unimolecular and bimolecular reactions. This
work is in collaboration with Craig Taatjes and many scientists from other institutions in the US
and abroad. The Sandia-designed MPIMS instrument utilizes tunable vacuum ultraviolet light
from the Advanced Light Source synchrotron at Lawrence Berkeley National Laboratory for
sensitive, isomer-specific ionization of reactant and product molecules in chemical reactions.

As a complementary approach, we utilize time-resolved Fourier transform spectroscopy
(TR-FTS) to probe multiple reactants and products with broad spectral coverage ( > 1000 cm™),
moderate spectral resolution (0.1 cm™), and a wide range of temporal resolution (ns — ms). The
inherently multiplexed nature of TR-FTS makes it possible to simultaneously measure product
branching ratios, internal energy distributions, energy transfer, and spectroscopy of radical
intermediates. Together with total rate coefficients, this additional information provides further
constraints upon and insights into the potential energy surfaces that control chemical reactivity.
Because of its broadband nature, the TR-FTS technique provides a global view of chemical
reactions and energy transfer processes that would be difficult to achieve with narrow-band,
laser-based detection techniques.

RECENT PROGRESS
Isomer-resolved mass spectrometry

The multiplexed chemical kinetics photoionization mass spectrometer operates both at
Sandia National Laboratories (using a discharge lamp to create VUV radiation), and at the
Chemical Dynamics Beamline of the Advanced Light Source (ALS) synchrotron of LBNL. The
chemical reactor is based on the Gutman design,* which allows the study of photodissociation
and bimolecular reactions at pressures of 1 — 10 Torr and temperatures of 300 — 1000 K.

While the study of chemical kinetics using PIMS is well-established, this apparatus has
two unique features that make it especially powerful for chemical kinetics. First, the widely
tunable, intense VUV radiation from the ALS enables isomer-specific ionization of product
species. Second, the high repetition rate of the mass spectrometer allows us to take snapshots of
the complete chemical composition in our reactor as a function of time at a repetition rate of 50
kHz. Mass resolution of m/Am ~ 1600 has been achieved using a simple linear (i.e., not
reflectron) approach. This mass resolution has already been used to separate HCCO" from C3Hs"
(both nominally mass 41), CH,OO vs. CH,S, and will be increasingly valuable in separating
other O «> CH, substitutions in larger hydrocarbons (e.g., acetone vs. butane, ketene vs.
propene) in the chemistry of hydrocarbon oxidation.
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The absolute photoionization cross Section of the vinyl (H,CCH) radical

The vinyl radical (H,CCH) is a combustion intermediate that has long been implicated in
molecular weight growth chemistry. As more experiments attempt to measure concentrations of
transient intermediates via photoionization, the need for accurate photoionization cross sections
grows. However, the absolute number density of a free radical sample is time dependent due to
loss via chemical reactions, making it challenging to obtain absolute photoionization cross
sections. Our approach follows closely a method developed by Neumark and co-workers,? in
which a stable, closed-shell precursor molecule is photodissociated, yielding two free radical
fragments in a 1:1 ratio, both of which are detected via photoionization. If the absolute
photoionization cross section of one radical is known, the cross section of the partner radical may
be determined from the ratio of signal strengths, properly corrected for instrumental factors.

For the vinyl radical, we chose two precursors: methyl vinyl ketone (MVK) and vinyl
iodide (VI). In the former case we measure the cross section of the vinyl radical by comparison
with its cofragment, the methyl radical, following 193 nm photodissociation of MVK. Fahr and
coworkers® have measured the quantum yield (P methy/DPiny = (1.11 £ 0.04)) from MVK
photodissociation, which is used to scale our signals. We utilize the absolute photoionization
cross section of the CHj3 radical, which has been measured with good agreement by three
independent scientific teams.* For vinyl iodide photodissociation at 248 nm, the quantum yield
of the I + C,H3 channel is close to unity (> 0.91). With this system we can measure the vinyl
cross section from the number density and absolute cross section of C,Hsl combined with its
fractional depletion due to photodissociation. Using the MPIMS spectrometer for this
measurement has two important advantages. First, the nascent radicals are thermalized rapidly to
300K via collisions with helium, ensuring that the thermal energy in each radical is small and
well-determined. Second, the time-resolved signals of each radical can be used to extrapolate to
signals that would be observed immediately following dissociation at t ~ 0. We are finalizing
our analysis of this data at present, but the preliminary results point to a smaller value than that
obtained by Robinson et al.> In our measurements, both the reference and the unknown radical
can be measured at the same photoionization energy, eliminating the need to measure the VUV
photon flux, thereby cancelling any systematic errors that may accompany such measurements.

The O(P) + methylacetylene reaction: Intersystem crossing plays a key role

Reactions of ground state oxygen atoms with unsaturated hydrocarbons are important
reactions in some regions of flames. The primary loss channel for acetylene (HCCH) is reaction
with OC’P), yielding the major product channel H + HCCO and the minor channel *CH, + CO.
All evidence (experimental and theoretical) argues that this reaction takes place entirely on the
triplet C,H,O surface. By contrast, there is significant evidence that the reaction of O(*P) with
ethene (C,H,4) occurs on both the initial triplet and the singlet surface, despite the fact that all the
atoms are light. The nonadiabatic interactions leading to the surprisingly facile intersystem
crossing (ISC) are reasonably well documented for the case of O(°*P) + C,Ha, notably in a recent
study by the groups of Bowman and Casavecchia.’

We recently completed a study of the O(®P) + propene (CsHg) reaction as a gateway to
the richer chemical pathways available in larger alkenes. For example, in the propene reaction
the oxygen atom may add to the central or the terminal carbon. These distinct entrance channels
lead to different reaction pathways, and offer clues to the mechanism of ISC. More recently we
have studied the reaction of O(P) + methylacetylene (HC=CCHs) to compare with the analogous
reaction with acetylene.
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We have studied this reaction at a pressure of 4 torr and temperature of 300K, and with
both do- and di-methylacetylene for additional mechanistic insight. Under these low pressure
conditions, stabilization of the C3H,O adduct is disfavored, and bimolecular reaction channels
dominate. We observe evidence for 7 different product channels of this reaction, including the
two simple bond fission channels characterized by methyl and H atom loss. The major species
we identify are vinyl (C,H3), formyl (HCO), methylketenyl CH3;CCO, methyl (CHj3), ethene
(C2Hy), and acetylene (HCCH). A very small amount of propadienal (CH,CCO) is detected,
evidence for a H; loss channel.

Our preliminary analysis leads to two (preliminary) conclusions. First, that O(°P)
addition to the central carbon is quite minor (< 10%), and second, that ~ 70% of the products
arise from intersystem crossing to the singlet surface. The second finding is in stark contrast to
the electronically similar reaction with acetylene.

Photochemical conversion of acetaldehyde to vinyl alcohol

In collaboration with Scott Kable and Meredith Jordon of the University of Sydney, we
have investigated the photolysis of acetaldehyde in a bath gas of nitrogen at total pressure P = 20
— 760 torr, over the wavelength range A = 330 — 295 nm. In this region acetaldehyde absorbs to
the S; state followed by intersystem crossing and/or internal conversion to highly vibrationally
excited states on Sp. At moderate pressure, collisional stabilization competes with decay to
bimolecular products. We have observed for the first time that part of the collisional
stabilization channel includes isomerization to vinyl alcohol. Because this species does not
absorb in the in this wavelength region, photoisomerization is a one-way street leading to a
buildup of vinyl alcohol. This result has clear implications for tropospheric chemistry, but also
points out how this system is an ideal one for tuning a master equation analysis in a system
where the total energy is well controlled.

Future Directions

Using TR-FTS, we will continue to investigate photodissociation reactions that show
evidence for roaming dynamics. Following on the recent work of Suits and coworkers’ on
acetone photodissociation, we plan to study production of C,Hg in this system. Using MPIMS,
we will continue studies of O(°P) + unsaturated molecules to explore more deeply the factors
governing intersystem crossing rates in these systems.

BES-sponsored publications, 2011 — present

1) Phototautomerization of Acetaldehyde to Vinyl Alcohol: A Primary Process in UV-Irradiated Acetaldehyde from 295
to 335 nm, A. E. Clubb, M. J. T. Jordan, S. H. Kable, and D. L. Oshorn, Journal of Physical Chemistry Letters 3, 3522
(2012).

2) Thermal decomposition of CH3;CHO studied by matrix infrared spectroscopy and photoionization mass spectroscopy,
A. K. Vasiliou, K. M. Piech, B. Reed, X. Zhang, M. R. Nimlos, M. Ahmed, A. Golan, O. Kostko, D. L. Osbhorn, D. E.
David, K. N. Urness, J. W. Daily, J. W. Stanton, and G. B. Ellison, Journal of Chemical Physics 137, 164308 (2012).

3) Synchrotron photoionization measurements of fundamental autoignition reactions: Product formation in low-
temperature isobutane oxidation, A. J. Eskola, O. Welz, J. D. Savee, D. L. Oshorn, and C. A. Taatjes, Proc. Combust.
Inst., http://dx.doi.org/10.1016/j.proci.2012.06.0116 (2012).

4) Low-temperature combustion chemistry of biofuels: Pathways in the low-temperature (550 — 700 K) oxidation
chemistry of isobutanol and tert-butanol, O. Welz, J. D. Savee, A. J. Eskola, L. Sheps, D. L. Osborn, and C. A Taatjes,
Proc. Combust. Inst. http://dx.doi.org/10.1016/j.proci.2012.05.058 (2012).

5) Product Detection of the CH Radical Reaction with Acetaldehyde, F. Goulay, A. J. Trevitt, J. D. Savee, J. Bouwman,
D. L. Osborn, C. A. Taatjes, K. R. Wilson, and S. R. Leone, Journal of Physical Chemistry A 116, 6091 (2012).

6) Synchrotron photoionization measurements of OH-initiated cyclohexene oxidation: ring-preserving products in the OH
+ cyclohexene and hydroxycyclohexyl + O2 reactions, A. W. Ray, C. A. Taatjes, O. Welz, D. L. Osborn, and G.
Meloni, Journal of Physical Chemistry A 116, 6720 (2012).

221



7)

8)

9)

10)

11)

12)

13)
14)

15)

16)

17)

18)

19)

New mechanistic insights to the OCP) + propene reaction from multiplexed photoionization mass spectrometry, J. D.
Savee, O. Welz, C. A. Taatjes, and D. L. Osborn, Physical Chemistry Chemical Physics 14, 10410 (2012).
Spectroscopy of the simplest Criegee intermediate CH,OO: simulation of the first bands in its electronic and
photoelectron spectra, E. P. F. Lee, D. K. W. Mol, D. E. Shallcross, C. J. Percival, D. L. Osborn, C. A. Taatjes, and J.
M. Dyke, Chemistry — A European Journal 18, 12411 (2012).

Direct measurement of Criegee intermediate (CH,00) reactions with acetone, acetaldehyde, and hexafluoroacetone, C.
A. Taatjes, O. Welz, A. J. Eskola, J. D. Savee, D. L. Oshorn, E. P. F. Lee, J. M. Dyke, D. W. K. Mok, D. E. Shallcross,
and C. J. Percival, Physical Chemistry Chemical Physics 14, 10391 (2012).

Absolute photoionization cross-section of the propargyl radical, J. D. Savee, S. Soorkia, O. Welz, T. M. Selby, C. A.
Taatjes, and D. L. Osborn, Journal of Chemical Physics 136, 134307 (2012).

Ground and low-lying excited states of propadienylidene (H,C=C=C:) obtained by negative ion photoelectron
spectroscopy, J. F. Stanton, E. Garand, J. Kim, T.I. Yacovitch, C. Hock, A. S. Case, E. M. Miller, Y. J. Lu, K. M.
Vogelhuber, S. W. Wren, T. Ichino, J. P. Maier, R. J. McMahon, D. L. Osborn, D. M. Neumark, and W. C. Lineberger,
Journal of Chemical Physics 136, 134312 (2012).

Low-temperature combustion chemistry of biofuels: pathways in the initial low-temperature (550 — 750K) oxidation
chemistry of isopentanol, O. Welz, J. Zador, J.D. Savee, M. Y. Ng, G. Meloni, R.X. Fernandes, L. Sheps, B. A.
Simmons, T. S. Lee, D. L. Osborn, and C. A. Taatjes, Physical Chemistry Chemical Physics 14, 3112 (2012).

“Direct kinetic measurements of the Criegee intermediate (CH,O0) formed by reaction of CH,I with 02” O. Welz, J.
D. Savee, D. L. Osborn, S. S. Vasu, C. J. Percival, D. E. Shallcross, and C. A. Taatjes, Science 335, 204 (2012).
“Absolute photoionization cross-sections of some combustion intermediates” B. Yang, J. Wang, T. A. Cool, N. Hansen,
S. Skeen, and D. L. Osborn, International Journal of Mass Spectrometry 309, 118 (2012).

“Branching fractions of the CN + C3Hg reaction using synchrotron photoionization mass spectrometry: evidence for
the 3-cyanopropene product” A. J. Trevitt, S. Soorkia, J. D. Savee, T. S. Selby, D. L. Osborn, C. A. Taatjes, S. R.
Leone, Journal of Physical Chemistry A 115, 13467 (2011).

“Detection of pentatetraene by reaction of the ethynyl radical (C,H) with allene (CH,=C=CH,) at room temperature” F.
Goulay, S. Soorkia, G. Meloni, D. L. Osborn, C. A. Taatjes, and S. R. Leone, Physical Chemistry Chemical Physics 13,
20820 (2011).

“The products of the thermal decomposition of CH3CHO” A. Vasiliou, K. M. Piech, X. Zhang, M. R. Nimlos, M.
Ahmed, A. Golan, O. Kostko, D. L. Oshorn, J. W. Daily, J. F. Stanton, and G. B. Ellison, Journal of Chemical Physics
135, 014306 (2011).

“Near-threshold H/D exchange in CD;CHO photodissociation,” B. R. Heazlewood, A. T. Maccarone, D. U. Andrews,
D. L. Osborn, L. B. Harding, S. J. Klippenstein, M. J. T. Jordan, and S. H. Kable, Nature Chemistry 3, 443 (2011).
“Infrared emission following photolysis of methylisothiocyanate and methylthiocyanate,” E. A. Wade, J. L. Pore, and
D. L. Osborn, J. Phys. Chem. A 115, 014306 (2011).

References

11 R. Slagle and D. Gutman, J. Am. Chem. Soc. 107, 5342 (1985).

2J. C. Robinson, N. E. Sveum, and D. M. Neumark, Chem. Phys. Lett. 383, 601 (2004).

% A. Fahr, W. Braun, and A. H. Laufer, J. Phys. Chem. 97, 1502 (1993).

*C. A. Taatjes, D. L. Oshorn, T. M Selby, G. Meloni, H. Y. Fan, and S. T. Pratt, J. Phys. Chem. A. 111, 12417
(2008); B. Gans et al., J. Phys. Chem. A 114, 3237 (2010); J. C. Loison, J. Phys. Chem. A 114, 65151 (2010).

®J. C. Robinson, N. E. Sveum, and D. M. Neumark, J. Chem. Phys. 119, 5311 (2003).

®B. N. Fu, Y. C. Han, J. M. Bowman, F. Leonori, N. Balucani, L. Angelucci, A. Occhiogrosso, R. Petrucci, and P.
Casavecchia, J. Chem. Phys. 137, 22A532 (2012).

V. Goncharov, N. Herath, and A. G. Suits, J. Phys. Chem. A 112, 9423 (2008).

222



Program Title: A Theoretical Investigation of the Structure and Reactivity of the Molecular
Constituents of Oil Sand and Qil Shale

Principle Investigator: Carol Parish

Address: Department of Chemistry, University of Richmond, Richmond, VA 23227
cparish@richmond.edu

PROGRAM SCOPE

Our work focuses on the theoretical characterization of the gas phase structures, energies and
reactivities of the molecular constituents of asphaltenes contained in oil sand and oil shale.
Asphaltenes represent an untapped source of hydrocarbon fuel in North America; however,
information about the molecular nature of these deposits has only recently become available.
Theoretical and experimental evidence suggests that asphaltenes are composed of aromatic
molecules that contain 4-10 fused ring cores, with alkyl chain arms extending from the core.
Sulfur and nitrogen are also present. Very little is known about the reaction pathways,
combustion efficiency and reactivity of these heteroaromatic species. We are currently
characterizing the combustion and pyrolysis reaction channels available to asphaltene
constituents such as thiophene and methyl thiophene.

RECENT PROGRESS - FY 2012 HIGHLIGHTS
Singlet Oxygen (2+4) Cycloaddition to Heteroaromatic Compounds

The 2+4 cycloaddition reactions of singlet molecular oxygen (IAg) with a series of aromatic
heterocyclic compounds were investigated at both the MP2/6-311++G(d, p) and B3LYP/6-
311++G(d, p) levels of theory. Several factors related to heteroaromatic ring structure were
determined to affect the activation energy of the cycloaddition and the stability of the
corresponding endoperoxide products. Such factors include: (1) the position of methyl
substitution; (2) the number of methyl substituents; (3) the alkyl chain length of substituents;
(4) the electronic structure of substituents and; (5) the type of heteroatom in the ring. In total,
fourteen 2+4 cycloaddition routes were examined and in each case the mechanism is
concerted. The order of reactivity toward O, (IAg) was determined to be: 2,3,4,5-
tetramethylthiophene > 2,3,5-trimethylthiophene > 2,5-dimethylthiophene > 2-
methylthiophene > 2-ethylthiophene > 2-propylthiophene > 3-methylthiophene > thiophene >
benzothiophene > dibenzothiophene; and furan > pyrrole > thiophene > benzene. The stability
of the endoperoxide products follows a similar trend. Each of the reaction pathways is initiated
by the formation of a pre-reactive complex, formed by a van der Waals interaction between a C
atom on the ring and an O atom on O,. To the best of our knowledge, this type of VDW pre-
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reactive complex has not been identified in previous studies of cycloaddition reactions of
singlet oxygen with arenes.

Minding the Gap: Variations on the Bergman Theme. Electrocyclizations of Penta—, Hepta—
and Octa—diynes

The electrocyclization reactions of the penta-1,4-diyne anion, the hepta-1,6-diyne cation and
the octa-1,7-diyne dication, to form the corresponding aromatic diradicals, were investigated
using the BLYP and B3LYP functionals with different basis sets.
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The energetics of these cyclization reactions shed light on the structural factors underlying
these important processes. The resultant diradicals provide information regarding through-
bond and through-space electron coupling and the role of aromaticity in the energetics of the
cyclizations. The geometries obtained at different levels of DFT are quite similar; however, the
relative energies depend upon the methodological approach. Therefore, energies were also
calculated using the BCCD(T)/cc-pVDZ treatment using BLYP/6-31G* geometries, and compared
with the results obtained at DFT levels. The cyclization barrier for the 1,6-heptadiyne cation (25
kcal mol™) is energetically comparable to that of the Bergman cyclization of (Z)-hexa-3-ene-1, 5-
diyne (28 kcal mol™), while the cyclization barrier for the 1,7-octadiyne dication (15 kcal mol™)
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is significantly lower. All three diradicals display aromatic behavior as measured by nucleus

independent chemical shifts.

FUTURE WORK

Work is currently underway to characterize ground and excited states of heteroaromatic

diradicals such as thiophene, fulvene and pyrrole. We are also pursuing a complete

characterization of the singlet and triplet surfaces of the electrocyclization reaction of (Z)-hexa-

1,3,5-triene leading to p-benzyne as well as a characterization of the endo and exo-dig radical

cyclization reactions.
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The Dynamics of Large-Amplitude Motion in Energized Molecules
David S. Perry, Principal Investigator
Department of Chemistry, The University of Akron
Akron OH 44325-3601
DPerry@UAkron.edu

I. Program Scope

Chemical reactions, by definition, involve large-amplitude nuclear motion along the
reaction coordinate that serves to distinguish reactants from products. Some reactions, such as roaming
reactions and reactions proceeding through a loose transition state, involve more than one large amplitude
degree of freedom. In principle, the exact quantum nuclear dynamics may be calculated, but such
calculations are limited by practical considerations to a few degrees of freedom. Thus in systems larger
than 3 or 4 atoms, one must define the active degrees of freedom and separate them in some way from the
other degrees of freedom. In this project, we use large-amplitude motion in bound model systems to
investigate the coupling of large-amplitude degrees of freedom to other nuclear degrees of freedom. This
approach allows us to use the precision and power of high-resolution molecular spectroscopy to probe the
specific coupling mechanisms involved, and to apply the associated theoretical tools. In addition to
cavity ringdown experiments and calculations at the University of Akron, work on this project involves
collaboration with Brooks Pate’s group at the University of Virginia (CD-FTMW-IR spectroscopy of
methanol and methylamine), with Michel Herman of the Université Libre de Bruxelles (rotationally
dependent vibrational dynamics of acetylene), and with Brant Billinghurst at the Canadian Light Source
(torsion-vibration coupling in nitromethane). The concepts developed in this project are finding

application to the coupled torsional motions in 3-hexylthiophene oligomers.
5

x 10

II. Recent Progress 14

A. Two-Dimensional Large-Amplitude
Motion 1.38

In molecules with two large-amplitude
vibrations (LAV), the LAV’s are coupled both to
each other and to the other small-amplitude k
vibrations (SAV) such as CH stretches. This part L34
of the work is focused on molecules where one
LAYV is a methyl internal rotation (angle, a), and
the other is either an inversion motion such as at
an amine nitrogen or a proton transfer (coordinate,
7). These molecules of G, symmetry have 6
equivalent minima connected by quantum
mechanical tunneling. -60

1.36

1.32

1.3

Our ab initio calculations on CH3;NH,, T 0

CH;0H,", and CH;CH, have shown that the
couplings connecting the torsion and inversion
LAV’s are very similar across these systems
despite the wide variation in the tunneling barriers
- 704, 400, and 21 c¢cm™ respectively for torsional ~ Fig. 1. The computed CH stretch force constant in
barriers, and 1950, 875, and 0 cm™? respectively CH3NH; as a function of the torsion (o) and inversion
for the barriers to inversion. The dominant (v) angles. The black ovals on the base plane indicate
torsion-inversion coupling term in all three cases  the locations of the six equivalent equilibrium
has the form, V37 cos3a , with V;3 in the range geometries of CH;NH,.
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280 to 450 cm’™.

The work on these systems has now been extended to the coupling of the two LAV’s to the
SAV’s, specifically the CH stretches. Such coupling can occur via the variation force constant of one CH
bond across the 2-D space of the LAV coordinates, a and 7 (Fig. 1). Additional coupling results from the
variation of the coupling between two of the CH bonds in this 2-D space. These couplings are
responsible for resolution of the E-type degenerate asymmetric CH stretch in a symmetric rotor into two
nondegenerate stretches v, and v;; in methylamine and they also impact the torsion-inversion level
structure in the CH stretch excited states. The magnitude of the couplings is a few tens of cm™ in the CH
stretch fundamental region, and they scale with the quantum numbers to become much larger at higher
energies.

Although the torsional barriers for CH;NH, and CH;CH,- differ by more than a factor of 20, we
find that the torsion-inversion-vibration coupling patterns, such as illustrated in Fig. 1, are very similar.
On the other hand, the torsion-inversion-vibration coupling in the charged species CH;OH," is much
weaker. Ongoing work is directed at determining the extent to which the SAV-LAV coupling is
transferable between molecular systems.

Methylamine is our experimental prototype for these six-well G, systems. Results to date
include high-resolution slit-jet spectra of the v;; asymmetric CH stretch (2965-3005 cm™) [6] and the first
FTMW-IR spectra in the v; symmetric CH stretch region. Whereas there is a single multiply perturbed
vibrational band in the vy; region, four distinct vibrational bands appear in the v; region. The extra bands
in the v; region likely result, as in methanol [3,4], from interactions with bending combinations that serve
as “doorway” states for intramolecular vibrational redistribution (IVR). The torsion and inversion
tunneling patterns involve four distinct symmetry species in
the Gy, group. Our high-resolution spectra for v;; yield a
pattern (E; < A < B < E;) qualitatively different from the
allowed range of patterns for the ground state. The
observed vy tunneling patterns result from the combination
of accidental perturbations and systematic effects
attributable to torsion-inversion-vibration coupling.

2 @ CH;NH, 5MT  2-MMA

- Vi, V
L g 11 V2

Energy / (lhy | +1h3,l)
|

To investigate the tunneling patterns attributable to
systematic torsion-inversion-vibration coupling, we have :
developed two different models (Fig. 2). The present 3
models incorporate torsion-inversion tunneling parameters
h,y and A3, respectively and a number of low-order terms
couplings to the CH-stretch vibrations. Of the three methyl
CH stretch vibrations, Model I includes only the two
asymmetric stretches that correlate to the E-type degenerate
CH stretch in a symmetric rotor; Model II includes all ; :
three. The models yield the torsion-inversion tunneling . HH
patterns of the four symmetry species, A, B, E; and E,, in -2 - o
the CH-stretch excited states (Fig. 2). The principal results - : : 't
are as follows. (i) Both models and each of the coupling T T T T T
terms considered yield the same tunneling patterns, which -1.0 -0.5 0.0 05 1.0
are different in the asymmetric CH stretch excited states as torsion<+— —* inversion
compared to those in the ground state. (ii) In Model I, the (o /Uy s, 1)
magnitude of the tunneling splittings in the two asymmetric ~ Fig. 2. The range of possible torsion-
CH stretch excited states is exactly half of that in the inversion tunneling patterns according to
ground state. (iii) In Model II, the relative magnitude of = Model I (lines) and Model II (points).

—
|
1

P R —
-+
&

Energy / (Ihy,H1h3, 1)
o
4
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+|hs,

parameter. This ratio varies from 3 to 308 across the series methanol, methylamine, 2-
methylmalonaldehyde and S5-methyltropolone, with a consequent variation in the magnitude of the
tunneling splittings.

these splittings depends on the ratio |u| / (|h2V )where u is the torsion-inversion-vibration coupling

B. Six-Fold Internal Rotation

As slightly oblate asymmetric top molecule (k = 0.25) with both a free internal rotor and a methyl group,
CH;NO; is a benchmark system for studies of torsional motion in a 6-fold potential and of the coupling
between a large amplitude vibration and other small-amplitude vibrations. Like the molecules in the
sections above, CH3;NO; has six equivalent minima and G, symmetry, but the heavy atoms are coplanar
in the equilibrium geometry. The result is a 6-fold internatl roation potential with a very low barrier (2
cm™). Rotationally resolved infrared spectra of CH;NO, have been recorded using far-infrared beamline
at Canadian Light Source on a high resolution Bruker IFS 125HR spectrometer. The observed infrared
spectra, in the range 550-1000 cm™', are recorded at a nominal resolution of 0.00096 cm™. Two a-type
bands, centered at 657.08 cm” for NO symmetric bend and at 917.99 cm™ for CN-stretch, have been
measured. The analysis of these vibrational bands is currently underway.

C. Rotational Dependence of the Intramolecular Dynamics in Acetylene
Acetylene high-resolution infrared spectra (17,625 lines) have been analyzed and fit with precision up to
8900 cm’ including high rotational levels [Amyay, B.; Herman, M.; Fayt, A.; Campargue, A.; Kassi, S. J.
Mol. Spectrosc. 2011, 267, 80]. As part of this collaboration, the Herman group has extended the fit (882
additional lines) up to 13,000 cm™. The resulting spectroscopic Hamiltonian in the normal mode basis
contains 155 off-diagonal terms representing four different coupling types (Fig. 3): (i) anharmonic,
including Darling-Dennison (DD),

<«—> Vibrational

symmetries. Only the Coriolis T T e T e [ [ _ _
coupling mixes states with  [Fafeo ssfolraolastfoa s ale[s sl s s fefac ]
different numbers of stretching I o S E i E el I
quanta, Ny=v; + v, +vs.

This detailed Hamiltonian provides
an unprecedented opportunity to
study the vibration-rotation
dynamics up into the energy range -

above the onset of new kinds of

vibrational motion, such as the \ |_—,,,——"”””"J
local CH stretch, the local bender, <> Rotational /-resonance

and the counter rotator [work in ®) k=0 2 4 6 8 10 12 14 16

this program by the Kellman and

Field groups]. By computing time-

dependent wavefunctions

following different kinds of )
coherent excitations, we find

hierarchies of sequentially coupled

states that are populated on

timescales ranging from 20 fs to 20  Fig. 3. A schematic representation of the hierarchical coupling pathways
ps. The dynamics are strongly in the acetylene {N, =16, e g} polyad.

(ii) vibrational /-resonance, (iii)

. . (a) v layels [-resonance
rotational [-resonance, and (iv) 44 Vs DD
Coriolis [1, 5]. All of these k=loi+l5=0 R DDII
couplings conserve the polyad — Ns=vi+va+vi=0
quantum number, N, = 5v; + 3v, +
5v3 + v4 + vs, and the e¢/f and g/u ’ "||0.26z|;_;|,0,4 sl«fioce]

> Coriolis
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mode-dependent with interior states relaxing faster than edge states, and the local bender relaxing faster
than the counter-rotator. The highest polyad investigated, {N, = 18, e, g} includes more than 1,400
coupled states. The time-dependent volume of phase space explored is measured both by the participation
number and by the Shannon entropy. Since the Coriolis coupling is relatively weak, there are bottlenecks
(Fig. 3) that result in slower and less complete exploration of parts of phase space that have different total
vibrational angular momenta (k) and different numbers of stretching quanta (Nj).

III. Future Work

The computational work on the CH;XH, systems will be directed at determining the similarities
and differences in the SAV-LAV coupling across the range of G, systems and at understanding how
these coupling impact the LAV level structure in the excited states of SAV’s. Additional CH;NO; spectra
will be recorded and the analysis of those spectra will continue. The work on vibration-rotation dynamics
of acetylene will be directed at understanding phase space exploration and its impact on experiments such
as the chirped-pulse mm-wave-detected photodissociation work in the Field group.
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I. Program Scope

This project focuses on the development and applications of new generations of ab initio elec-
tronic structure methods and computer codes, exploiting the coupled-cluster (CC) wave function ansatz,
which can provide an accurate description of chemical reaction pathways and potential energy surfaces
(PESs), radicals, biradicals, and other open-shell species, properties other than energy, and molecular
electronic excitations. The goal is to design and apply affordable computational approaches that enable
precise modeling of molecular systems relevant to combustion, catalysis, and photochemistry. Among
the most successful methods developed in this program to date are (i) the completely renormalized (CR)
CC and equation-of-motion CC (EOMCC) approaches, (ii) the local correlation, low-order scaling ex-
tensions of the conventional and CR CC methods to larger systems involving hundreds of correlated
electrons, (iii) the active-space CC/EOMCC approaches, and (iv) the genuine multi-reference CC
(MRCC) theories. The focus is on methods that are predictive and systematically improvable, and meth-
ods that offer high accuracy, ease of use, and relatively low computer costs compared to other ap-
proaches that aim at similar accuracies, so that one can apply them to complex molecular problems with
dozens or hundreds of non-hydrogen atoms, in addition to smaller systems. The CR-CC methods and
their open-shell, local correlation, and excited-state generalizations extend the conventional single-ref-
erence theories to multi-reference situations created by radicals, biradicals, bond breaking, and two-
electron excitations with an ease of a black-box calculation that can be performed by non-experts. The
active-space CC and EOMCC approaches, and their open-shell generalizations via the electron attached
(EA) and ionized (IP) theories as well as the genuine MRCC methods have the flexibility that enables
high-accuracy ab initio calculations for a wide variety of closed- and open-shell electronic states, with
manageable computer costs, including challenging systems characterized by strong electronic quasi-de-
generacies that cannot be handled by single-reference approaches. All methods pursued in this program
can utilize modern multi-node, multi-core computer architectures and are well suited for automated and
parallel implementations. They address two main challenges of electronic structure theory, which are (i)
the development of practical and systematically improvable computational schemes that can provide an
accurate description of closed-shell, open-shell, and strongly correlated complex systems, and the rap-
idly changing electron correlation effects along reaction coordinates and in electronic excitations, and
(i1) the development of algorithms that can reduce prohibitive costs of traditional high-accuracy ab initio
calculations by orders of magnitude by directly attacking the intrinsic scaling laws that define the de-
pendence of computer costs on the system size. Methods developed in this project are shared with the
community through the GAMESS package. Some of them have also been incorporated in NWChem.

I1. Recent Progress (1/1/2010 — 3/6/2013)

We introduced the generalization of the previously developed biorthogonal method of moments
of CC equations, which in the past had resulted in the left-eigenstate CR-CC and CR-EOMCC ap-
proaches, such as CR-CC(2,3) and CR-EOMCC(2,3) [4,6,8,11,17], that enables one to correct the
CC/EOMCC energies obtained with the arbitrary, conventional as well as unconventional, truncations in
the cluster operator 7" and the EOM excitation operator R, for the missing many-electron correlation
effects of interest [11,12,15]. The resulting moment energy expansions, defining the CC(P;Q) formalism
[11,12,15], enable one to contemplate a variety of novel ab initio schemes for practical, systematically
improvable, high accuracy calculations of ground- and excited-state PESs. Among them is the CC(t;3),
CC(t,g;3), CC(t,q;3.,4), etc. hierarchy, in which energies obtained in the active-space CC/EOMCC cal-
culations [5], such as CCSDt/EOMCCSDt or CCSDtq/EOMCCSDtq, which recover much of the non-
dynamical and some dynamical electron correlation effects, are corrected for the higher-order, primarily
dynamical, correlations, such as triples (3) or triples and quadruples (3.4) missing in the active-space
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CC/EOMCC considerations, using the non-iterative corrections which are operationally similar to those
of CR-CC/CR-EOMCC [11,12,15]. The potential advantages of the CC(P;Q) formalism were illustrated
by the numerical tests of the new CC(t;3) scheme, in which one corrects the results of the CC calcula-
tions with singles, doubles, and active-space triples, termed CCSDt, for the remaining effects due to
connected triple excitations missing in CCSDt [11,12,15]. By examining bond breaking in the HF, F,,
and F,” molecules [11,12], the challenging multi-reference problems of the automerization of cyclobu-
tadiene and isomerization of bicyclo[1.1.0]butane to trans-buta-1,3-diene involving strongly biradical
transition states [12], and the similarly challenging singlet-triplet gaps in the methylene, (HFH)", and
trimethylenemethane (TMM) biradicals [15], we showed that CC(t;3) greatly improves the CCSD(T),
CCSD(2)r, A-CCSD(T), CR-CC(2,3), CCSDt, and CCSD(T)-h results, providing PESs that agree with
those obtained with full CCSDT to within, typically, ~0.1 millihartree for total energies and ~0.1
kcal/mol for relative energies at the small fraction of the computer costs of the CCSDT calculations,
which are competitive with the sophisticated MRCC and Quantum Monte Carlo (QMC) computations.
We implemented the size-intensive modification of the previously developed (see [11,17] for
reviews) CR-EOMCC(2,3) approach, termed 6-CR-EOMCC(2,3) [6,8], which corrects the EOMCCSD
energies for triple excitations using the non-iterative N’ steps similar to CCSD(T) or CR-CC(2,3), of-
fering great improvements in the EOMCCSD results. The 8-CR-EOMCC(2,3) codes, along with the
extension of the EOMCCSD routines to open shells, were incorporated in GAMESS as additions to a
variety of the CC/EOMCC options that we developed for GAMESS in the past. In our continuing effort
to examine the CR-CC and CR-EOMCC methodologies, we showed that the CR-CC(2,3) and CR-
EOMCC(2,3) approaches provide excellent results for the low-lying singlet and triplet states of biradical
species, such as methylene, where the CR-CC(2,3)/CR-EOMCC(2,3) results for the adiabatic excitation
and total energies extrapolated to the complete basis set limit, including states dominated by two-elec-
tron transitions, are in perfect agreement with the converged QMC and the available experimental data,
eliminating, in particular, large errors in the CCSD/EOMCCSD results [4]. We used the d-CR-
EOMCC(2,3) method to examine shifts in the T—n" excitation energy in cis-7-hydroxyquinoline (cis-
7HQ) induced by hydrogen bonding, on the order of 500-2000 cm™, along with the corresponding exci-
tation energies, on the order of 30,000 cm™, obtained in the frozen-density embedding theory (FDET)
and supermolecular time-dependent density functional theory (TDDFT) calculations, and in experiment
[6,8]. By considering eight complexes of cis-7HQ with up to three hydrogen-bonded molecules, in-
cluding water, ammonia, methanol, formic acid, and their combinations, we demonstrated that the spec-
tral shifts resulting from the FDET and 8-CR-EOMCC(2,3) calculations are in excellent agreement with
one another and experiment (to within 100 cm™ or 15 % on average), whereas the analogous shifts ob-
tained in the supermolecular TDDFT calculations do not agree with the 3-CR-EOMCC(2,3) data, pro-
ducing large errors (39% on average). The 5-CR-EOMCC(2,3) excitation energies match the experi-
mental ones to within ~500 cm™ in each case examined, as compared to 4,000-5,000 cm’ errors in the