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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. This year we have included a discussion on critical
issues in the gas phase chemical physics energy mission, which will play an important role in
strategic planning. Ten critical issues slides were received following a request from the 28
principal investigators scheduled to speak. These 10 slides are included at the end of this
abstract.

We thank all of the researchers whose dedication and innovation have advanced DOE
BES research. We look forward to our assembly in 2016 for our 36" annual meeting.

Jeff Krause
Mark Pederson
Wade Sisk
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Optical Combustion Diagnostics: New Developments and Continuing Challenges

James R. Gord
Air Force Research Laboratory, Aerospace Systems Directorate
Wright-Patterson AFB OH 45433-7541
james.gord@us.af.mil

Advanced measurement techniques that exploit lasers and optics have become well-established
tools for characterizing combusting flows [Eckbreth, 1996; Kohse-Hoinghaus and Jeffries, 2002;
Laurendeau, 2005; Gord et al., 2008; Meyer et al., 2010; Roy et al., 2010]. Such noninvasive
measurement approaches are often ideally suited for visualizing complex reacting flows and
quantifying key chemical-species concentrations, temperature, and fluid-dynamic parameters.
The fundamental information these techniques provide is essential for achieving a detailed
understanding of the chemistry and physics of combustion processes.

A tremendous volume of published literature exists documenting the development of laser-
based/optical measurement techniques for exploring combustion phenomena and the successful
application thereof. A critical review of this literature reveals that much of it involves
measurements accomplished in relatively simple combusting flows, such as those encountered in
various basic laboratory flames. Although many researchers have increasingly turned their
attention to more complicated flows representative of “real-world” systems, most laboratory
studies involve simple flames often characterized by one of more of these descriptors:
atmospheric-pressure, gaseous-fueled, laminar, temporally and spatially steady, optically thin,
axisymmetric, and optically accessible, for example. A great deal has been learned about
fundamental combustion phenomena through studies of simple flames that include various
premixed, partially premixed, and diffusion systems, such as jet flames, counterflow flames,
Hencken and McKenna burners, etc. These flames and more complex burners, such as those
studied by numerous groups nationally and internationally in an effort to characterize turbulent
combustion phenomena, have emerged as “industry standards” for evaluating new combustion
measurement techniques and baselining both experimental and computational research efforts.

The continuing efforts in our group and some others in the community seek to move beyond this
established body of scholarly studies and achieve the overarching goal of exploring fundamental
combustion phenomena under increasingly realistic conditions encountered in actual systems.
Such conditions involve high-pressure, temporally and spatially heterogeneous and evolving
turbulent combustion with two-phase flows characteristic of liquid-fueled systems and real-world
challenges that include optical thickness, beam steering, static and dynamic combustion
instabilities, soot production, turbulence—chemistry interactions, and restricted optical access, to
name just a few. The approaches pursued to achieve this goal exploit recent and continuing
advances in ultrafast (picosecond/femtosecond) lasers and associated pulse-shaping technology,
high-repetition-rate lasers and cameras, and computational methodologies for reducing
incredibly large volumes of data and extracting key combustion parameters through detailed
physics-based modeling of light—matter interactions as they apply to combustion measurements.

Such efforts are focused on improving the current state-of-the-art through systematic research in
each of these eight areas: 1) high data-acquisition bandwidth, 2) measurements in high-pressure
combustion, 3) measurements in optically dense sprays characteristic of liquid-fueled
combustion, 4) accommodation for limited optical access in practical systems, 5) increased



measurement dimensionality in space and time, 6) measurement simultaneity through coupling
of correlated measurement techniques, 7) data reduction and mining for assigning meaning to
incredibly large volumes of spatiotemporally evolving data, and 8) physics-based modeling of
detailed light-matter interactions for extracting key combustion parameters from optical
measurements.

Many of the successful optical measurements achieved to date in combusting flows have been
based on the use of conventional continuous-wave and ns-pulsed laser systems, including
Q:switched Nd:YAG lasers, excimer lasers, and associated YAG- and excimer-pumped dye
lasers. These systems have been the workhorses in most experiments involving such optical-
measurement techniques as planar laser-induced fluorescence (PLIF), particle-image velocimetry
(P1V), laser-induced incandescence (LII), coherent anti-Stokes Raman scattering (CARS)
spectroscopy, and resonant four-wave mixing (RFWM). These laser systems afford high pulse
energies required for sheet lighting in planar techniques and for nonlinear interactions such as
those in CARS and RFWM. They also provide relatively narrow spectral bandwidths required
for spectroscopic studies of key gas-phase combustion species (e.g., OH, CH, NO, CO, etc.).

While the impact of continuous-wave and traditional 10-Hz ns-pulsed lasers systems on the
modern science of combustion measurements is undeniable, continuing revolutionary advances
in the science and engineering of ultrafast lasers (i.e., ps- and fs-pulsed lasers) and burst-mode
lasers (ns and ps duration) have enhanced the capabilities and utility of existing combustion-
diagnostic techniques while enabling the development and application of new measurement
methodologies previously unachievable.

Myriad benefits stem from the ultrashort ps and fs pulses delivered by modern ultrafast laser
systems. These benefits are realized through the time resolution achievable and the temporal
duration of optical combustion measurements performed on these timescales. The time resolution
afforded by ultrafast laser systems has been exploited through time-resolved measurements to
study the kinetics and dynamics of combustion chemistry and energy-transfer processes.
Separation in time of various pump and probe pulses has been used to discriminate against
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Figure 1. Quantitative, photolytic-interference-free imaging of atomic hydrogen in a premixed hydrogen—air
tubular flame by fs two-photon LIF [Hall et al., 2014; Hall et al., 2015].



nonresonant background signals, enhancing measurement sensitivity and selectivity and enabling
the detection of key minor-species concentrations. Because of the ultrashort duration of some of
these measurements, signals can be acquired that are largely free of collisional and pressure
effects [Wrzesinski et al., 2013]. This key feature of ultrafast combustion measurements
addresses one of the major limitations of conventional ns-pulsed diagnostics, enabling
quantitative measurements of parameters such as temperature and number densities in high-
pressure, turbulent flames characteristic of most practical combustion devices. In these systems
the chemical and collisional-quenching environment is typically highly inhomogeneous and
rapidly changing in both space and time. In addition, ultrashort pulses enable tremendous
instantaneous power from laser systems of low-to-moderate average power, allowing previously
unimaginable 2D imaging of temperature [Bohlin and Kliewer, 2013] and key combustion
species such as H, O, and CO [Kulatilaka et al., 2012]. Figure 1 shows a 2D image of atomic
hydrogen achieved by exploiting the high instantaneous power of an amplified fs laser via two-
photon LIF with no interfering H produced photolytically from H,O and CH3 [Kulatilaka et al.,
2012]. Previous measurements with ns lasers were plagued by photolytic O and H production,
making quantitative concentration measurements extremely difficult; ps lasers provided
significant reduction of these interferences, but photolytic production of O and H was still an
issue [Frank et al., 2004, Kulatilaka et al, 2008].

Despite many successful demonstrations of these significant benefits, ps- and fs-laser-based
nonlinear spectroscopic approaches often suffer from limited spatial extent for chemical-species
imaging and low data-acquisition rates for two-dimensional imaging of temperature and species-
concentration fields [Bohlin and Kliewer, 2013]. This inhibits spatiotemporally resolved imaging
and prevents high-fidelity comparisons of experimental and numerical data related to turbulent
reacting or hypersonic flows. The limited repetition rate or pulse energy of continuously pulsed
ps and fs laser systems originates from limited average output power. To overcome the average-
power limitation of continuously pulsed lasers, one can utilize burst-mode operation. Burst-mode
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Figure 2. Concept of burst-mode laser operation, producing intermittent but high-speed bursts of laser pulses
(top left), optical layout of all-diode-pumped, quasi-continuous burst-mode laser system (bottom left), and
sample imaging of CH,O fluorescence at the base of a lifted jet diffusion flame collected at 50 kHz (right).



lasers achieve high pulse energy in combination with high-repetition-rate operation by grouping
a series of closely spaced pulses into short bursts, thus enabling high pulse peak power and high
repetition rate with low average system power. To overcome the low-repetition-rate limitations
of commercial, high-energy 100-ps systems and the peak power limitations of high-energy, ns
burst-mode laser systems, a high-bandwidth, high-energy (100 J/burst) burst-mode laser of ~100
ps pulse duration has recently been developed by our group and demonstrated with operation at
repetition rates of 10 kHz—1 MHz. The laser architecture utilizes both diode- and flashlamp-
pumped Nd:YAG amplifiers for amplification of a nearly transform-limited 100-ps oscillator.
The compact design is similar to that of previous burst-mode lasers that used narrow-bandwidth
ns oscillators but with nearly two-orders-of-magnitude reduction in pulse duration. Figure 2
shows an example pulse train, an optical layout, and sample imaging of CH,O fluorescence at a
rate of 50 kHz. This laser will have wide applicability in an array of nonlinear spectroscopic and
imaging applications in high-speed turbulent and unsteady reacting and non-reacting flows.
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The Chemical Dynamics Beamline
Musahid Ahmed, Kevin Wilson & Oleg Kostko
Chemical Sciences Division, Lawrence Berkeley National Laboratory
MS 6R2100, 1 Cyclotron Road, Berkeley, CA-94720, mahmed@Ibl.gov

Program Scope: The Chemical Dynamics Beamline, located in the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory (LBNL), is a national user facility providing state-of-the-art
experimental resources for visiting scientists and staff to undertake studies of fundamental chemical
processes. Much of the work is related to combustion, energy production and utilization, environmental
science and chemical reactions on interfaces. Vacuum Ultraviolet (VUV) synchrotron photoionization mass
spectrometry on two experimental platforms (molecular beam and aerosol sampling) are applied to a variety
of problems of relevance to the Gas Phase Chemical Physics program. A miniature shock tube (Rob Tranter,
ANL), pyrolytic reactors (Ralf Kaiser, Hawaii & Barney Ellison, Colorado), and a jet stirred reactor (Steve
Leone, LBNL and Nils Hansen Sandia, CRF) have all been incorporated into the molecular beam apparatus.
The aerosol mass spectrometer plays a critical role in real time measurements of soot formation chemistry,
the results of which are reported by Nils Hansen and Hope Michelson (Sandia, CRF).

Recent Progress and Future Plans:

Formation mechanisms of PAH’s- The formation mechanisms of polycyclic aromatic hydrocarbons
(PAHSs) with indene and naphthalene cores in hydrocarbon-based combustion processes are being examined
in collaboration with Ralf Kaiser (Hawaii). This is achieved by simulating the combustion relevant
conditions (pressure, temperature, reactant molecules) in a high temperature ‘chemical reactor’. For almost
half a century, polycyclic aromatic hydrocarbons (PAHSs) have been proposed to play a key role in the
astrochemical evolution of the interstellar medium (ISM) and in the chemistry of combustion systems.
However, even the most fundamental reaction mechanism assumed to lead to the simplest PAH
naphthalene—the hydrogen abstraction—acetylene addition (HACA) mechanism—has eluded experimental
observation. Here, by probing the phenylacetylene (CsHsg) intermediate together with naphthalene (C1oHs)
under combustion-like conditions by photo-ionization mass spectrometry, the very first direct experimental
evidence for the validity of the HACA mechanism which so far had only been speculated theoretically is
reported. Recently we showed that upon reaction of the napthyl radical with acetylene, HACA effectively
shuts down and does not lead to cyclization of the third aromatic ring, and a new pathway, via ethnyl
substitution is operational.

The reaction of the phenyl radical (C¢Hs) with molecular oxygen (O2) plays a central role in the
degradation of poly- and mono- cyclic aromatic radicals in combustion systems which would otherwise
react with fuel components to form polycyclic aromatic hydrocarbons (PAH) and eventually soot. In the
reaction of phenyl radicals and molecular oxygen at 873 K and 1,003 K, ortho-benzoquinone (0-CsH10>),
the phenoxy radical (CsHsO), cyclopentadienyl radical (CsHs), were identified as primary products formed
through emission of atomic hydrogen, atomic oxygen and carbon dioxide. Furan (CsH.0), acrolein (C3H40)
and ketene (C.H,O) were also identified as primary products formed through ring opening and
fragmentation of the 7-membered ring 2-oxepinoxy radical. Secondary reaction products para-
benzoquinone (p-CsH40-), phenol (CsHsOH), cyclopentadiene (CsHs), 2,4-cyclopentadienone (CsH4O),
vinylacetylene (C4H4), and acetylene (C2H.) were also identified. We demonstrate by combining the pyroly-
tic reactor combined with electronic structure calculations that quinoline and isoquinoline can be synthe-
sized via reaction of the 3-pyridyl radical with two acetylene molecules under high temperature conditions
representing environments in the inner shells of circumstellar envelopes of carbon stars.

A concerted effort is underway to understand the molecular mass growth processes involving small
hydrocarbons and their aromatic (AR) as well as resonance stabilized free radicals (RSFRs) that lead to
PAHs in order to successfully mitigate their formation in the combustion of fossil fuels. We are
investigating the key reaction between the benzyl radicals (C;H-) and acetylene (CzH,) to ascertain the
ability of this bimolecular reaction to form the prototypical PAH indene. Our investigation aims to elucidate
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the branching ratio between the PAH indene and alternative non-bicyclic isomers potentially formed in this
process. Future work will be with propargyl (CsHs) and allyl (CsHs) RSFR’s with C2 to C4 hydrocarbons.

Fundamental Processes in the Thermal Cracking of Biomass- Thermochemical processing of biomass,
with the goal of producing synthesis gas (CO and Hy) is an important pathway towards the production of
renewable fuels. Understanding of this process is incomplete, however, as even the thermolysis chemistry
of many of the organic molecules encountered in these processes is poorly understood or completely
unknown. To this end, we use a miniature, short residence time flow reactor coupled to synchrotron
radiation, computational fluid dynamics and theoretical chemistry to determine the identity of the
elementary decomposition pathways in collaboration with Barney Ellison (Colorado), John Daily
(Colorado) & John Stanton (Texas). We have focused on a molecule that has proven to be a ubiquitous
biomass cracking and combustion intermediate — cyclopentadienone (CsH.=0), as well as 2,5-
dimethylfuran, which is the first legitimate biofuel that we have studied. Specifically, we have determined
that CsH4=0 yields acetylene and vinylacetylene upon thermolysis, but the relative quantities of the two
products and chemical mechanisms for these processes are currently being analyzed. Similarly, pyrolysis
of 2,5-dimethylfuran leads to an observed set of products rather different from what might be expected
based on our earlier work with furan, and indeed are inconsistent with some interpretations already in the
literature. A comprehensive pyrolytic and photoionization study on the benzyl radical, CsHsCH; is nearing
completion. Pyrolysis of the CgHsCD,, CsDsCH-, and CeHs*CH: benzyl radicals produces a set of methyl
radicals, cyclopentadienyl radicals, and benzynes that are not predicted by a fulvenallene pathway. Explicit
searches for the cycloheptatrienyl radical were unsuccessful; there is no evidence for the isomerization of
benzyl and cycloheptatrienyl radicals: CsHsCH; «» C7Hy.

Multiphase Chemistry of Particulate Matter

Significant effort by staff and users of the Chemical Dynamics Beamline has been dedicated to
understanding heterogeneous free radical chemistry of hydrocarbon droplets and particles. The overall goal
of this work is to better elucidate interfacial reaction mechanisms and rates and to determine how surface
reactions might differ from analogous processes in isolated gas phase molecules.

Significant efforts have been devoted to combine two dimensional gas phase chromatography with
VUV photoionization mass spectrometry (2DVUVMS). This work (done in collaboration with Allen
Goldstein, UC Berkeley) reveals new details about isomer resolved product distributions produced by
heterogeneous reactions. GC-VUVMS was used to examine the influence of molecular structure (branched
vs. linear) on product formation in the heterogeneous reaction of OH with squalene (CsoHso, a branched
alkene with six C=C double bonds) and linolenic acid (C1sH300>, a linear carboxylic acid with three C=C
double bonds). The product distributions reveal how molecular structure govern the formation of products
arising from allylic radical intermediates and the formation and decomposition of alkoxy radical species.

Alkoxy radical intermediates play important roles in breaking C-C bonds during a reaction. In
addition, intermolecular hydrogen abstraction by alkoxy radicals is quite rapid, leading to the potential of
free radical chain chemistry. We have observed a rapid increase in the heterogeneous reaction probability
of OH with squalane in the presence of NO and SO.. As the OH concentration decreases towards
atmospheric densities the effective OH reaction probability exceeds the collision rate indicating rapid free
radical chain cycling produced by the RO2- + NO — RO- + Oz reaction. In the gas phase, peroxy radicals
react with NO for form primarily organic nitrates (chain termination) and a small fraction of alkoxy radicals.
Thus, from our results it appears that for a heterogeneous reaction the branching ratio to organic nitrates
(chain termination) is small mainly forming alkoxy radicals (chain propagation) instead.
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Cyclobutanetetraone: An Unusual Cluster of Low-Lying Electronic States

Cyclobutane-1,2,3,4-tetraone (1) is a beautifully symmetric, cyclic species that may be regarded as a tetramer of
carbon monoxide. Experimental efforts to synthesize and isolate 1 have not been successful heretofore; nonetheless,
the molecule was recently probed by low-temperature photoelectron spectroscopy of the C,O4 anion generated in
the gas phase by electrospray ionization of 2. Remarkably, the photoelectron spectrum of C4O4 provided

assignments for either two or three low-lying electronic states of the

seemingly simple neutral molecule 1. The theoretical characterization of 1 T y

has proved difficult due to surprising complexities in its electronic structure. @) 1) OH

Identifying the electronic ground state and quantifying the singlet-triplet gaps

of 1 has turned out to be a treacherous task for theory. Not only have O Ox—)

different methods predicted different ground states, but computed energetic

spacings have also varied by almost 100 kcal mol ! o] O OH
1 2
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The troublesome electronic structure of cyclobutanetetraone (Figure 1) demands theoretical work using
groundbreaking multireference or state-of-the-art high-order single-reference coupled cluster methods. Research in
our laboratory over the past several years has developed Mk-MRCC theory into a powerful and practical
computational method. This approach is a rigorously size-extensive, state-specific theory that retains the size-
consistent property of coupled cluster theory when localized orbitals are used; in addition, Mk-MRCC treats all
determinants on an equal footing via the Jeziorski-Monkhurst ansatz.

We have optimized the geometric structures of the low-lying states of 1 and computed corresponding
vibrational frequencies by means of Mk-MRCCSD/cc-pVQZ, Mk-MRCCSD(T)/cc-pVDZ, and CCSD(T)/cc-pVQZ
theory." Systematic focal-point analyses (FPA) were then executed to ascertain final adiabatic electronic excitation
energies of 1, as shown in Table 1. A consistent picture emerges in both the single- and multireference results once
the correlation series are pushed to the (T) level. In particular, the ground state of 1 is actually a triplet (97-’B1,),
while the expected closed-shell singlet candidate (811:—1A1g) lies over 3 kcal mol™ higher. The FPA computations
reveal that the quadruples effect (Q) brings the 9z-'B,, and 107:-1141g states within 2 kcal mol™ of 87:-1A1g. The
summary conclusion is that 1 has a fascinating cluster of four electronic states lying within a 6 kcal mol ™' range.



Table 1. Adiabatic excitation energies (AE,, kcal mol-1) of cyclobutanetetraone

Method 8m-14y,  9m-3Bun,  9m-1Bu 10m-141,
Mk-MRCCSD/cc-pVDZ 0 3.74b 10.81 21.98
Mk-MRCCSD/cc-pVTZ 0 4.100 10.40 22.98
Mk-MRCCSD/cc-pVQZ 0 4.15b 10.17 22.95
Mk-MRCCSD(T)/cc-pVDZ 0 -3.300 3.11 3.03
CCSD/cc-pVDZ 0 3.41 c 21.06
CCSD/cc-pVQZ 0 3.82 c 22.08
CCSD(T)/cc-pVDZ 0 -3.61 c 2.26
CCSD(T)/cc-pVQZ 0 -3.50 c 2.69
FPA/CCSDT(Q)¢ 0 -4.34 1.61 1.00

a Including ZPVE corrections: CCSD(T)/cc-pVQZ values of (-0.62, -1.08) for (9m-3B1y, 10m-1A1g)
in single-reference cases; Mk-MRCCSD/cc-pVQZ values of (-0.54, -0.64, -1.18) for (9m-3B1y,
91-1B1y, 10m-1A1g) in multireference cases. b Results for Ms= 0 component of the triplet state;
the corresponding Ms = 1 values are 3.75, 4.09, 4.15, and -3.33 kcal mol-1, from top to bottom.
¢ Not accessible by single-reference coupled-cluster method. 9 Focal-point analysis targeting
the complete basis set (CBS) limit of CCSDT(Q) with auxiliary core correlation, relativistic, and

DBOC corrections.

Peroxyacetyl Radical: Electronic Excitation Energies, Fundamental Vibrational Frequencies, and

Symmetry Breaking in the First Excited State

Fundamental understanding of peroxy radicals
(RO,), key components in the oxidation of organic
compounds at low temperatures, is limited by the
transient nature of these compounds. Experimental
monitoring of peroxy radicals often relies on either
the strong, but broad and uninformative, B «— X
transition, or the sharp and weak 4 < X transition.
Miller has advanced the use of the latter excitation
though cavity ringdown techniques [Phys. Chem.
Chem. Phys. 2008, 10, 3955].

The peroxyacetyl radical [CH;C(O)O,] is a
model compound that is among the most abundant
peroxy radicals in the atmosphere. To support
spectroscopic studies on this species, we have
undertaken a high-level ab initio study of the
ground (X) and first (4) excited state surfaces of
CH;C(0)0,.*° The energetics (Figure 2) have been
determined using coupled-cluster theory through
full triple excitations (CCSDT), extrapolated to the
complete basis set (CBS) limit via the focal-point
scheme and corrected for vibrational, diagonal
Born-Oppenheimer, and relativistic effects. On the
ground-state surface, internal rotation of the peroxy
terminus yields cis and trans conformers lying 0.87
kcal mol™ apart (cis < trans) with an intervening
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Figure 2. Key energetic relationships (in kcal mol ")
between conformers on the ground and first excited state
surfaces of peroxyacetyl radical.

barrier of 5.14 kcal mol™ (relative to trans). Adiabatic 4 — X electronic excitation energies of 13.96 and 16.04 kcal
mol™ are predicted for the trans and cis conformers, respectively. The observed cis 4 < X excitation energy is
within 0.08 kcal mol™ of our computed value. Interestingly, excitation of the trans conformer induces a symmetry-
lowering conformational change caused by second-order Jahn-Teller interactions with higher-lying excited states,
which we verify using multireference configuration interaction (MRCI) and equation-of-motion coupled-cluster
(EOM-CC) computations. This finding resolves the curious absence of an observable 4 « X transition from the
trans conformer in experimental studies, despite the fact that both conformers have been observed in ground-state



vibrational spectra. Also determined in our study are anharmonic vibrational frequencies for the two ground-state
minima, computed using CCSD(T) theory with second-order vibrational perturbation theory (VPT2). The available
gas-phase and matrix-isolation IR data are in excellent agreement with our predictions.

Reaction profiles for radical-radical abstraction via multireference coupled cluster theory

Radical-radical hydrogen abstractions in combustion chemistry are disproportionation reactions that are
generally exothermic with little or no barrier, yet are underappreciated and poorly studied. Prototypically these
reactions begin with two open-shell reactants and end with two closed-shell products, and thus the electronic
transformation is intrinsically multireference in nature. Such challenging electronic structure problems have been
tackled using our recently developed state-specific multireference coupled cluster methods Mk-MRCCSD and Mk-
MRCCSD(T), as well as the companion perturbation theory Mk-MRPT2 and the popular MRCISD, MRCISD+Q),
and CASPT2 approaches.”” Reaction paths were investigated for five prototypes involving radical-radical hydrogen
abstraction: H + BeH — H2 + Be, H+ NH2 — H2 + NH, CH3 + C2H5 — CH4 + C2H4, H+ C2H5 — H2 + C2H4, and H
+ HCO — H, + CO. Selected results are plotted in Figures 3 and 4. Full configuration interaction (FCI) benchmark
computations for the H + BeH, H + NH,, and H + HCO reactions prove that the Mk-MRCCSD(T) potential energy
curves display superior accuracy, with mean absolute errors of only 0.2 kcal mol™”. To facilitate studies of
combustion kinetics in collaboration with Stephen Klippenstein and Larry Harding at Argonne, energetics for the
CH; + C,Hs, H + C,Hs, and H + HCO reactions were computed at each level of theory with correlation-consistent
basis sets (cc-pVXZ, X = T, Q, 5) and extrapolated to the complete basis set (CBS) limit. The rigorous Mk-
MRCCSD(T)/CBS results demonstrate unequivocally that these three reactions proceed with no barrier in the
entrance channel, contrary to some earlier predictions. Mk-MRCCSD(T) also reveals that the economical CASPT2
method performs well for large interfragment separations but may deteriorate substantially at shorter distances.
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Figure 3. Potential energy curves for the CH; + C,Hs  Figure 4. For the entrance channel of H + HCO, energy
entrance channel computed at numerous levels and deviations are plotted with respect to FCI for different
extrapolated to the CBS limit. The reaction coordinate  levels of theory with the cc-pVDZ(sp) basis set.

S is the difference between C-H distances of the

forming and breaking bonds.

Implementing an Explicitly Correlated Hamiltonian in Psi4

Canonical transcorrelated (CT) theory has recently been introduced as an alternative to conventional explicitly
correlated F12 methods. In CT theory an effective Hamiltonian is constructed to incorporate explicit electron
correlation via similarity transformation of the electronic Hamiltonian; the infinite Baker-Campbell-Hausdorf (BCH)
expansion is truncated at second order in perturbation theory. The power of this approach is that it only requires the
one- and two-particle reduced density matrices of the reference wave function, and the effective Hamiltonian can be
applied to existing electron correlation implementations to obtain energies near the basis set limit. To achieve an



efficient implementation of CT theory in our Psi4 software package, we are developing a new tensor wrapper
framework, called Ambit, deriving the necessary gradients for molecular properties around the equilibrium
geometry, and creating interfaces within Psi4 to allow other developers to utilize these tools. Ambit provides the
ability to cache tensors to disk and perform efficient tensor stripping to make use of local scratch space.
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Turbulence-Chemistry Interactions in Reacting Flows
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Program Scope

This program is directed toward achieving a more complete understanding of turbulence-
chemistry interactions in gaseous 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. In recent
years the workshop and this program have expanded their scope to address a broad range of
combustion modes, including premixed, stratified, partially premixed, and nonpremixed 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

Raman Spectroscopy of Hydrocarbon Combustion Intermediates

We have been working toward quantitative Raman/Rayleigh measurements in dimethyl ether
(DME) flames. Earlier work by Fuest et al. (Combust. Flame 159, 2533-2562, 2012) showed
that it is essential to account for the contributions of the main hydrocarbon intermediates to the
Raman and Rayleigh signals and presented an approximate approach for processing
Raman/Rayleigh data from turbulent DME jet flames, based upon an assumed laminar structure.
More recently, we have been developing the spectroscopic data base and hardware to enable
direct quantitative measurements of multiple hydrocarbons, including DME and its main
hydrocarbon intermediates (CH4, CH,0, C,Hg, CoHg4, and CoHy).



The Raman scattering spectrum corresponding to the C-C triple bond vibration (1973.8 cm™) of
acetylene is isolated from that of other species of interest, allowing for a relatively
straightforward extension of previously developed methods of data acquisition and processing.
This is made possible by the high optical collection efficiency of our system. Fuest et al.
(Combust. Flame, in press) report measurements of the acetylene in laminar and turbulent jets
flames of DME. The temperature dependence of the Raman scattering cross section for
acetylene was measured within the range of 300 K to 700 K and then extrapolated to flame
temperature using a modified harmonic oscillator model. Figure 1 compares measurements in a
laminar jet flame with calculations (Chemkin, Zhou et al. mechanism, multicomponent transport)
of an opposed-flow flame at a strain rate selected to match the measured temperature profile. A
signal-to-noise ratio of 9 was achieved in the laminar flame were the maximum mole fraction is
below 1 percent. Further work is needed to understand the discrepancy between the measured
and calculated C,H, profiles.
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Figure 1. a) Spatial profiles of temperature and major species measured in a laminar partially-premixed
DME/air jet flame and calculated in an opposed flow flame with strain rate adjusted to match the width of
the measured temperature profile. b) Corresponding profiles of acetylene.

Quantitative interpretation of Raman scattering signals from DME and the other four
intermediates listed above is significantly more complex than for acetylene because their spectra
overlap in the C-H stretch region (2700-3100 cm™) and also interfere to varying degrees with the
CO, and O, Raman signals in the H-C-H bend and C-C stretch regions. Magnotti et al. (JQSRT
accepted) report measured high-resolution Raman scattering spectra of DME, CH,, C,H4, CoHg,
and CzHg at temperatures from 300 K to 860 K, along with preliminary (uncalibrated)
measurements of formaldehyde Raman spectra. From these measurements, synthetic spectral
libraries were generated in order to allow inclusion of these species in our hybrid matrix
inversion method of Raman data processing (Fuest et al., Proc. Combust. Inst. 33, 815-822,
2011). Extrapolation of the synthetic spectra to higher temperature is being done based on
measurements in laminar flames and comparison with calculations. These flame measurements
are being carried out using a recently-developed dual-resolution capability for simultaneous
Raman measurements of multiple hydrocarbons. Our second detection system, which was built
for the polarization separation and subtraction measurements introduced at the 2014 Contractors
Meeting, was reconfigured to acquire measurements of the C-H stretch region of the Raman
spectrum using a high-dispersion grating (Fig. 2a). This dual resolution approach yields
significantly better spectral separation of the main features of the individual hydrocarbon
species, as shown in Fig. 2b.
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Figure 2. a) lllustration of the second Raman/Rayleigh/LIF detection unit configured with a high-
dispersion grating to allow dual-resolution measurements of the C-H stretch region. b) Comparison of
Raman spectra of CH,, C,H,4, C,Hg, and DME acquired using the two systems. In both cases the Raman
spectra are convolved with the image of our laser beam.

Multi-mode Combustion in Inhomogeneous Piloted Jet Flames

It is common in practical systems to have multiple combustion modes present within a single
combustor, so predictive models must be able to handle both premixed-type flames and
diffusion-type flames in the same calculation. A new variant of the Sydney piloted burner
addresses the need for model test cases that exhibit multimode combustion in a configuration
with relatively simple boundary conditions. This new burner has a retractable 4-mm diameter
fuel tube within the main tube (D = 7.5 mm) that delivers air for partial premixing. The stability
of the jet flame is significantly enhanced when the fuel tube is retracted an optimal distance.
Raman/Rayleigh/LIF measurements have revealed that the optimally stable flames are
characterized by stratified-premixed combustion and low scalar dissipation very close to the
burner exit. The resulting additional heat release augments the effect of the pilot and also
suppresses the production of turbulence in the near-field shear layer. The mode of combustion
then rapidly evolves from a stratified-premixed flame structure toward a partially-premixed
diffusion flame structure. This evolution has been tracked by applying double conditioning of
species mass fractions on both temperature and the change in mixture fraction across the middle
portion of the flame (from 700 K to 1700 K). The evolution to diffusion-type flame structure is
essentially complete by x/D =10. The presence of multimode combustion within a relatively
compact region of a flame that has relatively simple boundary conditions should make this series
of turbulent jet flames an interesting target for combustion models, and the comprehensive data
set is already being made available to several modeling groups.

Future Plans

Priorities for the next year are to: i) complete the development hydrocarbon spectral libraries and
apply the dual-resolution Raman method to obtain direct single-shot measurements of stable
hydrocarbon intermediates along with all major species in the series of turbulent DME jet flames
that were developed by J. Frank and previously studied using approximations to account for
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hydrocarbon intermediates; ii) obtain additional measurements in the near field of piloted jet
flames with inhomogeneous inlets, using our spatial oversampling and wavelet denoising
techniques; iii) apply our latest methods to selected cases of the Sydney bluff body flames,
which have been an important model test case but have only pointwise scalar data from 1995
and; iv) bring online a programmable pulsewidth Nd:YAG laser that will allow measurements of
enclosed flames.
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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 kinetics 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 (LES) code (named RAPTOR) under
development by him at Sandia.

II. Recent Progress

This report contains results obtained during the last year of funding. The focus of the research
during this year was to create a reactive flow Direct Numerical Simulation (DNS) database and
analyze it a priori so as to understand the mixing/turbulence/reaction coupling in the high-



pressure (“high-p”) regime. To this end, using our model [i], four DNS realizations were created
in the configuration of a temporal mixing layer by varying the initial Reynolds number (Reo),

the free-stream pressure and the initial composition
of the two streams; only one of the simulation was
initiated with the freestream devoid of traces of CO2
and H20 (i.e. Exhaust Gas Recirculation (EGR)).
The simulations were ran until each reached
transition to turbulence and chemical reactions were
initiated in each simulation at its respective
transitional time. For the simulation at the larger Reo,
we used smaller amplitudes of the initial
perturbations employed to hasten transition, so as to
avoid the computation blowing up; the smaller
amplitudes result in a delayed momentum thickness
growth (Fig. 1a). Ignition corresponds to the time of
peak p (Fig. 1b). A higher free-stream pressure
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with the larger Reo and smaller perturbation achieves
ignition later but has a peak p comparable with that
of the smaller Reo. Ignition produces an abrupt
increase in the momentum thickness (Fig. 1a) and for
the larger Reo layer which was starting to decay due
to the smaller initial perturbations, it provides the
energy to re-start growing. Both the domain-average
positive spanwise vorticity and the enstrophy display
timewise peaks indicative of small scale formation
and increased flow topological complexity due to the
energy added by the ignition (not shown).

As in our previous study focused on mixing [ii], the reactive flow field displays high density-
gradient magnitude (HDGM) regions. We believe that the HDGM regions are very important in
understanding high-p turbulent combustion and potentially uphill-diffusion-induced phase
change. Since the flow is not ergodic, we analyze it at the time of peak p. Figure 2 illustrates
conditional averages of the density gradient on the reaction rate for all simulations and shows
that the larger is the density gradient, the higher is the reaction rate; also either a larger po or
absence of EGR results in higher reaction rates occurring in regions of much higher density
gradient magnitude. In Fig. 3 are displayed conditional averages of the species mass fractions
for a realization in which there was EGR and the initial uniform mass fractions of CO2 and H20
were 0.035 and 0.01, respectively, with otherwise the upper stream being air and the lower stream
being C7H16. Clearly, rather early in the development of the layer (t"=30), before reaction is
initiated, in the formed HDGM regions, the mass fractions of CO2 and H20 are smaller and
larger, respectively, than the initial values. This means that H20 has experienced uphill diffusion
into the HDGM regions and COz has experienced uphill diffusion out of the HDGM regions. We
explain this segregation by the fact that since the HDGM regions primarily contain CzHis and a
small amount of Oz (the amount of C7H16 increases and that of Oz decreases as one goes deeper
into the HDGM regions), the larger C7His molecules (molar mass m= 100 kg/kmol) let the
smaller H20 molecules (m=18 kg/kmol) enter the HDGM regions but the molecules as large as
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Figure 1. Momentum thickness
representing the layer growth (a) and
domain-averaged pressure (b), timewise
evolution for the four DNS realizations.
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those of CO2 (m=44 kg/kmol) cannot diffuse in and must remain outside of the HDGM regions
increasing there the CO2 concentration, i.e. experiencing uphill diffusion outside of the HDGM

regions. This picture is confirmed by conditional
averages on the density gradient of the angle between
the species mass flux and the gradient of that species
exhibited in Fig. 4 showing uphill diffusion for H20 in
the HDGM regions but only regular diffusion, except
at the largest-magnitude HDGM regions, in those
regions for CO2. This HDGM phenomenon is the well-
known high-p ‘caging’ effect in which due to the high
p, the fluid is denser, i.e. the molecules are closer
together and thus diffusion into it is impeded. Past
ignition and at peak p, Fig. 3 shows that the amount of
O2 decreases being consumed by the reaction, the
amount of C7Hie increases (but only very slightly in
the largest-magnitude HDGM regions where the
combustion is most vigorous) because the consumed
fuel not as large as that entrained in the HDGM regions
through turbulent mixing, and the amounts of CO2 and
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Figure 2. Conditional averages of the
density gradient magnitude on the
reaction rate at the respective peak

H20 only imperceptibly increase in the largest- Pressure for each simulation.

magnitude HDGM regions.

We are currently, computing the activity of the terms in the LES equations to indicate those
Subgrid-Scale (SGS) terms which are significant and thus must be modeled. These computations
are being done both on a domain-average basis and on a homogeneous-plane average basis. The
modeling of these terms will be the next focus of our research.
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Figure 3. Conditional averages of the species mass fractions on the density gradient magnitude
at (a) t'=30 (before ignition) and (b) t'=134 (peak pressure). Simulation Re1000p60.

The PI has continued the collaboration with Dr. Oefelein who will modify RAPTOR once we
have developed the methodology of LES for high-p flows.

III.  Future Plans
The following activities are planned:
* Finalize the a priori reacting-flow analysis and propose subgrid-scale models for the
filtered turbulent reaction term.
« Perform an a posteriori study.
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Towards predictive simulations of soot formation: from surrogate to turbulence

Guillaume Blanquart
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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) de-

velop 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 oxi-
dation of large fractal aggregates; 3) understand and model the
interplay between unsteady chemistry, differential diffusion,
and turbulent transport.

Recent progress

In preparation for the 2014 International Sooting Flames (ISF)
workshop, we simulated a large number flames (from 1D lami-
nar to 3D turbulent flames) in an attempt to evaluate the predic-
tive nature of the recent developments we made in terms of
chemistry/PAH/soot modeling.

At the ISF, we were the only group showing contributions to all
sections, namely laminar premixed flames, laminar coflow diffu-
sion flames, turbulent diffusion flames, and pressurized flames.

Laminar premixed flames

One-dimensional, burner-stabilized, laminar premixed flames
have been used for a long time for the development of PAH and
soot models. As co-leader for the ISF workshop, we were in
charge of selecting the target flames, collecting the results, and
summarizing findings for the laminar premixed flames section.
A total of 25 flames covering 6 different burner configurations
were selected. In order to help the members of community
simulate these flames and to provide a common basis for com-
parison between models, we simulated all flames ahead of the

workshop and provided an experimentally-consistent, numeri-
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Figure 1. Comparison of the prediction of
numerical models by various research
groups for one of the laminar premixed
target flames (top: temperature, middle:
soot volume fraction, bottom: soot parti-
cle diameter).
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cally-simulated temperature profile for each flame (see Figure 1 for an example). These profiles were
used by more than seven research groups in their simulations. Our results indicated that 1) large devia-
tions are often observed between experimentally-measured and numerically-simulated temperature
profiles, 2) soot volume fractions are always predicted within a factor of two or three if the “correct”
temperature profile is used, and 3) soot particle diameters were only predicted with enough accuracy if
aggregates and non-purely spherical particles were considered. More important, we showed that most
of the flames investigated exhibit strong two-dimensional effects that have been neglected until now.
One of the various implication is an incorrectly predicted gas velocity, and hence residence time which
may induce up to a factor of two on the predicted soot volume fraction (see Figure 2).
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Figure 2. Results of a two-dimensional numerical simulation of the flame shown in Figure 1. Left 2D velocity pro-
file, right: comparison of the centerline velocity (2D sin solid, 1D dashed) with experimental measurements.

Laminar coflow diffusion flames

Coflow diffusion flames present an intermediate configuration in terms of complexity and relevance be-
tween laminar premixed flames (previous section) and turbulent diffusion flames (next section). We
selected three flames among the ISF target flames and simulated them with our recently improved
chemical/soot models. Once again, some deviations we observed between experimentally-observed and
numerically simulated temperature profiles were observed (see Figure 3). Consistent with the results of
the premixed flames, soot volume fraction was predicted with a factor of two or three on the “wings” of
the coflow diffusion flames. Yet, it was always under-predicted along the centerline, showing limitation
in our nucleation model and highlighting the need for an improved PAH to soot inception model (see
2012 abstract for details on an ongoing model development in our group).
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Figure 3. Results of the numerical simulations of one of the coflow diffusion flames. Left: temperature, middle: benzene
mole-fractions, and right: soot volume fraction.
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Turbulent diffusion flames 0.5F - T
* —Relaxation

Large Eddy Simulations (LES) have been per- 0.4} E ---Steady-state
formed on an ethylene/air piloted turbulent non- _ ¥,
premixed sooting jet flame to quantify the im- 2_0.3- /
portance of aromatic chemistry-turbulence inter- 5 H
actions. The present flame (also a target for ISF) 0.2 i 4
has been investigated at Sandia National Labora- 0.1l r B . "‘*‘\_\
tories by Dr. Shaddix and was selected over other \'
turbulent non-premixed flames, for its relatively G0 d 100 200 D, 300
large soot yield, high Reynolds number, and well- r/d

defined boundary conditions. The numerical sim-  Figure 4. Mean soot volume fraction on the flame centerline.
ulations relied on a recently-developed relaxation model for PAH chemistry (see 2013 abstract). Com-
parison between LES and experimental results indicates that the LES predicts the mean soot profile rea-
sonably accurately and that the use of PAH relaxation model was necessary to predict the correct soot
yield (see Figure 4). The results also highlighted that the interactions of the slow PAH-chemistry with
turbulence had an effect of similar importance as that of the unsteady soot-turbulence interactions.

Additional numerical simulations have been per-
formed on a second ISF target flames, this one
investigated experimentally at Adelaide Universi-
ty (Australia). Unlike the piloted ethylene flame
from Sandia, the Adelaide flame is a non-piloted

jet flame using a mixture of ethylene/hydrogen

G_H
as fuel. Given the difficulties encountered by : oo
. . 0.55
other research groups in reproducing the soot l— o.z?gD
volume fraction profiles measured experimental- Figure 5. Local carbon-to-hydrogen ratio in the turbulent jet

flame of Adelaide. The black iso-contour indicates regions of

ly, we performed a coarse direct numerical simu-
Ys P unusually high ratios due to differential diffusion.

lation (DNS) of the base of the flame. Our pre-
liminary results indicate that differential diffusion effects (partially due to the presence of hydrogen in
the fuel) were still present (see Figure 5) and should be included for accurate predictions of this flame.

Current and future work

The results of the numerical simulations of the turbulent jet diffusion flame from Adelaide highlighted
the need to revisit the treatment of differential diffusion in turbulent flames in general and in particular
within the framework of flamelets. More precisely, while the assumption of unity Lewis numbers might
be valid for major chemical species (reactants and products), it is not valid for large aromatic species and
soot precursors. Preliminary results show this effect might lead to a factor of two on the soot yield. Us-
ing experimental and DNS data from the literature, we are currently developing a model to estimate a
priori the effective/turbulent Lewis numbers for given turbulent conditions. Such model would then be
integrated within our current flamelet-based chemistry tabulation and will be tested against various
turbulent sooting flames.
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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 program, supported by this Department of Energy grant,
centers on methods to develop rigorous computational methods to model and gain insight
into chemical and physical processes of importance in combustion and issues related to
combustion. We have focused in recent years on developing full-dimensional global ab
initio-based potential energy surfaces (PESs) that describe complex unimolecular and
bimolecular reaction that are fits to tens of thousands or more of ab initio energies using
special polynomial bases that are manifestly invariant with respect to any permutation of
like nuclei. Dynamics on these potentials, which may contain multiple minima and saddle
points, can be done for long times and can reveal new pathways and mechanisms of
chemical reactions. The choice of reaction system to study is always motivated by
experiments that challenge and ultimately advance basic understanding of combustion
reaction dynamics. Recently, the focus has been on energy transfer in polyatomic
hydrocarbons and substituted hydrocarbons, a central area of importance in combustion.
The major goal is to go beyond model atom-atom pairwise models of the “non-covalent”
interactions that govern energy transfer. Two other areas of research are mode-specific
tunneling in unimolecular dissociation and rovibrational energies of polyatomic molecules.
Recent Progress in these areas is described next.

Recent Progress: Energy transfer: Ar+allyl, and Ar+HOCO. Energy transfer studies have
been initiated in the allyl and HOCO radicals, using full dimensional ab initio PESs.P24P25P27
In the first studies, the collision partner was Ar and an ab initio interaction potential was
calculated at the MP2/aug-cc-pVTZ level, with counterpoise correction. This interaction
potential was represented by a standard sum-of-pairs form and fit to 286 electronic
energies. The pairwise fit gave RMS fitting errors of 22 cm! for the (negative energy)
attractive region, 150 cm! for energies up to around 1200 cm-1, and 650 cm™! for energies
up to roughly 8000 cm! Thus, this fit is realistic, if not highly precise. Classical trajectory
calculations of energy transfer calculations were done for allyl initially non-rotating and
highly rotationally excited The results in the form of AE (up and down) distributions for a
number of collision energies have been published.P24P25 In addition, a project investigating
energy transfer in Ar+HOCO is underway. This project makes use of a global, high-level ab
initio global potential surface for HOCO and the calculation of the interaction potential. In
this case, the goal was to obtain a benchmark quality interaction potential. This was done
by using permutationally invariant (PI) fitting to roughly 12 500 CCSD(T)-F12/aug-cc-
pVDZ energies. The RMS fitting error is 28 cm-! for this data set which spans a range from -
250 to 12 000 cm1. The data set was also fit using the pairwise form used for Ar-allyl and
novel compact PI form. All three fits were used in preliminary calculations of energy
transfer and an initial report of the results has just been accepted for publication as
Communication in ]J. Chem. Phys.P27 Development work on more efficient permutationally
invariant representations of non-covalent interactions was undertaken with a focus on full
dimensional potential energy surfaces for CH4-H20 and also CH4-(H20)2- Excellent progress
has been made and described in two recent publications.P29P30 Energy transfer studies in
these systems can now be undertaken using extensive classical trajectory or in principle
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quantum or mixed classical/quantum methods. Mode-specific tunneling in
unimolecular reactions. Recent progress in this important research area has been made
in the isomerization of trans-HCOH to H;CO, using a new full-dimensional PES.P28 This
work was stimulated by previous work,-3 notably the joint experimental work of
Schreiner, Allen, Csaszar and co-workers. The new calculations using a mode-specific
theory developed by Wang and Bowman* and predict a large increase in the tunneling rate

upon excitation of the trans-
TS TS3 p

bend mode as shown in the
TS1 ‘f \ ’-_J/"

graphic to the left.
"’L‘t \ Rovibrational energies of
polyatomic molecules.
The code MULTIMODE has
¢ 7T been extended and applied
to perform accurate
cissHCOH rovibrational calcuations of
polyatomic molecules.
Stuart Carter, the major
developer of this code has
been working on the code

trans-HCOH

to enable parallel

computation, using both

o—c{ H,CO Open MP and MPI protocols.
v This has been largely

accomplished with excellent
results.
Future Plans. Further work on energy transfer calculations in both Ar+HOCO and Ar+allyl
is planned in a bath of Ar atoms. New calculations of energy transfer of CH4 in collisions
with H20 and also the water dimer are planned. An existing global potential energy surface
for CH30H> will be refined to study the unimolecular decomposition dynamics, including
mode-specific tunneling. MULTIMODE calculations using this new PES (and dipole moment
surface) will be done. This calculations will supplant those already done using an older
version of the code and the PES.®
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Dynamics of Product Branching in Elementary Combustion Reactions:
OH + Alkenes and Nitrogen Chemistry

Laurie J. Butler
The University of Chicago, The James Franck Institute
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L-Butler@uchicago.edu

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 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 fourteen 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. We have implemented tunable VUV photoionization in our imaging apparatus,
using difference frequency four-wave mixing to produce photoionization light tunable from 8 to
10.8 eV. In this no-cost extended fourth year of our project, we investigated the photodissociation
of BrCH,CH,ONO at 193 nm to see if it might generate nascent highly vibrationally excited
CH,CH,ONO radicals (an important intermediate in the reaction of NO, + ethene). It was
successful — our experiments measured the branching between primary O-NO fission and C-Br
photofission at 193 nm to be 4.28:1. Thus, a sufficient number of CH,CH,ONO radicals was
produced to allow us to study the competition between two product channels from this radical
intermediate, NO + oxirane and NO, + ethene. The first results are summarized in Section II.A.
We also developed a new theoretical model to predict the energy partitioned to relative kinetic
energy when a highly rotationally excited radical dissociates with no exit barrier. The model
accurately predicts the velocities measured for the OH and alkene products from highly
rotationally excited C;HOH and C,D,OH radicals, and it correctly includes the correlation
between the velocity of the radical and its rotational angular momentum. These results are
described in Section I1.B. Section II.C describes results from our collaboration with Y. P. Lee,
developing a revised Franck-Condon method to predict the HCI product vibrational energy from
the photodissociation of acryloyl chloride at 193 nm that he measured with step-scan FTIR.°

II. Recent Progress

A.CH,CH,ONO and BrCH,CH,O radicals from 193 nm BrCH,CH,ONO photodiss’n
While our prior work with Terry Miller showed that the primary photodissociation
channel of BrCH,CH,ONO at 351 nm is O-NO bond cleavage, we initiated a study at 193 nm to
see if we could induce a significant fraction of the molecules to undergo C-Br bond photofission.
At 193 nm, BrCH,CH,ONO reaches an excited state described by a linear combination of two
excited electronic configurations, one repulsive in the repulsive in the O-NO bond, similar to the

29



S, state in alkylnitrites, and the other repulsive in the C-Br bond, similar to the excited states
reached in the 200 nm band of bromoalkanes. Using electron bombardment ionization in the
UChicago scattering apparatus, we detected both O-NO

and C-Br bond photofission, with a branching ratio of ) ) mie= 30 (;40‘. H c'o’)
428 to 1. The NO photoproduct is fit in blue line in the £ !

. . e e, - i 3.6 M shots -
upper frame of Fig. 1 while the Br photoproduct is fit in ~

orange line in the lower frame. The BrCH,CH,O radicals 10
(co-fragment formed in O-NO photofission) have much
higher internal energies than our prior work at 351 nm,
so evidence both dissociation to CH,Br + H,CO (as seen
in our prior study with Terry) and dissociation to H +
BrCH,CHO. The H,CO signal is fit in purple in Fig. 1
(upper frame) and the signal from the momentum-
matched co-fragment CH,Br is fit in purple in Fig. 2.

Dissociative ionization of CH,Br to Br" also contributes t ! : . '

to the signal (fit in purple) in the lower frame of Fig. 1. L L R e
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the NO signal fit in blue in the upper frame of Fig. 1 (as
H atom is imparted with most of the recoil velocity).

The C-Br photofission channel gives vibrationally
excited CH,CH,ONO radicals, so allows us to study the
competition between the NO, + ethene and an NO +
oxirane product channels. Our G4 calculations on
CH,CH,ONO shown in Fig. 3 suggest both these
channels could be significant. My students just got back
from taking a week of data using the scattering apparatus
at the NSRRC; the data give evidence for both NO +
oxirane (the oxirane is detected at parent ion), and NO, +
ethene. Interestingly, we also got good data at m/e = 31

0 100 200 300 400 500
Time of flight (us)

Fig.1 O-NO and C-Br photofission

(HNO"). We are fitting the data now, but it appears that there is a third primary photodissociation
channel, HNO elimination, that produces HNO and bromoacetaldehyde. A fast shoulder on the
. . . signal at Br" and high kinetic energy signal at vinoxy may
I % mie=93 (CHBr') result from photodissociation of this product.

6.45 M shots
304
4 S-€,

N
S]
|
|
\
\

-
=}
%
\
\
\
\-
\
-
“

)
|
I

E (kcal/mol)

10 \ NO, + H,C=CH,
100 200 300 400 500 ol \ .
Time of flight (s) 0 o3 N° A
Fig.2 BrCH,CH,0 — CH,Br + H,CO Fig.3 Some calculated transition states for CH,CH,ONO

30



B. Predicting the recoil kinetic energies when rotationally excited radicals dissociate

Our experimental study® last year of the product channels resulting from two radical
intermediates, 1-hydroxy-2-propyl and 2-hydroxy-1-propyl, in the reaction of OH with
propene motivated a serious effort at predicting the recoil kinetic energies when these radicals
dissociate back to OH + propene. Our new modeling paper’ details how we make this
prediction and assesses its generality by applying it to prior measurements of the dissociation
of CD,CD,OH radicals to CD,CD, + OH. Our model, developed for the dissociation of
highly rotationally excited radicals produced photolytically from a halogenated precursor,

gives an excellent prediction for the velocities of the 700° 50 100 150 200
radical’s dissociation products. Figure 4 shows in ! ! !

green solid line the fit this model gives to the S0 1 miz =17 (OH)
measured velocities of the OH and CD,CD, products 2 500 .
from the wunimolecular dissociation of highly | 3 400 -
rotationally excited CD,CD,OH radicals. These fits | 3 300 i
are not the result of an iterative forward-convolution |

. .. . v 200 —
fit, they are predictions from our model with no

variable parameters. They properly account for the 100 ]

correlation between velocity of the CD,CD,OH radical 350
and its rotational angular momentum, which influences
the recoil velocity of the OH from the CD,CD,.

This is an exciting theoretical result. For decades
researchers have measured the energy imparted to
recoil kinetic energy when radicals dissociate, but
comparison of the measured distribution with theory
required a global potential energy surface or
dynamics-on-the-fly calculations that were only e
practical for very small molecular systems. Our new 0 30 60 90 120
model uses the angular momenta of the unstable Time-of-Flight (usec)
radicals and the tensor of inertia of each to predict the | Fig- 4 Model prediction (green) shown
recoil kinetic energy and angular distributions when | on TOF spectra for CD,CD,OH —

Signal Counts

hydroxy radicals dissociate to OH + an alkene. We CD,CD, + OH

need only propagate the rotational dynamics at the radical’s equilibrium geometry and then at
the transition state, being careful to preserve the magnitude and direction of the angular
momentum vector. The predictions give excellent fits to the data. The only required
experimental input is the measured recoil kinetic energies in the C-halogen bond photofission
reaction that prepares the highly rotationally excited radical intermediate. As long as the
initial photodissociation is via a repulsive excited state and radical dissociates with no barrier
beyond the endoergicity, the model we developed accurately predicts the distribution of
energies imparted to relative kinetic energy as the radical dissociates; it is particularly good
for radicals produced with an angular momentum vector that is not close to an inertial axis.

C. Developing a modified Franck-Condon model for roaming reactions

Y .P. Lee asked us to help him understand the vibrational and rotational distributions
that he measured, using step-scan FTIR, for two HCI-photoelimination channels from
acryloyl chloride excited at 193 nm. Fig. 5 shows the two pathways we identified for HCI
elimination proceeding via internal conversion to the ground electronic state. One HCI
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elimation channel occurs after a Cl-shift. Using the calculated transition states, our predicted
statistical branching ratio of 0.81:0.19 for direct HCI elimination from the s-cis conformer:
HCI elimination from 3-chloro-1-propen-1-one after the Cl shift agrees very well with the
experimental branching of 0.8 : 0.2. To understand the vibrational distribution of the HCI
produced in each pathway, a time-honored Franck-Condon analysis, gives a vibrational

distribution peaked at far too )
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This gives an excellent prediction for the most probable HCI vibrational state.
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David W. Chandler
Combustion Research Facility
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Program Scope:

The goal of this research program is to generate data that challenges the theoretician’s
ability to calculate potential energy surfaces and predict dynamics upon them. This is
traditionally done through the fields of spectroscopy, chemical dynamics and kinetics.
The detailed measurement of atomic and molecular motion on a potential energy surface
is what defines the field of chemical dynamics. No matter if the motion is intra-
molecular, such as unimolecular dissociation, or inter-molecular, such as inelastic
scattering or reactive scattering, one observes dynamics that can test ones ability to obtain
an accurate potential energy surface and calculate dynamics upon that surface. In the
recent past we have made measurements of collisional energy transfer of both
electronically ground state but highly vibrationally excited molecules and electronically
excited state but vibrationally ground state molecules. In this period we have finished
our measurements and analysis of the collision induced dissociation of highly
vibrationally excited NO2. We will expand these collisional energy transfer studies to
lower collision energies where both the study of low energy barriers to reactions can be
observed (such as in the O (*D)+ CH4 reaction) and low energy resonances can be
observed in the scattering (such as in NO + He). These low energy collision experiments
are sensitive to the attractive part of the potential energy surfaces in contrast to the higher
energy collisions that interrogate the repulsive wall of the system. In addition to these
collision studies we have been developing tow new spectroscopic capabilities. The first
is a dual etalon frequency comb cavity ring down spectroscopy technique that allows one
to obtain “high” resolution spectroscopy with low-resolution lasers. This work has been
focused on trying to do these experiments in the infrared region of the spectrum where
congested spectra make molecular identification difficult. We have also investigated the
utility of using velocity mapped ion imaging to perform MHz resolution spectroscopy.
We have been able to quantitatively determine line widths down to 10 MHz line widths
with this novel use of the velocity-mapped ion imaging (VMII) technique.

Collisional Energy Transfer Studies:

In this last year we have finished our analysis and submitted for publication the work on
the collision induced dissociation (CID) of highly vibrationally excited NO2 buy
collision with Ar. In this study we excited NO, with a single blue photon exciting it in a
molecular beam to within 40 cm™ of its dissociation limit. These highly vibrationally
excited (but low rotational excitation) are then crossed with a molecular beam of Ar
atoms. A single collision occurs, at a relative collision energy close to 560 cm-1, and the
NO2 molecules that obtain more than 40 cm-1 of energy then dissociate. We use
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resonant enhanced (1+1°) ionization to state selectively ionize the NO(j) products that are
produced in in the collision. By careful analysis of the velocity distributions associated
with the different rotational states of NO produced and an analysis of the dynamics of the
dissociation of the NO2 into specific rotational states (measured to be statistical is
dissociation is caused by photolysis) one can extract the shape of the energy transfer
function of the initial NO2 + Ar collision. This is a very difficult quantity to extract from
any collisional energy transfer process. Only two other set of experiments, one from the
group of Dr. Kenny Ni, has claimed to extract this quantity directly from a single
collision event and their results disagree with theory by about a factor of about 3 over
estimate of the magnitude of the energy transfer. The other set of data is from Dr. Hanna
Reisler’s group on NO, CID and she obtained results similar to ours with a different
technique on a slightly different energy range. Our experiments in contrast seem to
underestimate the theory by about a factor of 2 and have been submitted as a Frontiers
Article in Chem. Phys. Letters.
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Figure 1: the comparison of our measured collision induced dissociation experiments, Dr.
Hanna Reisler’s (USC) experiment with our experiment and calculations by Dr. Ahren
Jasper (Sandia). Calculations in Figure 1 were actually not performed at the dissociation
limit but lower in the potential well. New experiments that can be more directly
compared to the theoretical calculations will be performed this summer.

Dual Etalon Frequency Comb Spectroscopy:

First demonstration of this new type of spectrometer was demonstrated utilizing two
uncorrelated etalons in the visible portion of the spectrum. We have recently built a
monolithic spectrometer from one piece of invar containing two etalons in order to allow
signal averaging. The monolithic spectrometer is shown in figure 2. The spectrometer
works on the principle that a broadband laser pulse excites both etalons. The etalons are
well aligned so that all modes other than the 0,0 mode are minimized. The etalons are
not quite the same length therefore the frequencies exiting the etalons are different and
have slightly different spacing. As these two outputs are combined on a single photo-
detector they interfere and through Fourier analysis of this interference one can observe
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the individual frequencies and through tis observation one can observe absorption at
those frequencies. Efforts to do this in the infrared using an IR OPO as a light source are
under way. Sensitive detection of methane is being investigated.
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Figure 2: Photograph and schematic of DEFCOM spectrometer showing the two etalons
bored out of a single piece of invar.

Utilizing Velocity Mapped lon Imaging Used for High Resolution Spectroscopy:
When a high-resolution laser is utilized in a resonance enhanced ionization scheme for
detection of an atom or a molecule there is the ability to use velocity mapped ion imaging
(VMII) to measure the photophysics associated with that transition. This has been
demonstrated on Kr atoms. The laser ionization schemes is shown in Figure 3.
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Figure 3: Schematic of laser ionization scheme for Kr atoms.
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A difference in the ionization cross section is observed for the two pathways that involve
the 266 nm laser light. This difference in ionization cross section can be used to visualize
the transition. As different velocity groups Doppler shift themselves into resonance and
these velocities are imaged one observes the transition with the resolution of the velocity
resolution. For the 811.5 nm transition and Kr atoms we have 3 m/s velocity resolution
and this represents a 3 MHz spectral resolution. We observe rabbi cycle broadening,
lifetime broadening due to ionization, and can observe measure the laser frequency with
this resolution relative to the transition frequency.

Future work:

Collisional Energy transfer of vibrationally hot molecules will be investigated by
scattering rotationally hod NO from vibrationally hot NO,. By exciting the NO, a few
hundred cm™ below the dissociation limit the collision will not produce NO from CID but
the NO scattered from NO2 will change rotational state and gain translational energy
from vibrational relaxation of the NO2. By measuring the velocity of the rotationally
excited NO one can obtain the energy transfer of specific NO rotational channels and this
can be compared directly to calculations.

In a new Velocity Mapped lon Imaging apparatus we will measure the aligned
chemistry of the fundamental H + D2 reaction. A 532-nm laser beam will be used to
align both HBr and D, molecules. A UV laser pulse will be used to dissociate the HBr
and detect the HD product. It has been shown that this can happen with the 5 nsec of a
single laser pulse. In this manner we will be able to measure the reactivity of aligned
reagents. This will show a new way forward to investigate the stereochemistry of
fundamental reactions.

A merged molecular beam apparatus is being built to investigate low energy
collisions with high velocity resolution. This will allow or the study of both low energy
entrance barriers and collisional resonances involving both Feschbach and shape
resonances.

DEFCOM spectroscopy will be focused on near infrared spectroscopy of
molecules in order to be able to utilize faster more sensitive detectors and higher
reflectivity mirrors.

VMII will be utilized to image new photo-physical processes including rabbi
cycling of atoms and molecules in order to determine absolute transition strengths of
transitions between excited electronic states.

Publications 2013 to Present:

1) Rotational Alignment of NO (A(2)S+ from Collisions with Ne: Steill, J. D., Kay J. J., Paterson G.,
Sharples T. R., Klos J., Costen M. L., Strecker K. E., McKendrick K. G., Alexander M. H., Chandler D. W.,
J. of Phys. Chem. Vol 117 (34), 8163-8174 (2013).

2) Determination of the Energy Transfer Function From the Collision Induced Dissociation of NO2+ Ar. J.
D. Steill, A. Jasper, K. E. Strecker. and D. W. Chandler, manuscript submitted Frontier Article CPL 2015.
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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 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 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 DNS studies focused on understanding: 1)
turbulent flame propagation in equivalence-ratio stratified methane/air flows, 2) differential diffusion
effects on lifted flame stabilization of syngas mixtures in a reacting jet-in-crossflow, and 3) a posteriori
comparison of a one-dimensional turbulent (ODT) model with DNS of a highly turbulent hydrogen/air
counterflow flame with product stratification. Highlights of our accomplishments in the past year are
summarized below, followed by a summary of future research directions.

Turbulent flame propagation in equivalence-ratio stratified methane/air flows [1]

Many practical combustion devices involve flame propagation in fuel-air mixtures which are not perfectly
mixed. Understanding and developing predictive models for equivalence ratio-stratified combustion
physics are important for the design of stratified-charge internal combustion engines as well as lean-burn
gas turbine combustion system. Effects of equivalence ratio stratification, in which a flame propagates
through an inhomogeneous fuel-air mixture, are investigated using Direct Numerical Simulation (DNS)
with a reduced methane-air mechanism. The simulation configuration involves a slot-jet turbulent Bunsen
flame that is periodic in the spanwise z-direction (the coordinate system is indicated in Figure 1). One of
the runs, Case C2, is a tangentially-stratified Bunsen flame configuration with a mean equivalence ratio of
0.7 shown in Figure 1a with equivalence ratio variation from 0.41-1.0.

The effect of equivalence ratio variation on the local burning intensity is investigated in turbulent flame
simulations with complex chemistry. Earlier work showed that flame-normal equivalence ratio gradients
affect the propagation speed of laminar flames, due to the effect of equivalence ratio gradients on the
molecular transport of radical species and hot products into the reaction zone [2]. Namely, it was
observed that back-supported flames yield higher propagation speed than flames in a homogeneous
mixture, and that flames in a homogeneous mixture yield faster propagation speed than front-supported
flames.

The effect of equivalence ratio (¢) stratification on flame speed in the present DNS study is analyzed by
calculating the conditional average normalized displacement speed (pSa/pu(¢@)) and the strain rate
tangential to the flame in case C2, conditioned on ¢=0.7 and ¢=0.65 (progress variable value which is
indicative of the location of maximum heat release), and on a range of flame normal mixture fraction
gradients d&/dn. The flame normal vector, —Vc/| V ¢, points towards the reactants, so that a positive
(negative) value of d&/dn indicates that this fuel-lean flame is front (back) supported. The conditionally
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averaged displacement speed, colored by the conditionally-averaged tangential strain rate is plotted in
Figure 1b, and compared with the displacement speed computed from reactant-to-product counter-flow
laminar flame calculations with the same equivalence ratio range as case C2 and a range of imposed strain
rates.
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Figure 1. (a) Instantaneous progress variable, c=0.5, iso-surface colored by case mixture fraction Z
(blue=0, red=1): case C2. (b) Conditionally-averaged displacement speed versus flame-normal mixture
fraction gradient. Circles: case C2 at x/Lx=0.5 where Lx is the flame height; Triangles: laminar
counter-flow flame data.

The turbulent flame exhibits higher average displacement speeds and less sensitivity to mean strain than
the laminar flame. This difference may be attributed to the effects of unsteadiness of strain and flame
curvature in the turbulent flame, compared to the stationary planar flame front simulated in the laminar
counter-flow. However the displacement speed shows an asymmetrical response to flame normal
equivalence ratio gradients in both the laminar and turbulent cases, with back supported flames
propagating faster compared to front-supported flames at a given tangential strain rate. The similar
dependence of flame speed on flame-normal mixture fraction gradient in both the turbulent and laminar
cases suggests that the phenomenon is due to the effect of molecular transport from the products that was
identified previously in laminar flame studies [2]. Further inspection of the mixture fraction/progress
variable cross-dissipation rate conditionally averaged on mixture fraction indicates that there is a
tendency for the lean flame to align in a back-supported orientation. This may be a result of the
differential propagation mechanism described by Grout et al. [3] and is currently under investigation.

Differential diffusion effects on lifted flame stabilization of syngas mixtures in reacting jet-in-crossflow [4]
Three-dimensional DNS of a transverse syngas fuel jet in a turbulent boundary layer crossflow of air
shows the influence of increasing the amount of CO relative to H, on the near field flame stabilization.
The mean flame anchors at a similar location for the two cases despite the trend suggested by their
laminar flame speeds which is higher for the CO-lean condition. To identify local mixtures having
preferable mixture conditions for flame anchoring, explosive zones are defined using the chemical
explosive mode (CEM) timescale [5]. The explosive zones related to flame stabilization are located in
relatively low velocity regions, slightly upstream of the peak heat release rate region. The explosive zones
are characterized by excess H transported by differential diffusion with relatively low turbulent mixing
intensity or scalar dissipation rate. Based on the balance of scalar flux and differential diffusion, the
mixture in the leeward sampling region is classified into three zones. Comparing these three zones with
the heat release rate and probable explosive zones, it is found that the differential diffusion predominantly
plays an important role in mixture preparation and initiates chemical reactions, followed closely by
intense chemical reactions sustained by sufficient mixing owing to the turbulent motion and scalar
dissipation rate. Finally, the mechanism of how differential diffusion contributes to mixture preparation
is discerned using the Takeno Flame Index computed based on either H, or CO mass fraction. The index
reveals that H, has a significant contribution to premixing, particularly in the explosive zones in the near
field of the leeward region, which constitute the flame base. There, a small amount of H; is able to diffuse
much faster than CO creating a relatively homogeneous mixture, which, together with its
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reactivity, helps stabilize a flame at a similar location regardless of the amount of CO present in the fuel.

One-dimensional turbulence modeling of a counterflow flame under intense turbulence and strain with
comparison to DNS [6]

The one-dimensional turbulence (ODT) model is applied to a highly turbulent reactant-to-product
counterflow configuration and results are compared with recent DNS data [7]. New counterflow
configuration specific models were developed to account for 3D dilatation and advection along the 1D
line. The model employed solves conservation equations for momentum, energy, and species on a 1D
domain corresponding to the line spanning the domain between nozzle orifice centers. The effects of
turbulent mixing are modeled via a stochastic process, while the Kolmogorov and reactive length and
time scales are explicitly resolved and a detailed chemical kinetic mechanism is used. Comparisons
between model and DNS results for spatial mean and fluctuating velocity, temperature, and major and
minor species profiles show good agreement. Scatter plots and statistics conditioned on temperature are
also compared for heat release rate and all species. Overall, ODT is able to capture the range of results
depicted by the DNS. However, conditional statistics in state space show some signs of under-ignition.

Future Work:

Reactive velocity and scalar spectra scaling

Recent results from DNS of turbulent premixed flames reveal that a density change induced by the flame
occurring at a characteristic flame scale induces changes to the kinetic energy spectra with a significant
deviation from the Kolmogorov scaling, particularly in the high wavenumber range [8]. Furthermore, a
dependence of the scaling on a Damkdhler number (Da) — ratio of flow time scale to flame time scale —
was discerned. A new theoretical framework to study spectral energy balance for variable density flows
was proposed that clearly explained the cause of this deviation. However to fully ascertain the proper
scaling and to study the balance of energy in the spectral space further DNS spanning a broader range of
the relevant parameters, Da and density jump ratio, are proposed. The DNS are being performed in a
statistically stationary planar premixed flame configuration. A dimensional analysis will also be
performed to understand the importance of the contribution of terms in the balance equations for the
velocity and scalar spectrum functions in wavenumber space for combusting flows.

Reactivity controlled compression ignition with thermal inhomogeneities with n-heptane/iso-octane blend
There is currently only a limited fundamental understanding of the nature of combustion in a reactive
mixture at high pressure that is conducive to both autoignition and premixed flame propagation. The
objective of this study is to perform 3D turbulent DNS of premixed compression ignition (PCI) with a
primary reference fuel mixture of n-heptane and iso-octane to quantify the relative roles of autoignition
and premixed flame propagation under reactivity controlled compression ignition (RCCI) conditions
where thermal and composition stratification are present.

References:

1. E. Richardson and J. H Chen, (2015) “Analysis of Turbulent Flame Propagation in Equivalence Ratio-Stratified
Flow,” European Combustion Meeting, Budapest, Turkey.

2. E.S.Richardson, V. E. Granet, A. Eyssartier, J. H. Chen (2010), “Effects of equivalence ratio variation on lean,

stratified methane-air laminar counterflow flames,” Combust. Theory and Model 14(6), pp. 775-792.

R. W. Grout, N. Swaminathan, R. S. Cant, (2009) Combust. Theory Model 13(5) 823-852.

4. Y. Minamoto, H. Kolla, R. W. Grout, A. Gruber, J. H. Chen, (2015) “Effect of differential diffusion on flame
stabilization in a syngas jet in turbulent cross-flow,” 9¢h U.S. National Combustion Meeting, Cincinnati, Ohio.

5. T.Luy,C.S. Yoo, J. H. Chen, C. K. Law, (2010), “Three-dimensional direct numerical simulation of a turbulent
lifted hydrogen/air jet flame in heated coflow: explosive mode analysis, ”” Journal of Fluid Mechanics 652:453-
481.

6. Z.Jozefik, A. R. Kerstein, H. Schmidt, S. Lyra, H. Kolla, J. H. Chen, (2015) “One-dimensional turbulence
modeling of a counterflow flame under intense turbulence and strain with comparison to DNS,” submitted to
Combustion and Flame.

W

39



7.

8.

S. Lyra, H. Kolla, B. Coriton, A. Gomez, J.H. Frank & J.H. Chen, (2013) “Extinction phenomena in stratified
counterflow Hy/air premixed flames,” 8™ U. S. National Combustion Meeting, Salt Lake City, Utah.

H. Kolla, E. R Hawkes, A. Kerstein, N. Swaminathan, J. H. Chen, (2014) “On velocity and reactive scalar
spectra in highly turbulent premixed flames,” J. Fluid Mech. 754:456-4877.

BES Publications (2013-2015):

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Y. Yang, H. Wang, S. B. Pope, J. H. Chen, “Large-eddy simulation/probability density function modeling of a
non-premixed CO/H2 temporally evolving jet flame,” Proc. Comb. Inst. 34 (2013) 1241-1249.

N. Chakraborty, H. Kolla, R. Sankaran, E. R. Hawkes, J. H. Chen, and N. Swaminathan, “Determination of 3D
quantities related to scalar dissipation rate and its transport from 2D measurements: Direct Numerical
Simulation based validation,” Proc. Comb. Inst. 34 (2013) 1151-1162.

C. M. Kaul, V. Raman, E. Knudsen, E. S. Richardson, J. H. Chen, “Large eddy simulation of a lifted ethylene
flame using a dynamic nonequilibrium model for subfillter scalar variance and dissipation rate,” Proc. Comb.
Inst. 34 (2013) 1289-1296.

O. Chatakonda, E. R. Hawkes, A. Aspden, A. Kerstein, H. Kolla, J. H. Chen, “On the fractal characteristics of
low Damkohler number flames,” Combustion and Flame, 160 (2013) 2422-2433.

Y. Yang, S. B. Pope, J. H. Chen, “Empirical low-dimensional manifolds in composition space,” Combustion
and Flame, 160(10) (2013)1967-1980.

D. M. Valiev, M. Zhu, G. Bansal, H. Kolla, C. K. Law, J. H. Chen, “Pulsating instability of externally forced
premixed counterflow flame,” Combustion and Flame 160(2) (2013) 285-294.

H. Zhang, E. R. Hawkes, J. H. Chen, S. Kook, “A numerical study of the autoignition of dimethyl ether with
temperature inhomogeneities,” Proc. of the Comb, Inst. 34(1) (2013) 803-812.

C.S. Yoo, Z. Luo, T. Lu, H. Kim, J. H. Chen, “A DNS study of ignition characteristics of a lean iso-octane/air
mixture under HCCI and SACI conditions,” Proc. of the Comb, Inst. 34(2) (2013) 2985-2993.

A. Gruber, P. Salimath, J. H. Chen, “Direct numerical simulation of laminar flame-wall interaction for a novel
H2-selective membrane / injector configuration” Intl Journal of Hydrogen Energy (2014) 39:5906-5918.

A. Bhagatwala, T. Lu, and J. H. Chen, “Direct numerical simulations of HCCI/SACI with ethanol,” Combustion
and Flame (2014) 161:1826-1841.

A. Krisman, J. Tang, E. R. Hawkes, D. Lignell, and J. H. Chen, “A DNS evaluation of mixing models for
transported PDF modelling of turbulent nonpremixed flames,” Combustion and Flame (2014)161:2085-2106.
Y. Xin, C. S. Yoo, J. H. Chen, C. K. Law, “A DNS study of self-accelerating cylindrical hydrogen-air flames
with detailed chemistry,” Proc. Combust. Inst., 35 (2015) 753-760.

A. Bhagatwala, T. Lu, H. Shen, J. Sutton, J. H. Chen, “Numerical and experimental investigation of turbulent
DME jet flames,” Proc. Combust. Inst., 35 (2015) 1157-1166.

A. Krisman, E. R. Hawkes, M. Talei, A. Bhagatwala, J. H. Chen, “Tribrachial, tetrabrachial and pentabrachial
structures in dimethyl ether edge-flames at NTC conditions,” Proc. Combust. Inst. 35, (2015) 999-1006.

A. Gruber, A. Kerstein, D. Valiev, H. Kolla, J. H. Chen, "Modelling of Mean Flame Shape During Premixed
Flame Flashback in Turbulent Boundary Layers," Proc. Combust. Inst., 35 (2015) 1485-1492.

R. A. C. Griffiths, J. H. Chen, H. Kolla, R. S. Cant, W. Kollmann, "Three-dimensional topology of turbulent
premixed flame interaction," Proc. Combust. Inst., 35 (2015) 1341-1348.

Chan, W. L., Kolla, H., Chen, J. H., Ihme, M., “Assessment of model assumptions and budget terms of the
unsteady flamelet equations for a turbulent reacting jet-in-crossflow,” Combustion and Flame (2014) 161:2601-
2613.

Bansal, G., Mascarenhas, A. and Chen, J. H., “Direct numerical simulation of autoignition in stratified
dimethyl-ether (DME)/Air turbulent mixtures,” Combustion and Flame (2015) 162:688-702.

Kolla, H., Hawkes, E. R., Kerstein, A. R., Swaminathan, N., Chen, J. H., “On velocity and reactive scalar
spectra in highly turbulent premixed flames,” Journal of Fluid Mechanics (2014) 754:456-487.

Lyra, S., Wilde, B., Kolla, H., Seitzman, J., Lieuwen T., Chen, J. H., “Structure and stabilization of hydrogen-
rich transverse jets in a vitiated turbulent flow,” Combustion and Flame, (2015) 162:1234-1248.

Scholtissek, A., Chan, W. L. Xu, H., Hunger, F., Kolla, H., Chen, J. H., Thme, M., Class, A., “A multi-scale
asymptotic analysis of flamelet equations including tangential diffusion effects for laminar and turbulent
flames,” Combustion and Flame (2015) 162:1507-1529.

S. Kim, M. B. Luong, J. H. Chen, C. S. Yoo, “A DNS study of the ignition of lean PRF/air mixtures with
temperature inhomogeneities under high pressure and intermediate temperature,” Combustion and Flame,
(2015) 162:717-726.

40



Dynamics and Energetics of Elementary Combustion Reactions and Transient Species
Grant DE-FG03-98ER14879
Robert E. Continetti (rcontinetti@ucsd.edu)
Department of Chemistry and Biochemistry, University of California San Diego
9500 Gilman Drive, La Jolla, CA 92093-0340

I. Program Scope

This research program focuses on experimental studies of transient neutral species and collision
complexes relevant to combustion phenomena and fundamental elementary reactions, with the goal of
providing benchmarks for state-of-the-art electronic structure and quantum dynamics calculations.
Kinematically complete studies of the dissociative photodetachment (DPD) of anion precursors in the
form of a photoelectron-photofragment coincidence (PPC) measurement can provide a measure of the
dynamics of unimolecular and bimolecular reactions over a wide range of internal and configurational
energies, respectively, as shown in the experimental-theoretical study we reported on the F + H,O —
HF + OH reaction in collaboration with Hua Guo’s group at UNM last year. (DOE Pub. 2) In the last
year, new experiments on the CH;OH + F — HF + CH;0 reaction and its isotopologs have been
carried out, along with studies of the dissociative excited states of the HOCO radical and aspects of the
dissociation mechanism for energized cis-HOCO radicals to the OH + CO entrance channel. (DOE
Pub. 4) Our measurements of the tunneling rate for cis-HOCO — H + CO, have continued to be of
interest as well, and resulted in a collaboration with Al Wagner and colleagues extending in a more
quantitative fashion our quasi-1D model for the deep tunneling in that system and applying it to ab
initio HOCO potential energy surfaces (DOE Pub. 5). In addition, we completed our study of the tert-
butoxy radical and isomers using photoelectron and PPC spectroscopy as reported in DOE Pub. 6.
Final reports on the transition state dynamics of the isotopologs of F-H,0, the effects of vibrational
excitation on F-H,O and the dynamics of the propiolyl radical HC,CO,, as discussed in last year’s
abstract, are also currently in preparation. In the laboratory we are currently bringing the PPC
spectrometer back on-line following required maintenance on the cryogenically cooled electrostatic
ion beam trap that was necessitated by a failure in December 2014. This will coincide with the
commissioning of a cryogenic octupole accumulator trap (COAT) in the ion source that will allow
buffer gas cooling of even large polyatomic anions to temperatures < 10 K. In the following sections,
recent progress will be reviewed in more detail, followed by a brief discussion of future work.

II. Recent Progress

A. Transition State Dynamics of the F + HOCH; — HF + OCHj; Reaction

The exothermic reactions of fluorine atoms with small molecules have provided a rich ground
for the development of multidimensional
potential energy surfaces and theories of
chemical reaction dynamics. Our recent
study of the F+H,O—HF+OH reaction is a
part of this record,' and represents a system

E s l).e‘.@ with six degrees of frecdom at the frontier of
2 §O-ag both quantum chemistry and quantum
% 0 dynamics calculations.”™® In an effort to

examine progressively higher dimensionality
systems, we carried out PPC studies on
F (CH30H), nominally producing the
F(CH;0H) complex in the vicinity of the
submerged barrier on the F + CH;OH—HF +
OCHj; potential energy surface. This system,
with 7 atoms and 15 degrees of freedom,
Figure 1. Calculated energetics for the F + CH;OH —  remains beyond the limit of full-
HF + OCH; reaction and the F (CH30H) anion at the dimensionality quantum dynamics

CCSD(T)/aug-cc-pVTZ level of theory. calculations, but is a tractable system for

0.00

1.00 * Calculated based on EA(F) = 3.40 eV
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high accuracy electronic structure calculations, as illustrated by the recent work by Schaefer and co-

workers.’

eKE

O'Ooh } 05 .u RY 20
KER (eV
F + HOCH, (V)

Figure 2. PPC spectrum (¢ + 2 momentum-
conserving neutrals) for the F + HOCH; — HF +
OCH; reaction using a photon energy of 4.80 eV.
The right most diagonal indicates the maximum
kinetic energy (KE,.,) when the HF + OCH;
products are formed in their vibrational and
rotational ground states. The dashed diagonals
correspond to vibrational excitation in the HF
fragment, while the black diagonal corresponds
to the KE,,,« for dissociation to the reactants F +
HOCH;.
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Figure 3. Photoelectron spectrum of the stable (e
+ 1 neutral) channel at 4.80 eV (258 nm). The
black vertical lines indicate the ZPE corrected,
calculated EAs for the entrance (dashed) and exit
(solid) complexes. The grey vertical lines
correspond to the ZPE corrected, calculated
KEmax for dissociation to either reactants (dashed)
or products (solid) where products are formed in
their vibrational and rotational ground states.

The F (CH30H) anion provides an ideal
platform for studying the dynamics on the F +
HOCH; — HF + OCH; as first illustrated in the
photoelectron  spectroscopy measurements by
Neumark and coworkers more than 20 years ago.®
The energetics of photodetachment in this system as
well as important stationary points on the neutral
potential energy surface are shown in Figure 1.
These energetics were provided through a
collaboration with Agarwal and Schaefer who have
carried out high level calculations (CCSD(T)/aug-
cc-pVTZ) at a consistent level of theory for both the
anionic and neutral complexes including zero-point-
energy corrections.” Figure 1 shows that at a photon
energy of 4.80 eV there is sufficient energy to
access both reactant (barely) and product channels
as well as the submerged barrier separating the
entrance and exit channel van der Waals complexes.

We carried out PPC measurements on
F (CH;0H), F (CH;0D) and F (CD;OD) at photon
energies of 4.80 and 3.20 eV. In these studies we
have measured PPC spectra, as well as
photoelectron spectra for complexes that appear to
be stable or dissociate with exceedingly small
kinetic energy release on the 8.4 us flight time from
the laser-ion interaction region to the neutral particle
detector at a beam energy of 7 keV. The resulting
coincidence spectrum, shown in Figure 2, is
dominated by open channels on the product side
(HF + OCHj; + ¢ ) of the neutral potential energy
surface. The right most diagonal band corresponds
to the calculated energetics, including zero-point
energy corrections, for products formed in their
ground vibrational and rotational states, in good
agreement with experimental data. Additionally,
clear banding is observed, consistent with
vibrational excitation in the HF product, as indicated
by the dashed diagonal lines.

In addition to the dissociative in the
coincidence spectrum, a distinct photoelectron
spectrum corresponding to a stable channel is
observed, shown in Figure 3. The prominent peaks
at 1.5 eV and 0.4 eV are assigned to the exit channel
(FH—OCH;) and entrance channel (F—HOCHj;)
van der Waals complexes, respectively. The
assignment of the peak near 0.75 eV is less clear,
but the implication is that a long-lived metastable
complex (a vibrational Feshbach resonance) in the
exit channel plays a role. The energetics in Figure 1
are in excellent agreement with the observed exit
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channel complex, while the results for the entrance channel complex peak at greater energy than
predicted. This observed difference may be a function of the significant geometric difference between
the precursor anion and entrance channel complex, possibly requiring vibrational excitation in the
anion to facilitate access. This experimental uncertainty can be resolved in the near future with the
cryogenic octupole accumulator trap that is being added to the spectrometer. Additional analysis of
this system, including a near threshold photoelectron spectrum taken at a photon energy of 3.2 eV, is
currently underway.

A. Energetics and Dissociation Dynamics of HOCO and other Oxygenated Radicals

We have continued to study the important combustion intermediate HOCO. In earlier work we
measured the barrier for tunneling of cis-HOCO and DOCO to H/D + CO2 over a range of internal
energies.'”"" This work motivated a number of theoretical studies, and in the last year in a study led by
Dr. Al Wagner (Argonne National Laboratory), a rigorous examination of the quasi-1D tunneling
model we introduced in ref. 11 was made using different ab initio potential energy surfaces. This study
appeared in the Journal of Chemical Physics (DOE Pub. 4), and showed that in spite of its simplicity,
the quasi-1D tunneling model provides a useful measure of the properties of the ab initio surfaces in
the critical region where tunneling from HOCO to H + CO, occurs. A review article of recent progress
in studies of the HOCO radical with a focus on contributions by photoelectron and PPC spectroscopies
also recently appeared in Physical Chemistry Chemical Physics (DOE Pub. 5). In addition to
reviewing the earlier studies, this manuscript included a detailed examination of the implications of
the PPC experiments on the dynamics for dissociation into the entrance channel OH + CO. We hope
that this will promote a more detailed theoretical examination of the cis — frans isomerization of
HOCO and how that couples to the OH + CO entrance channel.

357 B ' ] We have also extended our studies of

' _ ' ¥ HOCO to probe excited state dissociation

Mp dynamics focusing in particular on the OH +

S gl CO dissociation channel. The DPD  of
e HOCO at 4.80 eV photon energy reveals
T 20F two distinct regions of kinetic energy release
&) : (Et), one peaking at < 0.1 eV and the other
215 - : ~1.7 eV as shown in Figure 4. The peak at
I : high Er corresponds, by energy conservation
é 1.0 3 : with a peak at very low eKE, consistent with
Y el A photodetachment to a metastable low-lying
s -J electronic state of HOCO. These results are

0.0 bewr e qualitatively consistent with stationary point

excited state calculations by Li and Francisco
that indicate the 1°A” state of trans-HOCO
liess 1.97 eV above the ground state."
Experimental identification of an excited
00 05 10 15 20 25 30 35 electronic state for HOCO may have
Translational Energy Release (E; / eV) important implications for developing new
Figure 4. PPC spectrum for the DPD of HOCO to OH+  gpectroscopic tools for monitoring HOCO in
CO at 4.80 e\llkph(?on cnergy. D'lia‘t%lonte}l 13?35 d;r;ote combustion and atmospheric processes.
maximum tota Imetic ener; avaitlaole 10r dissociation
from cis- and trans—HOCC%ywhile the horizontal line A study of the photodetachment of
denotes the maximum eKE  expected for

photodetachment to the 1*A” excited state.

tert-butoxide with both non-deuterated and
deuterated precursors, (CH;);CO  and
(CDs);CO ™ was reported in DOE pub. 6. The
experiments confirmed that the primary stable product is the tert-butoxy radical but also detected a
small fraction of the alkylhydroxy radical isomer. The carbanion isomer precursor is considerably less
stable than the alkoxide in this case, however both can be formed in the high-energy pulsed discharge
ion source. A DPD channel was also observed, involving the loss of a methyl radical. This channel can
only be the result of two possible reaction pathways: from the carbanion isomer, (a) (CH;),COHCH,"
+ hv — CH; + CH3;COHCH; or tert-butoxide, (b) (CH3);CO + hv — CHj + (CHj3),CO (acetone).
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Guided by energetics calculated at the CBS-Q//B3 level of theory, the photoelectron spectra indicated
that only a trace of the carbanion isomer was formed. It was concluded, with support from Franck-
Condon simulations, that pathway (b) was observed as result of non-Boltzmann internally excited tert-
butoxide anion precursors characterized by temperatures up to 1400K along critical C-C stretching
modes. This conclusion emphasizes the importance of expanding the PPC spectrometer to include a
cryogenically cooled RF accumulator trap to quench vibrational and rotation excitation prior to
injection into the EIBT.

III. Current and Future Work

We are currently in the process of bringing the PPC spectrometer back on-line following a major
failure in the cryogenic cooling for the electrostatic ion beam trap that necessitated a complete
overhaul of closed-cycle He cold head and cryopumps. In addition, we are awaiting the final
components for installation of the cryogenic octupole accumulator trap, so that will be brought on line
by the middle of this year. This will enable the production of cold ions and will be of immediate use in
particular for larger systems like tert-butoxide and the buffer gas cooling of infrared-inactive and
rotational modes in all systems prior to injection into the electrostatic ion beam trap. When the
spectrometer is brought back on-line, we will demonstrate the effects of vibrational cooling in larger
systems like tert-butoxide as well as examining new systems including OH-C,H,, OH-C,H4 and OH-
CH; complexes and the OH + NHj; system.
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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 research on vibrational dynamics in clusters has produced new insights into ammonia clusters,
one of the prototypical hydrogen-bonded systems. We have determined the dissociation energy of the di-
mer very precisely (660£20 cm™) and obtained an experimental estimate of the dissociation energy of the
trimer (1600+100 cm™). The dynamics we probe show selective coupling of vibrational energy during the
dissociation of the dimer. These studies have led us into new studies of ammonia-containing complexes
that build on our previous investigations, and we have obtained intriguing results on vibrationally induced
isomerization in the complex of ammonia with a substituted phenol.

Ammonia Clusters

The measurements on the ammonia oligomers begin with their formation in a supersonic expansion of
ammonia seeded in He followed by infrared laser excitation of their N-H stretching vibrations. Flow of
energy from the initially excited N-H stretch dissociates the oligomer to produce vibrationally and rota-
tionally excited ammonia fragments. We detect individual rovibrational states of NH; by (2+1) resonance
enhanced multiphoton ionization (REMPI) through the B state, as illustrated on the left-hand side of Fig.
1. The right-hand side of the figure shows the infrared-action spectrum obtained by observing NH; frag-
ments 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 by Vilesov and
coworkers [M. N. Slipchenko, ef al., J. Phys. Chem. A 111, 7460 (2007)] and show that excitation of ei-
ther the symmetric N-H stretch or the antisymmetric N-H stretch initiates vibrational predissociation.
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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 (vyg4) shown in Fig. 1. The spectra illustrate the influence of expansion conditions on
the relative intensities of the features in the spectrum. Because higher seed ratios should favor the for-
mation 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 assign-
ments from the He droplet spectra.

Removing an NH; fragment from the cyclic trimer, illustrated in Fig. 1, requires breaking two hydrogen
bonds. Thus, the dissociation into a monomer and a dimer,

(NH3)3 + hV]R - (NH3)2 + NH3(U, J, K),

consumes more energy than cleaving the single hydrogen bond of the dimer. As the left hand side of Fig.
2 shows, the trimer feature is prominent in the infrared-action spectrum for detection of NH;(v, = 17, J =
1, K = 0) but is essentially absent for detection of NH3(v, = 3", J =3, K = 0). The relative intensities of the
dimer and trimer features in the infrared-action spectra depend on the amount of energy available 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 al-
most no trimer component because there is not enough energy available to break two bonds in the cyclic
trimer and populate the detected state of the NH; fragment. By contrast, infrared-action spectra for frag-
ments with low amounts of internal energy have a substantial trimer component.

The right-hand side of the figure shows a quantitative analysis of the trimer contribution compared to that
of the dimer in the action spectra. Fitting the two features in the action spectra with Gaussian functions
gives a measure of the relative intensity of the dimer and trimer components. The growth in the trimer
contribution suggests that fragmentation of the trimer into a monomer and dimer requires an energy of
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Aminophenol-Ammonia Complexes

We have begun studying the complex of 3-aminophenol with ammonia to understand its bond-strength
and its vibrational predissociation as we move toward studying its excited-state dissociation. There are
two conformers of 3-aminophenol corresponding to different orientations of the O-H bond. The structures
in the top portion of Fig. 3 illustrate the slightly higher energy cis conformer and the lower energy trans
conformer. The spectrum in the top of Fig. 3 is the (1+1) REMPI spectrum of 3-aminophenol with the cis
and trans origins marked. [W. Y. Sohn, ef al., Phys. Chem. Chem. Phys. 13, 7006 (2011).] The spectrum
in the bottom of the figure is that of the complex, in which the frans origin appears about 65 cm™ below

that of the bare 3-aminophenol, but the cis
isomer does not appear, possibly because of
interconversion between the two conformers
during the formation of the complex. We
have recently observed the influence of vi-
brational excitation on the complex by ob-
taining the REMPI spectrum after exciting
the N-H stretch of the 3-aminophenol in the
complex. That action spectrum contains a
new feature whose location strongly sug-
gests that it is the origin transition of the cis
complex. Our preliminary conclusion is that
the added vibrational energy induces isom-
erization of the complex. This observation
as well as our detection of a smaller signal
upon excitation of the O-H stretch reflects
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Figure 3
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the coupling of the zero-order stretching state to other motions, likely torsions, that promote isomeriza-
tion.

Future Directions

We are now in the midst of exploring the influence of vibration on the dynamics of a complex. Our future
work goes in two directions. One is similar experiments in other complexes, and the other is to observe
the effect of vibrational excitation and the presence of an adduct on the dissociation of electronically ex-
cited complexes. We have proven that vibrational excitation of NHj drastically alters its dissociation by
changing the behavior at a conical intersection. Now we can understand that behavior in different com-
plexes where an adduct will influence the dynamics also.
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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
that may be difficult to access experimentally. An essential component is the accurate
determination and fitting of potential energy surfaces (PESs). We use time-independent (close-
coupling) methods to treat the dynamics. We have studied energy transfer (rotationally,
vibrationally, and/or electronically inelastic) in small hydrocarbon radicals (CH; and CH3) and
the CN radical. We have made a comparison with experimental measurements of relevant rate
constants for collisions of these radicals. We have also initiated the calculation of accurate
transport properties for collision systems involving a free radical, concentrating on collision pairs
relevant to species in a H,/O,/He flame. We are presently using these accurate transport
properties in 1-dimensional flame simulations.
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Recent Progress and Future Work

Collisional Relaxation

We have continued to investigate collisional relaxation of methylene (CH,), a system studied
extensively at Brookhaven by the group of Hall and Sears. We preVIoust determined potential
energy surfaces (PES’s) for the interaction of CH, in both its ground X*B; and singlet excited
a'A; electronic states with the He atom. By quantum scattering calculations we determined
state-to-state integral cross sections for rotationally inelastic transitions and rate constants for
total removal of given rotational levels [1,4]. The latter agree well with the Brookhaven results.
Vibrational relaxation of the bending mode of CH,(X) in collisions with He is two orders of
magnitude less efficient than rotational relaxation [14].

We also studied collision-induced internal conversion (CIIC) from the a to the X state of CH, a
process mediated by the weak spin-orbit coupling between pairs of accidentally-degenerate
rotational levels. Our model is based on coherent mixing of the scattering T-matrix elements for
collisional transitions involving the few accidentally degenerate rotational states. [13]. We have
employed rate constants for CIIC and rotational energy transfer in a kinetic simulation [3] of the
collisional relaxation of CH,(X,a) in collisions with He. Figure 1 presents snapshots, following
the relaxation of the 815 mixed, nominal a state, studied at Brookhaven. Relaxation proceeds in
three steps: (1) rapid equilibration of the two mixed-pair levels [a(0,0,0)8;5 and X(0,2,0)937, in
Fig. 1], (2) fast relaxation within the a state, and (3) slower relaxation among the X-state levels.
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Stimulated by our theoretical work on rotational energy transfer in CHz-He collisions [2], Orr-
Ewing (Bristol, UK) has applied molecular beam and velocity map imaging to the determination
of differential cross sections for scattering of photolytically generated beam of CD3 with a
number of collision partners. REMPI detection of the scattered CD3 allowed resolution of the
rotational angular momentum n, but averaged over a subset of the projection quantum numbers.
In a series of studies, Orr-Ewing and his group have determined differential cross sections for
collisions of CD3 with He, H,, Ar, and N,. We have employed PES’s determined by our group
for the first 3 collision partners to compute differential cross sections. These agree well with
experiment [9,12,16]. We find that the dynamics of collision of the symmetric top CDj is richer
than that of a diatomic. In collaborative work with Orr-Ewing and van der Avoird (Nijmegen,
Netherlands), we have compared the scattering of CD3 with that of another (nonplanar)
symmetric top ND3 [11].

We have collaborated with Hall and Sears on the study of rotational energy transfer (RET) of
CN(X) in collisions with He and Ar [18]. They have employed frequency modulated transient
absorption in a double-resonance, depletion recovery experiment. We carried out quantum
scattering calculations for RET of selected rotational levels. Our calculations agree well with
measured thermal rate constants, as well as non-thermal Doppler-resolved rate constants. We
will investigate collisional depolarization of non-isotropic m distributions.

Transport properties
Modeling combustion involves the prediction of the temporal and spatial dependence of the

concentrations of all relevant species, as well as for the calculation of flame velocities.

This requires knowledge of rate constants of all the relevant species, as well transport properties.
We have been computing accurate transport properties from quantum scattering calculations for
collisions of various free radicals. We concluded that: (a) Retention of just the isotropic part of
the potential results in errors in transport properties of only a few percent. [The exceptions
involve species with a low-lying LUMO, such as CH;(a) and BH3 [8].] (b) Isotropic Lennard-
Jones (LJ) 12-6 potentials yield diffusion coefficients with too steep a temperature dependence.
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This occurs because the repulsive walls of LJ 12-6 potentials are too steep. (c) Transport
property calculations with LJ potentials for radical-radical systems disagree significantly with
calculations using accurate potentials.

In current work, we are computing ab initio based transport properties for collision pairs relevant
to species in a Ho/O,/He flame, specifically H-H,0 [10], H-He [17], O-He [17], Ho—He [17],
H.O-He [17], OH He [5], and H O, [15]. For the latter system (H-O;), to accommodate the
deep well in the 2A” PES PES’s (°A”), we adapted the quantum statistical capture theory of
Manolopoulos and co-workers.

We have carried 1-dimensional flame simulations of a freely propagating H,/O,/He flame with
two sets of transport properties [17]. The first set was based on the conventional parameterized
LJ 12-6 potentials, while the second set incorporated exact transport properties for the above
collision pairs. A modest increase in laminar flame speeds was seen (Fig. 2), comparable to
variations found when employing different models of the chemistry.

We are currently extending our accurate calculation of transport properties to other collision
pairs of importance in the combustion of both H, and CH,4. These include O-H,, H-CO, and H-
CO,. We plan to investigate the CH3—H system in the near future.
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Interactions with Other Groups and DOE Synergy

Alexander and Dagdigian maintain a close interaction with Hall and Sears at Brookhaven. In
addition to our collaborative work on the collisional relaxation of CH,, we are collaborating on
the Doppler-resolved kinetics and pressure broadening of the CN radical. We are looking
forward to comparing our pressure broadening calculations on the OH A — X transition with
forthcoming measurements by Ritchie at Oxford, UK. We have collaborated with Orr-Ewing at
Bristol UK on the determination of CD3 differential cross sections in collisions with a number of
species. Alexander has collaborated closely with Chandler at Sandia Livermore on inelastic
scattering of the NO radical. Dagdgian’s 1-dimensional combustion simulations were facilitated
by Sivaramakrishnan at Argonne.
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I. Program Scope

This theoretical and modeling effort on multiphase reacting flow dynamics is based on three primary
objectives. The first is to establish a physically-based understanding of improved turbulent mixing and
combustion models in multiphase flows. Many of the relevant fluid flow processes take place on time and
length scales which are not feasible to resolve directly in simulations. Therefore, sophisticated sub-grid
scale models have to be developed. This requires a comprehensive understanding of the fundamental
processes of the underlying relevant phenomena. In this context, a major focus is the development of
more general regimes that incorporate broader ranges of combustion modes and a more complete set of
non-dimensional parameters. The second objective is to develop techniques and methods to understand
data sets obtained from high-fidelity Large-Eddy simulations (Oefelein) and measurements performed in
the Advanced Imaging Laboratory (Frank) and in the Turbulent Combustion Laboratory (Barlow) in a
meaningful manner. The fundamental issues of comparing, validating, and understanding advanced
combustion data sets will become even more important as we attempt to understand the dynamics of
turbulence-flame interactions using data sets that capture the temporal evolution of turbulent flames. The
third objective is to understand the implications of the conclusions obtained from well-controlled
experiments in the context of advanced power and propulsion systems including gas turbines, automotive
engines, and liquid rockets. This effort has to consider the poorly understood effect of elevated pressure
on the fundamentals of multiphase combustion phenomena. It builds on the developed theoretical
framework, which establishes a meaningful set of major scaling parameters. Combined with the
identification of relevant ranges of combustion regimes and non-dimensional parameters in modern
transportation and power systems, the framework will serve the general objective of this program to
accelerate the development and validation of science-based, predictive computational models for
turbulent combustion systems.

II. Recent Progress

Understanding and quantifying multiphase reacting flow phenomena in fundamental experiments and
modern transportation and energy systems is widely recognized as a critical research area for future
combustion design. The importance to develop a basic science foundation for predictive models has been
consistently highlighted over many years in a variety of industry, government, and academic forums
including recent DOE workshops such as the Workshop to Identify Research Needs and Impacts in
Predictive Simulations for Internal Combustion Engines (PreSICE),! and the Workshop on Clean and
Efficient Combustion of 21* Century Transportation Fuels.? Liquid injection processes largely determine
the mixture preparation process which ultimately governs the detailed evolution of chemical kinetic
processes and their interaction with the turbulent flow field.

Liquid injection in systems at elevated operating pressures is not well understood. Imaging (such as
those performed by Mayer et al.®) has long shown that under some high-pressure conditions, the presence
of discrete two-phase flow dynamics may become diminished. Then, the characteristic processes of
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primary and secondary atomization, multi-component evaporation, and liquid ligament and drop
formation do not occur. As a consequence, the widely acknowledged drop formation and breakup regimes
(see Lasheras and Hopfinger*), which establish the conceptual foundations of most spray simulation
models, do not apply anymore. Modern theory has long lacked a first-principle explanation to understand
and quantify the observed phenomena (see a recent review by Cheroudi®). Recently, such a theory has
been developed that established that the development of such mixing layers is initiated because the
multicomponent two-phase interface becomes much wider than the mean free molecular path (see Dahms
et al.®). This theory demonstrated that fuel injection processes in diesel engines are not determined,
contrary to conventional wisdom, by classical spray atomization but by diffusion-dominated dense-fluid
mixing dynamics without the presence of surface tension at many relevant conditions (see Dahms et al.”).

Recent studies aimed to understand the dynamics of the transition process from classical sprays to
dense-fluid mixing. The performed analysis was built on the previously developed comprehensive
framework, based on theories of extended corresponding states, capillary flows, vapor-liquid equilibrium,
and Gradient Theory (see for example the pioneering work of van der Waals® and Cahn and Hilliard®) to
facilitate the calculation of two-phase molecular interface structures. A modified 32-term Benedict-Webb-
Rubin equation of state is utilized for the prediction of the pressure-volume-temperature behavior of the
liquid phase, saturated vapor mixtures, and gas phase properties. This framework was recently extended
to include effects of statistical fluctuations about the average interface molecule number and the presence
of significant interfacial free energy forces.
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Figure 1 presents the regime diagram of microscale flows according to Bird™. The diagram is based on
the four characteristic length scales of representative molecule size d, mean molecular spacing 8, mean
free path A, and a characteristic length scale L. The regime contains three regime separators. The first is
represented by L/6=100 as the number of molecules within a volume element at which the significance of
statistical fluctuations in molecule number diminishes. The second regime separator is represented by the
Knudsen number Kn=A/L=0.1 below which shear stresses, heat fluxes, and diffusion velocities become
linear functions of the gradients in velocity, temperature, and species concentration. The third regime
separator is defined by the ratio 6/d=7 as the distinction between dilute gases and dense fluids. These
definitions also establish the regime where the Navier-Stokes equations are valid (grey area in Fig. 1).
The locations of low-pressure and high-pressure gas-liquid interfaces within the regime diagram are also
shown in Fig. 1. Both interfaces are located in the molecular chaos regime and their interfacial dynamics
are dictated by substantial statistical fluctuations as a consequence. This analysis illustrates that the
association of the continuum regime, where statistical fluctuations of molecule numbers are negligible,
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with Knudsen-number Kn<0.1 is only valid in the dilute gas regime but not in the dense-fluid regime
encountered here. It also illustrates that the Navier-Stokes equations are not valid under these conditions.
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Fig. 2 (left) shows a classical molecular two-phase isothermal interface structure. An adiabatic interface, formed

by interfacial gradients when Kn<0.1, is shown in the middle. Figure 2 (right) presents three different interface
structures of various stages in the progress of the interface deterioration.

Figure 2 (left) shows the density profile using the molecular isothermal interface assumption
according to classical theories of capillary flows. Figure 2 (middle) shows the density profile of an
adiabatic interface, formed by the development of internal temperature gradients at low Knudsen numbers
(Kn<0.1). Such a temperature distribution across the interface leads to an increased density gradient and
an increased density in the compressed liquid phase. Once the interface distinctively departs from the
equilibrium state in such a manner, the interfacial region begins to deteriorate as it broadens substantially.
This temporal process of interface deterioration is highlighted in Fig. 2 (right). During this process, the
interfacial free energy forces o are calculated using non-equilibrium mean-field thermodynamics. This
analysis shows that such free energy forces do not instantly diminish only because the interface has
entered the low Knudsen-number regime Kn<0.1. Instead, such forces are shown to gradually decrease
over time as the interface continues to broaden. This pathway is also highlighted as the non-equilibrium
path in the regime diagram of microscale flows in Fig. 1.

This analysis demonstrates that the fuel injection process close to the injector exit is still affected by
capillary forces and physics of molecular chaos. This physical complexity, however, gradually transitions
over time, and as the fuel penetrates into the combustion chamber, into a gas-liquid mixing layer without
drop formation and evaporation (see Dahms et al.™).

II1. Future Work

All existing simulation models entirely neglect the non-equilibrium two-phase processes discovered here.
The presented fundamental finding could carry immense implications for the development of fuel
injection models since the inclusion of this discovered physical complexity in simulations promises to
significantly improve their predictive capabilities. The fundamental approach described above will be
further developed with an emphasis on interrelated areas of research. A close collaboration between the
Large-Eddy simulation program and the experimental flow research program will be maintained. A
significant effort on the validation and generalization of the proposed theory will be initiated. Such efforts
include detailed comparisons to high-speed microscopic imaging at high-pressure conditions,
improvements of model accuracy, and the investigation of effects of multi-component fuels on liquid jet
breakup regimes and turbulent combustion processes at elevated system pressures. The objective is to
develop a predictive first-principle model framework suitable for high-fidelity combustion simulations.
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This framework will also increase our understanding of implications, drawn from conclusions obtained
from well-controlled fundamental experiments, in the context of general power and propulsion systems
including gas turbines, automotive engines, and liquid rockets.
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Bimolecular Dynamics of Combustion Reactions

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

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 VUV laser ionization methods.

Il. Recent Progress and Future Plans:

Over the past year, a VUV light source employing four-wave mixing of collimated (i.e.,
unfocussed) nanosecond laser pulses! was set up and tested on Endstation 1 at Cornell. This
universal crossed molecular beams apparatus was recently moved from LBNL, and is now fully
operational in our laboratory. In our original version of this light source, ~0.1 mJ pulses at 9.9 eV
(125 nm) were employed for product photoionization.? This made it possible to study reactions
forming products with relatively low ionization energies, such as reactions of CeHs (phenyl) radicals
with C3Hs (propene), CsHsg (trans 2-butene),® and O2* However, for systems of interest producing
products with higher ionization energies, it is desirable to extend the accessible photon energy range
to ~12 eV.

As described in our abstract last year, we developed a technique for producing radiation
extending to 13 eV with higher conversion efficiencies than previously reported.® That method
involves noncollinear phasematching of focused lasers in laser vaporized mercury (Hg) at room
temperature. This approach easily facilitates windowless operation.  Furthermore, using
noncollinear phasematching, the short wavelength radiation is spatially isolated from the residual
UV and visible beams without need for lossy optical elements such as windows, lenses, and
gratings.

While the use of noncollinear phasematching is promising for some applications, the efficiency
for VUV generation is limited because the incident lasers must be focused. We have therefore
devoted considerable effort over the past year to extending the use of unfocussed lasers over long (1
meter) interaction lengths for generation light in the 12 eV range. A very promising method
employs doubly-resonant frequency tripling of 312 nm light producing 11.9 eV photons. Here, 312
nm corresponds to a two-photon resonance in Hg, while the third photon lies near a Rydberg
resonance in Hg. We have found that this scheme facilitates conversion efficiencies within an order
of magnitude of that reported earlier by us near 10 eV.!

Since 104 nm light cannot transmitted efficiently by any solid material (including lithium
fluoride), a completely windowless configuration employing four differential pumping regions was
developed, with > 99% of the 312 nm residual beam removed by grazing angle reflection from a
custom-made AR coated dielectric mirror. We believe this approach, combined with the schemes
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reported earlier, allow us to achieve nearly universal VUV photoionization detection using a single
apparatus at 9.5, 9.9, 11.1 and 11.9 eV.

During the upcoming year, we plan to employ this light source for crossed beams studies of

reactions of alkyl radicals such as C2Hs and C3H7 with O, and reactions of alkenes such as C2Ha
and CsHe with OH. The availability of “line tunable” VUV photoionization will be particularly
valuable, as the products from these reactions have ionization energies ranging from < 9.5 eV (e.g.,
CH2CHOH) to > 11.3 eV (e.g., HO»).
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Exploration and validation of chemical-kinetic mechanisms
Michael J. Davis

Chemical Sciences and Engineering Division
Argonne National Laboratory
Argonne, IL 60439
Email: davis@tcg.anl.gov

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.

Recent Progress

In collaboration with Liu and Sivaramakrishnan, a project on global sensitivity analysis
(GSA) with small sample sizes has been completed. This method was then used to analyze engine
simulations in collaboration with Som, Wang, Magnotti, Liu, and Sivaramakrishnan. References
[P3] and [P11] have preliminary accounts of both of these papers. As in previous
implementations of GSA, the present work uses the results from a set of simulations that differ in
the rate coefficients used for each chemical reaction in the model. The sets of rate coefficients in
each simulation are random draws from within the ranges of uncertainty of each reaction. In
previous work, it was necessary to have large sample sizes to get an accurate set of sensitivities,
usually at least a factor of 40 x the number of reactions. For the chemical mechanism used in the
engine simulations the number of simulations would have to be at least 36,000 (40 x 914
reactions). Because each engine simulation takes a few processor weeks to complete this would
be an excessive amount of computations. The new implementation of GSA can be used with
sample sizes between 1/3 and 2 x the number of reactions. It uses the technique of sparse
regression developed in the statistical and machine learning literature. It works well because a
limited number of reactions have significant sensitivity, although due to difficulties in using small
sample sizes in high-dimensional space there is the potential for false positives and false
negatives. So some care needs to be exercised in the analysis of the GSA results.

Because of the difficulty with sampling in high-dimensional spaces, a series of 50
constant pressure simulations were performed to validate the sparse GSA procedures. The
pressures and initial temperatures and fuel compositions of these simulations sampled the ranges
of conditions inside the cylinder during the engine simulations. Sample sizes of 50,000 were used
for each of these simulations and GSA was performed from ordinary least squares, i.e.
minimization of the first summation in Eq. (2) below. Sparse GSA was then performed on
samples of size 800 for each of these 50 conditions. There were a total of 100 runs of this type
for each set of conditions, with these samples drawn randomly from the initial set of 50,000.
Therefore the total number of sparse GSA runs for the constant pressure simulations was 5000.

All simulations described here were performed with a chemical model for a mixture of n-
heptane and methyl butanoate, meant to be a surrogate for a biodiesel fuel. After mechanism
reduction this chemical model consists of 166 species and 914 reactions, as described in [P2].
Engine simulations were performed as described in [P6]. The engine simulations lead to a set of
ignition delay times, which are fit to the following polynomial model:

914 2 r-1 914
T(z)({ui}): ZZaiku!‘Jr Z‘E‘bjrujur (1)
i=l k=1 =1 r=2
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Sparse regression is accomplished by minimizing the following error:

k=1 i=1

E(e) = %i(tk - icjgj(uk)] + lilcjl
= ) (2)

where “g” is shorthand for the function in Eq. (1). The first summation in Eq. (2) leads to
ordinary least squares and the second term is a penalty term that results in the sparse regression,
because the minimization of Eq. (2) results in a significant number of ¢’s equal to zero.

Table 1: Sparse sensitivity coefficients for engine simulations compared with 0-D sparse coefficients
and full OLS sensitivity coefficients.

Eng®| Index” Reaction 0-D Sp*? |0-D OL**| SpS;," | OL S#
1 831 C7H1502-2=C7H1400H2-4 1 1 0.103 | 0.120
2 836 C7H1502-4=C7H1400H4-2 4 3 0.045 | 0.052
3 873 C7H1400H2-402=NC7KET24+0OH 2 4 0.040 | 0.050
4 723 NC7H16+HO2=C7H15-3+H202 3 2 0.037 | 0.057
5 834 C7H1502-3=C7H1400H3-5 5 5 0.032 | 0.038
6 828 C7H1502-1=C7H1400H1-3 6 10 0.023 | 0.021
7 872 C7H1400H1-302=NC7KET13+OH 8 8 0.019 | 0.022
8 722 NC7H16+HO2=C7H15-2+H202 9 7 0.018 | 0.026
9 878 C7H1400H4-202=NC7KET42+OH 7 6 0.014 | 0.028
10 615 MB+OH=H20+MB3J 11 15 0.013 | 0.010
11 876 C7H1400H3-502=NC7KET35+OH 10 9 0.009 | 0.022
12 532 PC4H9=C2H5+C2H4 12 16 0.008 | 0.009
13 724 NC7H16+HO2=C7H15-4+H202 13 12 0.007 | 0.012

*Order of sparse sensitivity coefficients from the engine simulations

® Reaction index

¢ Constant pressure runs: P = 82.7 atm, T, =886 K, d,=1.2

4 Sparse sensitivity coefficients from a set of 800 runs, resolved with the quadratic model described in
section 2.

¢Ordinary least squares (OLS) with the same quadratic model, based on 50,000 constant pressure runs
" Sparse sensitivity coefficients for engine simulations for the selected reactions.

¢ Sensitivity coefficients for 0-D OLS for the 13 reactions selected from the engine simulations.

GSA results are summarized in Table 1 for the engine simulations and compared to a
constant pressure run (labeled “0-D”) whose reaction ordering best matched the engine ordering.
As noted above it is important to validate the sparse procedures and the results in Columns 4 and
5 are part of that validation. Comparison of these two columns demonstrates that the sparse GSA
and full GSA agree fairly well, although there are some mis-orderings in the sparse case.

The results in columns 4 -7 of Table 1 are extended to the full set of 50 initial conditions
in Fig. 1, which shows the average value of the sparse selection vs. the full OLS for the 50 sets of
constant pressure runs. The bars on the first 18 points are the rms errors and the line is color-
coded based on the fraction of times a reaction appears in the sparse sensitivity analysis. Consider
two examples from Fig. 1. The reaction that is most sensitive for the OLS runs is usually the most
sensitive for the sparse case. It has an average value of 1.02 (i.e., number one 49 times and
number two once). It has an rms error of 0.02 based on these numbers. The reaction that is fifth
most sensitive in the OLS calculations at each of the 50 physical initial conditions has an average
value of 5.7 in the sparse calculations for the same set of 50 runs and an rms error of 1.46. The
distribution for this case is: 4:7, 5:20, 6:12, 7:5, 8:4, 9:2, indicating for example that the fifth most
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Figure 1. The average values of
the sparse selection for 0-D vs.
OLS are plotted. The color coding
indicates the fraction of reactions
chosen.

sensitive reaction in the OLS appears as the sixth most
sensitive reaction 12 times out of the 50 sets of 800 runs.

The coloring in Fig. 1 indicates both the most sensitive and
fifth most sensitive reactions in the OLS appear in all 50
sparse cases and that the 10™ most sensitive (n =10 on the x-
axis) has sparse sensitivity values above 0.007 in 41 out of 50
sparse runs.

Figure 1 makes comparisons based on the relative
ordering of the reactions, but the reactions change as the
conditions change as emphasized in Table 2. Typical low-
temperature combustion chemistry is more prevalent at the
lowest temperature studied and less prevalent at the highest
temperature studied, where there is more of a mixture of low-
temperature and high temperature combustion.

Table 2 shows three of the 50 0-D conditions that we
studied. Certain reactions are color-coded based on reaction
type. This table lists the top 15 most sensitive reactions, and

demonstrates the shift from low-temperature to high-temperature combustion. The two
hydrogen/oxygen reactions have their highest sensitivity coefficients in the third column. Two [3-
scission reactions are evident at the highest temperature as the eleventh and fourteenth most

sensitive reactions there, but are not found in the first two columns.

Table 2 also demonstrates

that several classes of reactions become less common moving through the table as evidenced by

Table 2: Sensitivity Coefficients for 0-D simulations: Full OLS values

2.76°

T, = 825,P=814 ¢, =

T, =935,P=76.1, ¢, =
1.16

T, =886,P =827 ¢, =
1.2%

C7H1502-2=C7H1400H2-4

C7H1502-2=C7H1400H2-4 NC7H16+HO2=C7H15-3+H202

C7H1502-4=C7H1400H4-2

NC7H16+HO2=C7H15-3+H202 C7H1502-2=C7H1400H2-4

C7H1400H2-402=NC7KET24+0OH

C7H1502-4=C7H1400H4-2 NC7H16+HO2=C7H15-2+H202

C7H1400H4-202=NC7KET42+0OH

C7H1400H2-402=NC7KET24+0OH | CTH1400H2-402=NC7KET24+0OH

C7H1502-2=C7H1400H2-5

C7H1400H1-302=NC7KET13+OH

C7H1502-3=C7H1400H3-5

C7H1502-4=C7H1400H4-2

C7H1400H4-202=NC7KET42+0OH

C7H1502-3=C7H1400H3-5

NC7H16+HO2=C7H15-2+H202

NC7H16+HO2=C7H15-2+H202

C7H1400H1-302=NC7KET13+OH

O 0 J|AN N |W N —

C7H1400H3-502=NC7KET35+0OH

C7H1400H4-202=NC7KET42+0OH

C7H1400H3-502=NC7KET35+0OH

3+C7H1502H-3

10|  NC7H16+C7H1502-3=C7HI5-

C7H1400H3-502=NC7KET35+0OH

C7H1502-1=C7H1400H1-3

C7H1502-3=C7H1400H3-5

[
[

PC4H9=C2H5+C2H4

13
14 C7H1502-2=C7H1400H2-3

12| C7H1400H2-502=NC7KET25+OH

NC7H16+HO2=C7H15-4+H202

NC7H16+HO2=C7H15-4+H202

C7H1502-1=C7H1400H1-3

C7H15-3=C4H8-1+NC3H7

C4H8OOH1-302=NC4KET13+0OH

15 C7H1502-3=C7TH1400H3-6

C4H8OOH1-302=NC4KET13+0OH

*T in degrees Kelvin, P in units of atmospheres
®Worst lower temperature engine match

¢ Best 0-D engine match

¢ Worst higher temperature engine match

the color-coding of some of the specific reactions: OH abstraction reactions, RO, = QOOH
reactions, and the formation of keto-hydroperoxides.
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The engine simulations are re-examined in Figure 2. This contour plot shows the rms
difference between the engine selection in column 1 of Table 1 and each of the 50 sparse runs.
This plot only shows rms errors of 3 and below. Outside these contours the mis-match is higher,
with the highest low-temperature mis-match shown in column 1 of Table 2 and the highest mis-

match at the higher temperatures in column 3 of Table 2.

Eng. Sclect, sum of sqs. 0-Dmistank  pioyre 9 demonstrates that the engine matches the 0-D

3 Cons;. P= 80.0 atm 3 .
/ well over a relatively narrow range of temperature and
‘ that match tends to be better at lower equivalence ratios.
e8| 25 Future Plans
< 5 5 The analysis in Fig. 2 will lead to further study
of the chemistry inside the engine cylinder, because it
15k / 15 indicates the conditions for which ignition is most
sensitive. An effort is underway to automate GSA more
i) fully for the engine simulations, with the goal of

1
820 840 860 830 900 920 940 generating a full set of sensitivity coefficients in a single

To day using a large number of processors (the calculations
reported here took a few months). In collaboration with
Figure 2. RMS matches between Skodje (Colorado), the reaction pathway analysis
engine selection and 0-D selections. developed in [P8] will be extended to the engine
Outside the range of the contours the  gimylations. A new project on enhanced fitting using
rms mis-matches are greater than 3. dictionary learning developed in the machine learning

and statistics community will be initiated.
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Multiple Coupled Potential Energy Surfaces with Application to Combustion

Richard Dawes
Missouri University of Science and Technology
400 W. 11" Street, Rolla, MO 65409
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Program Scope: Hydrocarbon combustion involves the dynamics of numerous small radicals
such as HO,, HCO, and HOCO. HOCO is an intermediate in the HO + CO — H + CO, reaction
which is the last and heat releasing step in hydrocarbon combustion and the subject of many
ongoing studies. Accurate calculations of their potential energy surfaces (PESs) are possible
using traditional quantum chemistry methods such as MRCI. However, multistate and non-
adiabatic processes can be important, and tunneling effects may supersede the more common
kinetic or thermodynamic control of rates and branching ratios. Significant fractions of
molecular products can also result from radicals roaming far from conventional minimum energy
paths and tight transition states. Dynamical calculations for these relatively simple systems are
very sensitive to the detailed topography of their global potential energy surfaces (PESSs).

This project combines developments in the areas of PES fitting and multistate
multireference quantum chemistry to allow spectroscopically and dynamically/kinetically
accurate investigations of key molecular systems (such as those mentioned above), many of
which are radicals with strong multireference character and have the possibility of multiple
electronic states contributing to the observed dynamics. A main goal is to develop general
strategies for robustly convergent electronic structure theory for global multichannel reactive
surfaces. Combining advances in ab initio methods with automated interpolative PES fitting
allows the construction of high-quality PESs incorporating thousands of high level data to be
done rapidly through parallel processing on high-performance computing (HPC) clusters. New
methods and approaches to electronic structure theory will be developed and tested through
applications. Some effort will be applied to the development of Quantum Monte Carlo (QMC)
and working to apply these methods in the context of global PESs. The feasibility of capturing a
larger fraction of the correlation energy than is possible with traditional electronic structure
approaches will be tested on suitable combustion related systems. Strategies will be developed to
generate QMC data in the context of a distributed high-throughput computing model in which
10s or even 100s of thousands of processors are used.

Recent Progress: This section describes recent progress achieved along various directions of the
project occurring over the past 12 months since the last report from April 2014. The initial start
date of this project was 07-15-2013.

Non-Born-Oppenheimer molecular dynamics of the spin-forbidden reaction of
o(pP) + CO(X'z"h — C02(>’<‘1z;).l As reported last year, in 2013 a set of three PESs were

developed for this system as well as fully geometry-dependent coupling surfaces. The coupled
PESs were used with Ahren W. Jasper (Sandia) in non-Born-Oppenheimer molecular dynamics
calculations (NBO MD) of the reaction rate for a range of high temperatures in the high-pressure
limit. The total CSDM rate coefficient is 7-35 times larger than the values often used in
combustion kinetic models. To make the PESs the method of dynamically-weighted state-
averaged CASSCF?* including electronic 8 states was used as a reference to compute three states
at the MRCI/CBS level (1 singlet and 2 triplets). These were iteratively refined into usable fitted
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PESs by an automated IMLS-based PES generation scheme running in parallel on an HPC
cluster.*® The dynamically weighted multistate electronic structure calculations were found to be
very robust and well-behaved allowing the mean estimated fitting error to be converged to just a
few cm™ for the three PESs and even less for the coupling surfaces.
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Figure 1. The spin-forbidden chemistry of the O(*P) + CO — CO reaction is studied using three
automatically generated PESs. (at left) Two frustrated triplet states which correlate with ground
state O(’P) have shallow wells hanging above the deep singlet CO, well. The spin-forbidden
reaction occurs via spin-orbit coupling between the surfaces. (at right) The rate of spin-forbidden
formation in the high-pressure limit is calculated to be 7-35 times larger than previous models.

In 2014, new experimental data for this system was obtained by Kristie Boering (UC-Berkeley)
and co-workers. Those molecular beam experiments produced data for the isotope exchange and
electronic quenching processes that occur in the low-pressure limit (CO, products are not formed
in the absence of stabilizing collisions). Simulating those experiments required extending both
the coordinate and energy ranges of the PESs (so that product states could be precisely resolved).
This was achieved using the same automated PES generation strategy (restarting the PESs with
newly defined limits). Remarkably, robust convergence was obtained in the electronic structure
calculations and estimated fitting errors of only a few wavenumbers were again obtained even
with the extended ranges (the total energy range of the singlet PES now exceeds 300 kcal/mol).
Trajectories calculations by Jasper are in good agreement with the experiments. A limited set of
fully quantum calculations were performed by Hua Guo providing some additional insight (fully
quantum reactive scattering calculations are challenging due to the deep well depth). The paper
is in preparation.

Experimental and theoretical studies of the electronic transitions of MgC. In the
2013 report a previous study of BeC® was described in which vibronic calculations were able to
help assign and interpret electronic spectra of that system recorded by the group of Michael C.
Heaven (Emory). Heaven’s efforts to observe similar transitions in MgC have so far been
unsuccessful. New vibronic calculations were performed for the MgC system using the
dynamically weighted multistate scheme to produce MRCI/CBS quality potential curves. A
diabatization procedure was used along with a DVR method including a complex absorbing
potential (CAP) to solve for the vibronic levels and their lifetimes/widths.
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- - Figure 2. Electronic states of MgC
|t | plotted in adiabatic (left) and diabatic
- wo| """ representations (right). The zero of the
on | o " energy is the minimum of the X*%
- - electronic ground state (shown in
=1 i black).

Despite difficulties with the experiments, our complete set of theoretical predictions for all
bound vibrational and well as vibronic states and lifetimes has been written up and submitted to
JCP.

IMLS-PIP fitting. A large set of ~100,000 high-level multireference data were
computed for methane.” The IMLS interpolation approach was combined with permutation
invariant polynomials (PIP) to fit the 9D PES in a 25,000 cm™ energy range to better than a
wavenumber using about 200 local expansions. This was used as a benchmark to assess the
accuracy of another fit to the same data set by H. Guo using the NN-PIP method. Guo’s fit was
found to be very accurate and quick to evaluate. 9D vibrational calculations by T. Carrington
confirm that the data is of spectroscopic quality. The lowest levels are systematically 1-2 cm™
higher than experiment. Having a fit with negligible fitting error permits direct assessment of ab
initio methods as well as small corrections. Future plans include testing some small corrections
such as relativistic and diagonal Born-Oppenheimer (DBOC). Since the data set is multireference
it is also suitable for extension to permit dissociation to CH; + H and CH, + H, and would be
useful as a highly accurate PES for dynamics studies. The dissociation energy to CHz + H was
found to be within about 40 cm™ of the best estimates by Ruscic.

The IMLS-PIP approach was applied to a 15D test set of A. F. Wagner and D. L.
Thompson composed of ~400,000 data for ethyl radical. This system combines a more complex
topography, higher dimensionality and additional permutation symmetry. An initial fit of the
lower energy region (below 67 kcal/mol) was obtained with an RMS fitting error of 0.2 kcal/mol
using a single PIP expansion. A multi-expansion fit anticipated to provide negligible fitting error
over a larger energy range is in progress.

O+H,0. A set of three global multichannel PESs were produced for the O(P) + H,0
system using explicitly correlated MRCI-F12 in collaboration with the group of H. Guo. The
PESs include the O(3P) + H,0, H, + O,, OH + OH, H + HO, and separated atoms channels. 36
triplet states are degenerate for separated atoms and are included using the dynamically weighted
multistate procedure. Fits were obtained by the NN-PIP method of Guo. A paper describing the
first classical trajectories study of the dynamics is in preparation.

QMC. We have been developing scripts and testing methods to use multi-configurational
trial wavefunctions in VMC/DMC calculations of PECs for small molecules. We have managed
to produce highly accurate PECs for CO and N, using QMC. The PECs compare well with the
best ab initio references and experimental quantities (vibrational levels etc). However, the cost
was found not to be competitive with standard electronic structure approaches for small systems.
(The scaling with number of electrons is n* for QMC so it will certainly be more competitive for
larger systems where the e.g. n’ scaling of traditional methods becomes prohibitive).

We are currently testing QMC methods along the minimum energy dissociation path of
ozone. The hope is that QMC can be a useful arbiter in cases where traditional electronic
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structure methods are left with uncertainty about the existence or absence of an entrance channel
barrier (possibly submerged) as well as more generally the attractiveness of the long-range part
of the PES.%?

Rotationally inelastic scattering. A time-dependent quantum dynamics method called
MCTDH was applied to studying inelastic scattering at high collision energies where more
typical time-independent calculations (Molscat) become prohibitively expensive. Using an
IMLS-based PES for CO+CO constructed for a previous ro-vibrational spectroscopy study,
time-independent Molscat calculations (for the low energy range) were combined with time-
dependent MCTDH calculations to cover an extended energy range. Where the two approaches
overlap, reasonable agreement was obtained between the two.
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Figure 3. (at left) a plot of the PES for CO-dimer showing low-energy channels for geared
motion. (at right) scattering cross-sections for rotational excitation showing increased
propensities for equally excited products (possibly imparted by the features of the PES).
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The paper describing this study will appear in the special JPC “100 years of combustion
chemistry at Argonne” issue.™
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Dynamics of Peroxy and Alkenyl Radicals Undergoing Competing
Rearrangementsin Biodiesel Combustion

Prof. Theodore Dibble (tsdibble@esf.edu)
Chemistry Department, State University of New York- Environmental Science and Forestry
Syracuse, Syracuse, NY 13210

I. Program Scope

The ignition of diesel fuel depends on isomerization of peroxy radicals (ROO®) via a hydrogen shift
reaction:

ROO®* — QOOH (D
Production of OH radical by chain propagation following reaction (1) contributes to autoignition:
QOOH — cyclic ether + OH 2)

but chain branching (the sequence of reactions 3-6) is critical to autoignition because it produces two OH
radicals:

QOOH + 0, — O0QOOH 3)

*OOQOOH — HOOPOOH (G

HOOPOOH — HOOP=0 + OH 5)

HOOP=0O — HOe + ¢OP=0 (6)
Processes such as reaction (7):

ROOe — alkene + HOOe® (7

compete with chain branching. Experimentalists face several difficulties in gaining an understanding of
this chemistry, and only 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.[1]
The broader goal of this research is to carry out systematic computational studies of the elementary
kinetics of the chemistry of Re, ROOe, QOOH and ®OOQOOH compounds that are models for biodiesel
ignition.

Carbon-centered radicals such as Re and QOOH can undergo well-known 1,n H-shift reactions, e.g.:

*CH,(CH,);CH(CH3), —CH;(CH,);C*(CHs), (3)

which are known to be able to change the structure of the radical from that initially formed. A competing
set of reactions, shown in Scheme 1, can isomerize carbon-centered radicals formed in the vicinity of a
double bond. Results from the literature indicate these reactions may compete with 1,n H-shift
reactions.[2] We will use computational chemistry to explore the importance of these reactions and
analogous cyclization reactions of peroxy radicals in model compounds of biodiesel fuel.

Il. Recent Progress

A) Autoignition Mechanism of Methyl Butanoate
We find peroxy radical interconversions of *OOQOOH radicals from methylbutanoate (MB)
(*OOQOOH — HOOQOO*) commonly possess the lowest barriers of any unimolecular reaction of these

67



Figurel. Molecular structures of common biodiesel fuel

components: the fatty acid methyl esters (FAMEs) of (from

top to bottom) palmitic, oleic, and linoleic acids.
radicals, despite that they proceed via 8-, 10- and 11-member ring transition states. At temperatures

relevant to autoignition, these

Scheme 1. Examples of exo- and endo-trig reactions.

peroxy radical interconversions are dominant or significant reaction pathways. This means that
*O0OQOOH radicals that were expected to be produced in negligible yields are, instead, major products in
the autoignition of methyl butanoate. These reactions have not previously been considered for OOQOOH
from MB, and will require revision of models of autoignition of methylbutanoate and other esters.

A harmonic oscillator (HO) treatment of the multiple torsional modes of these large molecules may
lead to large errors in computed rate constants. Treating the torsions as separable hindered rotors (HR)
provides an approximate correction.[3] From Figure 2, it can be seen that the HR treatment of the torsions
leads to much different rate constants than the HO treatment.

1.0E+10 +O0Q100H O = 1.5 H-migration(HO)
) 0
-‘ HO., A o. === 1 5 H-migration(HR)
1.0E+09 O l\ﬂ’o ~
) o 1,7 H-migration*(HO)
1.0E+08 - #— 1.7 H-migration*(HR)
L.OE+07 |
1.0OE+06
-
2" 1.0E405 |
Z
-
L.OE+04 -
1.0E+03
1.OE+02 A
LOE+01
1.0E+00 : : | |
1 L5 2 2.5 3

1000/T (K1)

Figure 2. Revised rate
constants for the two fastest
reactions of *OOQIOOH
including the 1-D hindered
rotor treatment (HR) or using
the harmonic oscillator
approximation (HO) on both
reactants and transition states.
The asterisk indicates peroxy
radical interconversion:

*O0QOOH — HOOQOO-.
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B) Cyclization-Decyclization Reactions of Unsaturated Hydrocarbon Radicals

Cyclization reactions of unsaturated radicals are well known in the organic chemistry literature.
The cyclization reactions are labeled endo if the radical center of the product is on a carbon in the ring,
and exo if the radical center is not in the ring. We surveyed a broad range of reactions at the CBS-QB3
level of theory, only a few of which are shown below in Scheme 2. The products of cyclization of the n-
octenyl radicals will potentially decyclize to form branched octenyl radicals (e.g, the reaction 12 —21 in
Scheme 2). In general, branched and straight chain fuels exhibit different ignition behavior. If the
chemistry suggested here is important in combustion, and then it needs to be included in kinetic models if
those models are to accurately represent combustion behavior.

As can be seen from Table 1, many of the cyclization reactions shown in Scheme 2 possess low
barriers, so that these reactions are expected to proceed with high rate constants. Curiously, the
decyclization reactions of exo-ring systems (e.g, 12—21) have significantly lower barriers than the
decyclization reactions of the endo-ring system of the same ring size (e.g, 13—22). This result appears
consisted across 4-, 5-, and 6-member rings.

Rate d copstants j‘or d these. .reactlons hwere Table 1. Barrier heights (CBS-QB3 values in kcal/mol at 0 K
computed using standard transition state theory including zero-point energy) for endo- and exo-cyclization and

using the harmonic oscillator  rigid-rotor decylization reactions of n-octenyl radicals and the products of
approximation. These rate constants confirm the their cyclization reactions. Numbers correspond to the identity

importance of many of these reactions in of species in Scheme 2. The notations “c” and “t” after a
. . . . number corresponds to the cis and trans isomer, respectively.
comparison to competing unimolecular reactions.

The present work represents a much wider survey | Transition Forward | Reverse
of these reactions than has been reported | St Reaction type Barrier | Barrier
previously. TS 8-12¢ exo-trig cyclization 9.1 6.1
We have also begun looking at radicals TS_8-12t exo-trig cyclization 9.6 7.0
TS 8-13¢ endo-tet cyclization 30.2 24.7
TS 8-13t endo-tet cyclization 29.0 24.9
. %/v . LN TS_9-14c exo-tet cyclization 14.4 11.0
. 21 TS 9-14t exo-tet cyclization 14.1 12.2
ST — TS_9-15¢ endo-pent cyclization 13.6 29.6
’ /l:k/\ . ﬁ\/\ 22 TS_9-15t endo-pent cyclization 14.0 31.6
TS_10-16¢c | exo-pent cyclization 6.1 20.9
TS 10-16t exo-pent cyclization 5.9 21.8
P _— \):k/ \;K/ » TS_10-17¢ | endo-hex cycl%zat?on 6.9 26.1
s TS 10-17t endo-hex cyclization 6.7 27.3
o T )/—\k/ )/_K/ 2 TS 11-18 exo-hex cyclization 7.5 29.3
TS 11-19 endo-hept cyclization 10.8 24.6
TS 12¢-21 decyc of 3 member ring 6.2 8.5
\)/—\K TS_12t-21 decyc of 3 member ring 6.3 8.6
e — \//—\K % TS 13c-22 decyc of 4 member ring 26.3 30.4
10 . _ TS _13t-22 decyc of 4 member ring 26.9 30.0
/Q /(H 2% TS 14¢-23 decyc of 4 member ring 13.1 13.6
TS 14t-23 decyc of 4 member ring 12.7 14.7
TS 15¢-24 | decyc of 5 member ring 34.1 14.8
TS 15t-24 decyc of 5 member ring 342 12.9
e — \/O T \/Q 7 TS_16¢-25 | decyc of 5 member ring 22.1 5.5
1 TS_16t-25 decyc of 5 member ring 21.7 53
o~ - /O TS 17¢-26 | decyc of 6 member ring 29.6 7.2
@ % TS 17t26 | decyc of 6 member ring | 30.0 72
Scheme 2. Examles of dendo evelizat ‘ TS_18-27 decyc of 6 member ring 50.7 30.1
of mocteny! radicals,plus do-eyclization reactons leading 10 TS 1928 | decycof 7memberring | 27.6 | 13.1

new products.
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N T

endo-pent

exo-hept L .
exo-tet Scheme 3. Selected initial cyclization and subsequent

de/cyclization reactions starting from one resonance
structure of one isomer of the parent radical.

produced by hydrogen abstraction from di-olefins, such as linoleic acid. The model compound is 2,5-
nonadiene with a hydrogen abstracted from one of the carbon atoms. A selection of possible reactions
following hydrogen abstract from carbon 9 is shown in Scheme 3. Reactions lead to cyclic radicals,
formation of branched species, and formation of allylic radicals starting from non-allylic radicals.

1. Future Work

We will complete our exploration of the barrier heights and thermodynamics of the reactions of
dienyl radicals described immediately above. We will also consider C-C bond scission reactions of the
various radical isomers. Due to the sheer number of compounds and their size, we are still trying to
determine an efficient yet reliable approach to include treatment of hindered rotors in the calculation of
rate constants.
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Vibrational Spectroscopy of Transient Combustion Intermediates Trapped in
Helium Nanodroplets (DE-FG02-12ER16298)

Gary E. Douberly
University of Georgia, Department of Chemistry, 1001 Cedar St., Athens, GA 30602-1546

Program Scope

The objective of this research is to isolate and stabilize transient intermediates and products of
prototype combustion reactions. This will be accomplished by Helium nanodroplet isolation
(HENDI) spectroscopy, a novel technique where liquid helium nanodroplets freeze out high
energy metastable configurations of a reacting system, permitting infrared spectroscopic
characterizations of products and intermediates that result from hydrocarbon radical reactions
with molecular oxygen and other small molecules relevant to combustion environments. A
major aim of this work is to directly observe the elusive hydroperoxyalkyl radical (QOOH) and
its oxygen adducts (O2QOO0OH), which are important in low temperature hydrocarbon oxidation

chemistry.

Recent Projects

Helium Nanodroplet Isolation and Rovibrational Spectroscopy of Hydroxymethlyene
Hydroxymethylene HCOH and its d;-isotopologue HCOD are isolated in low temperature helium
nanodroplets following pyrolysis of glyoxylic acid (Ref 6). Transitions identified in the infrared
spectrum are assigned exclusively to the trans-conformation based on previously reported
anharmonic frequency computations (P. R. Schreiner, et. al. Nature 453, 906 (2008) and L.
Koziol, et. al. J. Chem. Phys. 128, 204310 (2008)). For the OH(D) and CH stretches, a- and b-
type transitions are observed, and when taken in conjunction with CCSD(T)/cc-pVTZ
computations, lower limits to the vibrational band origins are determined. The relative
intensities of the a- and b-type transitions provide the orientation of the transition dipole moment
in the inertial frame. The He nanodroplet data are in excellent agreement with anharmonic
frequency computations reported here and elsewhere, confirming an appreciable Ar-matrix shift
of the OH and OD stretches and strong anharmonic resonance interactions in the high-frequency

stretch regions of the mid-infrared.
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Infrared Rovibrational Spectroscopy of OH-C,H, in *He nanodroplets: Parity Splitting
due to Partially Quenched Electronic Angular Momentum

Electrophilic addition of the hydroxyl radical to the = bond of acetylene produces, as an
intermediate, the carbon-centered 2-hydroxy vinyl radical (I'. = A’; HC=CHOH). Along the
entrance channel to this reaction, a dipole-quadrupole interaction stabilizes a T-shaped, hydrogen
bonded complex (OH-C,H,), whose zero-point level lies 2.7 kcal-mol™ below the separated
reactants. Moreover, this entrance channel complex is located behind a barrier ~1 kcal-mol™
above the reactant asymptote. The T-shaped OH-C,H, complex is formed in helium droplets via
the sequential pick-up and solvation of the monomer fragments (Ref 7). Rovibrational spectra of
the a-type OH stretch and b-type antisymmetric CH stretch vibrations contain resolved parity
splitting that reveals the extent to which electronic angular momentum of the OH moiety is
quenched upon complex formation. The energy difference between the spin-orbit coupled B,
(A”) and %B, (A") electronic states is determined spectroscopically to be 216 cm™ in helium
droplets, which is 13 cm™ larger than in the gas phase [M. D. Marshall, J. B. Davey, M. E.
Greenslade, and M. I. Lester, J. Chem. Phys. 121, 5845 (2004).]. The effect of the helium is
rationalized as a difference in the solvation free energies of the two electronic states. This
interpretation is motivated by the separation between the Q(3/2) and R(3/2) transitions in the
infrared spectrum of the helium-solvated “ITs, OH radical. Despite the expectation of a reduced
rotational constant, the observed Q(3/2) to R(3/2) splitting is larger than in the gas phase by
~0.3 cm™. This observation can be accounted for quantitatively by assuming the energetic

separation between 2H3,2 and 21‘11/2 manifolds is increased by ~40 cm™ upon helium solvation.

Reactive Intermediates in “He Nanodroplets: Infrared Laser Stark Spectroscopy of
Dihydoxycarbene

Singlet dihydroxycarbene (HOCOH) is produced via pyrolytic decomposition of oxalic acid,
captured by helium nanodroplets, and probed with infrared laser Stark spectroscopy (Ref 8).
Rovibrational bands in the OH stretch region are assigned to either trans,trans- or trans,cis-
rotamers on the basis of symmetry type, nuclear spin statistical weights, and comparisons to
electronic structure theory calculations. Stark spectroscopy provides the inertial components of
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the permanent electric dipole moments for these rotamers. The dipole components for
trans,trans- and trans,cis- rotamers are (u, ) = (0.00, 0.68(6)) and (1.63(3), 1.50(5)),
respectively. The infrared spectra lack evidence for the higher energy cis,cis- rotamer, which is
consistent with a previously proposed pyrolytic decomposition mechanism of oxalic acid and

computations of HOCOH torsional interconversion and tautomerization barriers.

Ongoing Work and Future Plans

Vibrational-Torsional Coupling Revealed in the Infrared Spectrum of He-Solvated n-
Propyl Radical

The n-propyl and i-propyl radicals were generated in the gas phase via pyrolysis of n-butyl nitrite
(CH3(CH)3ONO) and i-butyl nitrite (CH3CH(CH3)CH,ONO) precursors, respectively. Nascent
radicals were promptly solvated by a beam of He nanodroplets, and the infrared spectra of the
radicals were recorded in the C-H stretching region. In addition to three vibrations of n-propyl
previously measured in an Ar matrix, we observe many unreported bands between 2800 and
3150 cm !, which we attribute to propyl radicals. The C-H stretching modes observed above
2960 cm™* for both radicals are in excellent agreement with anharmonic frequencies computed
using VPT2. Between 2800 and 2960 cm ', however, the spectra of n-propyl and i-propyl
radicals become quite congested and difficult to assign due to the presence of multiple
anharmonic resonances. Computations reveal the likely origin of the spectral congestion to be
strong coupling between the high frequency C-H stretching modes and a lower frequency
torsional motion, which modulates quite substantially a through-space hyperconjugation

interaction.

Instrumentation Development

We have modified our pyrolysis source to increase the upper temperature that can be achieved in
our experiments. With the higher temperature, the range of precursor systems that can be
pyrolyzed to create radicals has been vastly expanded. This involves incorporating a resistively
heated silicon carbide (SiC) tube, similar to those reported by P. Chen and co-workers and B.
Ellison and co-workers that can be heated up to ~2100 K. Because the pick-up efficiency of the
He droplets is quite large, for example, compared to the molecular densities needed for matrix

isolation spectroscopy, we can work in a regime where we can isolate transient species while
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minimizing secondary reactions within the pyrolysis source, such as recombination reactions

between two radicals. We have successfully used this source to generate, for example, a

continuous, high-purity sample of Cl radicals, which have been doped into helium droplets. We

are preparing a manuscript describing the spectroscopy of the CI-HCI complex, which is a

prototype system for studying the kinetic couplings of several low-lying potential energy

surfaces.
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Spectroscopic and Dynamical Studies of Highly Energized Small Polyatomic Molecules

Robert W. Field
Massachusetts Institute of Technology
Cambridge, MA 02139
rwfield@mit.edu

I. Program Scope

The fundamental goal of the program is to develop the experimental techniques, diagnostics, interpretive 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 and dissociation reactions
in the prototypical acetylene system, including the acetylene = vinylidene isomerization on the Sy ground electronic
surface, the cis = trans conformational isomerization on the S, excited state surface, and the photodissociation at
around 47000 cm™', which gains oscillator strength from the S, surface, but is believed to be mediated by coupling to
triplet electronic states. Work has been extended to characterization of atmospherically relevant molecules such as
SO..

II. Recent Progress
A. Calculation of Franck-Condon Intensities in Acetylene and a Simplified Model for the Intra-Polyad
Intensity Patterns

We have recently published a full-dimensional calculation of Franck-Condon intensity factors for the A—X
transition in acetylene in the harmonic normal-mode basis [4,5]. These calculations have explained a number of
previously misunderstood observations in the vibronic intensities obtained in IR-UV double resonance experiments,
and they provide predictions for the best strategies to observation of highly-excited local bending states on the S,
surface that sample the acetylene = vinylidene isomerization coordinate.

Although the harmonic normal-mode basis calculation provides qualitative agreement with experiment, the
results are not fully quantitative. However, we have shown [3] that when experimentally-determined interactions
between the A-state bending levels are taken into account, near-quantitative agreement is reached between the
calculated transition intensities and the observed dispersed fluorescence (DF) and stimulated emission pumping
(SEP) spectra (Figure 1). This work led to the formulation of a new model for describing Franck-Condon
propensities for systems undergoing linear-to-bent geometry changes upon electronic excitation. For emission from
the ground vibrational level of the A state, there is a simplifying set of Franck-Condon propensity rules that gives
rise to only one zero-order bright state per conserved vibrational polyad of the X state. Unfortunately, when the
upper level involves excitation in the highly admixed ungerade bending modes, v’ and v¢', the simplifying Franck-
Condon propensity rule breaks down—as long as the usual polar basis (with v and / quantum numbers) is used to
describe the degenerate bending vibrations of the X state—and the intrapolyad intensities result from complicated
interference patterns between many zero-order bright states.

We have shown that, when the degenerate bending levels are instead treated in the Cartesian two-
dimensional harmonic oscillator basis (with v, and v, quantum numbers), the propensity for only one zero-order
bright state (in the Cartesian basis) is restored, and the intrapolyad intensities are simple to model, as long as
corrections are made for anharmonic interactions. In the Cartesian basis, the problem is simplified, because the out-
of-plane component of the trans-bend (v4") overlaps with a-axis rotation of the trans-bent A-state molecule, so as a
result of Eckart conditions it does not contribute to the vibrational Franck-Condon overlap. As a result of trans =
cis isomerization in the A state, intrapolyad emission patterns from overtones of v,’ and v’ evolve as quanta of trans
bend (v;") are added, so the emission intensities are not only relevant to the ground-state acetylene = vinylidene
isomerization, they are also a direct reporter of isomerization in the electronically excited state.

B. FID-detected MODR schemes for rapid assignment of LIF spectra

We have recently published a paper [1] outlining new approaches millimeter-wave/optical double
resonance spectroscopy and evaluating their capability in a study of the perturbed spectrum of the C-state of SO,.
We have provided a unified treatment for free induction decay (FID)-detected double-resonance techniques that have
been described previously by different research groups. Most importantly, we have demonstrated the ability to
multiplex these experimental techniques using frequency-agile millimeter-wave technology, which helps to
overcome one of the major drawbacks of existing double-resonance spectroscopy implementations—the fact that
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previous implementations require the acquisition of many full spectrum double-resonance scans to build up a large
enough data set to begin spectral analysis. Fig. 2 shows the results of a single multiplexed double-resonance scan on
a high-lying predissociated vibrational level of the C-state of SO,.
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Figure 2. Multiplexed MODR spectrum of the predissociated band of C-state SO, at 47616 cm™'. A complete set of
low-J rotational term levels can be determined from the five MODR spectra shown in the left panel, which were
recorded simultaneously in a single scan of the dye laser. The right panel shows a reduced term value plot of the
observed rotational levels. Curves through the data are from an effective rotational fit.

C. Direct observation of the b, vibrational levels of C-state SO,

The C state of SO, has a small barrier at the C,, geometry, so it prefers non-equivalent bond lengths (C,
geometry). The barrier causes a staggering in the antisymmetric stretch overtones with even vs. odd vibrational
quanta. We have made the first direct observation (via IR-UV double-resonance) of the low-lying odd (b,) levels,
which allows us to characterize the asymmetry directly. The results are analyzed in terms of a diabatic vibronic
coupling model with the 2 'A; state. One interesting result is that the tunneling staggering increases as quanta of
bending (v,) are added, which provides evidence for an approach to a conical intersection between the C 'B, state
and 2 'A, state, theoretically predicted to occur at a bond angle of ~150°. Figure 3 shows the v;' staggering as a
function of v and v5'.

D. H-atom fluorescence detection of predissociated S, acetylene: investigation of the dissociation mechanism

A hydrogen-atom fluorescence detection scheme has been developed to study the predissociation
mechanism(s) of S; acetylene. Using the new scheme, H-atom action spectra of S; acetylene are recorded in
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the 47100-47300 cm™ region. The signal-to-noise ratio of our spectra is superior to that of conventional
REMPI-detected H-atom action spectra. We have observed vibrational level-dependent predissociation rates,
as well as line broadening in the H-atom spectra compared with laser-induced fluorescence spectra in the
same energy region. Our observations support the proposed T; doorway-mediated predissociation
mechanism of S; acetylene.

85 Figure 3. The staggering parameter, Ao, =
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In our experiment, the photolysis pump beam (150 uJ/pulse, 0.04 cm™ spectral width) and the H-
atom probe beam (205.14 nm, ~1 m]/pulse, 0.1 cm™ spectral width) counter-propagate and are focused to
cross a supersonic beam of 13% C,H,/Ar mixture in the vacuum chamber (10 torr). The photolysis photon
dissociates the molecule into C.H (*Z*) + H fragments. The H-atoms are excited into 3s and 3d atomic levels by
the probe beam (10 ns delay) via a two-photon process. Fluorescence from the H-atoms (3s,3d.2p at
656.3nm) is detected with a photomultiplier tube. From Fig. 4, it is clear that the S/N ratio of the H-atom
fluorescence detection scheme is superior to that of REMPI.

Figure 4. Comparison of s/n ratio between the H-
atom fluorescence-detected action spectrum (top)
and conventional REMPI-detected action spectrum
| | (bottom).
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predissociation of S; acetylene and S;/Tsinteraction is believed to be the rate-determining step, the 1'3? state

dissociates less rapidly than the other two states, even though they lie close in energy. Our observations
support the T; doorway-mediated predissociation mechanism of S; acetylene.

In addition, we have also observed the variation of H-atom yield as a function of rotational quantum

number, as well as the broadening of several peaks in the H-atom action spectra (but not in the LIF). The

broadened portions of the peaks in the H-atom spectra are unresolved triplet-character eigenstates, which

are better sampled in the H-atom channel than in the LIF, because triplet states dissociate readily but they do
not fluorescence as rapidly.

I11. Future Work

To compare the relative importance of modes 4 and 6 in promoting acetylene S; predissociation, we
propose using our H-atom fluorescence detection scheme in action spectra of the 3*4! and 3*6' levels and
compare them to their respective LIF spectra. Mode 4 (torsion) had been proposed to be another promoting
mode of S;/T; interaction (thus presumably of predissociation as well), but there has been no consensus
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about its importance. Note that, due to Franck-Condon selection rules, IR-UV double resonance is needed to
probe those two states.

LIF
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To investigate the line-broadening mechanisms in the H-atom spectra, we plan an experiment where
delay between the pump and H-atom probe beam is increased to 50-100 ns. With a longer pump-probe

delay, we expect to see narrowing, as well as a small shift in the center of gravity of the originally broader
peaks in the H-atom channel. This experiment will provide information about the background triplet states,
such as their energies relative to the S; state, the parity of those states, and, ultimately, their role in acetylene
predissociation.
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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.
A major thrust continues to be the development and application of diagnostic capabilities for
measuring the temporal evolution of turbulent flames using high-repetition rate imaging
techniques. A series of studies on the fluid dynamics of turbulent flames are underway using
three-dimensional high-speed measurements of the velocity field.

Recent Progress

High-speed imaging of turbulent flame dynamics and structure

We are using high-repetition rate imaging to probe the dynamics and structure of interactions
between turbulent flows and flames. We have developed a capability for high-repetition rate
tomographic particle image velocimetry (TPIV) measurements in turbulent flames. The TPIV
technique provides volumetric, three-component velocity field measurements that enable
determination of the complete velocity gradient tensor. Recently, we used this capability to
measure the 3-D structure and temporal evolution of the strain rate field in turbulent partially-
premixed jet flames with localized extinction.

High-repetition rate TPIV is combined with OH-LIF imaging measurements using the
experimental configuration in Fig. la to measure the transient response of the high-temperature
reaction zone of flames to interactions with high strain rate regions of the flow field. The
sequence of 10-kHz measurements in Fig. Ib shows the temporal evolution of the velocity,
compressive principal strain rate, and OH-LIF fields during localized extinction event in a
turbulent partially-premixed dimethyl ether (DME)/air jet flame. The velocity and OH-LIF
signal are displayed in the central plane, and the compressive strain rate is represented by blue
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Fig. 1: (a) Experimental configuration for simultaneous high-speed tomographic PIV and OH-LIF
imaging measurements, (b) Time sequence of TPIV and OH-LIF measurements at 10 kHz in a turbulent
partially-premixed DME/air jet flame at y/D =20. Jet axis is near the right-hand side of the probe
volume. Blue surfaces are isosurfaces of the compressive strain rate for s3=-15,000s". Velocity
vectors are shown in the same plane as the OH-LIF images (1 out of 16 in-plane vectors displayed).

isosurfaces at s3;=-15,000 s'. The onset of extinction occurs at time t=0.20ms and is
identified by the formation of a discontinuity in the contour of the OH-LIF signal. The image
sequence shows large structures with high compressive strain rates in the region of localized
extinction. These structures remain coherent and coupled to the reaction zone until extinction
occurs. As the flame approaches extinction, the high-temperature reaction zone becomes
thinner. Once the flame is locally quenched, the strain rate decreases and the large coherent
structures break apart. These compressive strain rates are an order of magnitude greater than the
extinction strain rate for a laminar counterflow flame with the same composition. Analysis of
many sequences shows that intermittent regions of high compressive strain do not always cause
extinction since there is a requisite interaction time for the strain to induce extinction.

To understand the effects of combustion on the turbulent flow field, we are conducting
comparative studies of turbulent non-reacting flows and flames. Figure 2a shows a time
sequence of strain rate isosurfaces in a turbulent air jet and partially-premixed methane/air jet
flame with jet exit Reynolds numbers of approximately 13,000. The strain rate field in the flame
consists of elongated regions of high strain rate that are concentrated in a narrow region of the
shear layer between the high velocity jet and the low-velocity coflow. In contrast, the regions of
high strain rate in the turbulent air jet are more fragmented and distributed over a broader portion
of the flow field. These results are consistent with the lower entrainment rates of the jet flame.
In both flows, regions of high strain appear in intermittent bursts, which we have studied using a
cluster analysis. Figure 2b shows time sequences of the number of strain rate clusters as a
function of the strain rate threshold, |s;,,s|, for the air jet and jet flame. The narrow peaks in the
time traces indicate intermittent bursts of high strain regions. Burst durations are on the order of
the flow residence time in the probe volume. Overall, the air jet shows significantly greater
numbers of clusters at intermediate strain rates, corresponding to the more fragmented structure
of the strain rate field. The combustion induces a strain field with greater connectivity.
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Fig. 2: (a) Time sequences of velocity and strain rate in a turbulent air jet and partially-premixed
CHy/air jet flame with comparable jet exit Reynolds numbers. Inter-frame time is 100 ps.
Measurements at y/D = 15 with the jet axis near the left-hand side of the 16.5 mm x 12.3 mm x 2.5 mm
probe volume. Blue surfaces are isosurfaces of the strain rate norm for |s|=7,000 s'. (b) Time
sequences of the number of clusters, V., in the strain rate field as a function of strain rate threshold.

The effects of combustion on the structure of the strain rate tensor were investigated using an
analysis of the principal strain rates, s;, s, and s3, which are defined such that s; > s, > s3. The
maximum and minimum principal strain rates, s; and s; correspond to the most extensive and
compressive strain rate components, respectively. The ratios of the three principal strain rates
along with the sign of the intermediate strain rate, s, provide insight into the local structure of
the strain rate field. The local state of the strain rate field was determined from the relative ratios
of the three principal strain rates, s;/s,:1:53/s,. According to previous studies, the most
probable ratios in isotropic turbulence are approximately 3:1:-4. In the presence of shear, the
relative strain rate ratios s;/s; and s3/s; tend to increase, indicating a more planar strain field in
turbulent shear flows than in isotropic turbulence. In the turbulent jet flames of our studies, the
most probable values of strain rate ratios were approximately 8:1:-9. These ratios signify that the
extensive and compressive strain rates dominate over the intermediate strain rate. Large strain
rates in the reacting and non-reacting turbulent jets are preferentially sheet-forming with a single
axis of compressive strain and two axes of extensive strain. Probability density functions of the
strain rate ratios conditioned on high strain rate regions, |s| > 5|s|’, show a shift in the most
probable value of strain rate ratios approaching those found in isotropic turbulence.

Turbulent partially-premixed DME/air jet flames

We continue to develop joint experimental and computational studies of a series of piloted
partially-premixed DME/air jet flames that have differing degrees of localized extinction and are
target flames for the TNF Workshop. In recent studies, we performed comparisons of velocity,
OH-LIF, and CH,O-LIF imaging measurements with large eddy simulations by C. Hasse (T. U.
Freiberg) that used an LES flamelet-progress variable approach (LES-FPV). Comparisons were
facilitated by including simulations of the OH-LIF and CH,O-LIF signals in the flamelet library
and using these results within the LES calculation. Overall, the simulations showed good
agreement with the measured downstream evolution of the velocity, OH, and CH,O
distributions. ~ Experimentally observed intermittent gaps between the OH and CH,O
distributions were captured by the LES-FPV calculations. The separation of these species varies
as a function of strain rate, which is captured within the flamelet library. We continue to
investigate this issue further. We are also refining the formaldehyde LIF measurements and
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performing high-speed imaging measurements to study dynamics of localized extinction and re-
ignition.  An initial coupling of velocity, OH-LIF, and CH,O-LIF measurements with
complementary species and temperature measurements by R. Barlow (Sandia) has been
performed and further analysis is planned. Plans for the next phase of coupling experiments with
simulations include high-fidelity LES performed at Sandia by J. Oefelein.

Future Plans

The investigation of the structure and dynamics of flow-flame interactions in turbulent non-
premixed, premixed, and stratified modes of combustion will remain a major thrust in our
research program. In the near term, we plan to study the effects of combustion on the strain rate
and vorticity fields in flames with and without localized extinction. Our planned high-speed
imaging effort includes optimization of TPIV analysis and further evaluation of uncertainties,
methods for noise reduction, and the development of efficient methods for analyzing large sets of
imaging data. We will expand our high-speed imaging studies to turbulent counterflow flames
and develop a joint experimental and computational investigation with LES calculations
performed by J. Oefelein. This collaboration will include the development of a framework for
comparing measurements and simulations of turbulent flame dynamics.

Plans for developing and improving diagnostic capabilities include continued investigations
of x-ray diagnostic techniques, the development of simultaneous velocity and temperature
measurements by combining PIV and 2-D CARS in collaboration with C. Kliewer (Sandia), and
the quantification of CH,O-LIF measurements. Improved CH,O-LIF measurements are needed
to understand formaldehyde transport in turbulent DME flames and to resolve discrepancies in
the formaldehyde concentrations that are predicted by different chemical kinetic mechanisms.
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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.

I1. Recent Progress
A. Elucidating Interesting Chemistry

1. Sulfur and Nitrogen chemistry

We recently added the capability to model organosulfur and organonitrogen chemistry to the
Reaction Mechanism Generator (RMG), and computed many [a] of the needed thermochemical and rate
parameters using quantum chemistry (typically at the CBS-QB3 level, but more recently using the
CCSD(T)-F12a method to achieve higher accuracy in enthalpies and barrier heights). While our database
surely does not include all the chemistry of sulfur and nitrogen species yet, and some of the rate
parameters have fairly large error bars, we were able to construct fairly good models for a variety of
systems:

1) Gas Phase Pyrolysis of several dialkyl sulfides (RSR).[b] Interestingly, we have recently
found that tertiary alkyl sulfides follow a very different reaction path than primary and
secondary sulfides, reacting primarily via thiols (RSH) rather than thioaldehydes (RCHS).
Our computer-generated detailed models for sulfide pyrolysis are in quantitative agreement
with multiple experiments.

2) Reactions of dihexyl sulfide (RSR) in supercritical water [c]. While (as usual) the water
mostly acts as an inert solvent, we found that thioaldehyde (RCHS) intermediates react
rapidly with the water, altering the product distribution significantly.

3) Pyrolysis of ethyl nitrite (RONO) in a Chen-type flash pyrolysis nozzle [8]. The original
model predictions were inconsistent with the experimental data measured by Suits and Field,
but the discrepancy was resolved by considering a roaming-radical reaction.

4) Selective oxidation of alkenes by N,O.[d] Ab initio rates are in agreement with experiments
by Klavs Jensen’s group.
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5) Pyrolysis and ignition of ethyl amine (RNH;). Model is in semi-quantitative agreement with
experiments by Hanson and Davidson.

2. Hydrocarbon ignition/combustion

Together with Stephen Klippenstein, Michael Burke, and Franklin Goldsmith we have made a
significant advance in understanding phase 1 ignition, which we find is actually is two stages: an
exponential growth phase we call stage 1A followed by a more complicated phase where the chemistry is
nonlinear we call stage 1B. Both stages are sensitive to only a handful of reactions, suggesting that it may
be possible to understand and model low-temperature ignition without recourse to the very large kinetic
models used currently, and indeed for alkanes we are able to write simple analytical expressions for
ignition delay in terms of a few rate parameters.[e] We are currently pursuing a similar approach to
understand phase 2 ignition chemistry.

For several years we have been developing a detailed model for the synthetic jet fuel JP-10,
which is a fused ring tricyclic molecule. There were several technical issues which had to be overcome,
for example how to compute the rates of intramolecular disproportionation of the biradical intermediates,
and how to estimate the thermochemistry and reaction rates of a variety of bicyclic intermediates. This
year we completed that study, developing a model which accurately predicts the pyrolysis and high-
temperature oxidation/ignition of this complicated fuel.[11]

For several years we have been measuring and computing the chemistry of vinyl radical (C2H3),
which is the key species at the branch point between clean combustion (to CO2) and soot formation. Very
recently we directly measured the rate coefficient for vinyl + butadiene, a proposed route to benzene
formation, which is an order of magnitude slower than published estimates.[f]

3. Criegee Intermediate Chemistry
In recent years we measured and computed several reactions of the smallest Criegee Intermediate
CH200.[6,9,h] This year we measured and so corrected [h] the too-high rate of the CH200 + CH200
reaction reported in a paper published in Nature Chemistry.

B. Methodology for Computer-Aided Kinetic Modeling

A major focus of this research project continues to be the development of advanced methods for
automatically constructing, reducing, and solving combustion simulations.[1,4] We are constantly adding
functionality and additional types of chemistry to the open-source Reaction Mechanism Generator (RMG)
software package. We are in the process of distributing a new version of RMG including S,N,Si chemistry
in addition to the C,H,O chemistry in the prior release.

This computer-aided Kkinetic modeling approach is having a broad impact. With the Brezinsky
group we modeled how alkene chemistry depends on the position of the double bond, an issue relevant to
biodiesel combustion.[10] We continue to distribute the mechanism construction software to many
research groups, and to train and support the new users. In the past two years researchers from Chicago,
Belgium, China, France, Germany, Japan, and Saudi Arabia have visited my group for training in how to
use the RMG software. Several companies are also now using the software, several energy and
petrochemical companies but also other industries including Intel and Proctor & Gamble. Developers
outside of my research group have begun to add functionality to this open-source software; among the
most active developers are researchers at Northeastern University and the University of Ghent. These
independently funded external efforts leverage the funding provided by this program.

C. Quantum Calculations of Reaction Rates and Thermochemistry

Historically, the accuracy of rate and equilibrium calculations for combustion were almost always
limited by the uncertainties in the computed potential energy surface, due to the need to use approximate
electronic structure methods and small basis sets. Modern quantum chemistry methods, such as explicitly-
correlated coupled-cluster methods (e.g. CCSD(T)-F12) have made it practical to significantly reduce
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these errors in computed PES’s and molecular enthalpies. As the energy calculations improve, we find
that the accuracy of our equilibrium and rate calculations is now often limited by other aspects of the
overall calculation. This has led us (and many others, including Don Truhlar and Stephen Klippenstein) to
invest significant efforts in improving on the traditional rate and thermochemistry computation
methodology, which is based on several approximations which are not really accurate.

Over the past two years we focused on developing an alternative method for rate calculations, which
avoids many of the approximations associated with traditional TST calculations. We created and
distributed an efficient software implementation [i] of the new RPMD method for computing reaction
rates. We demonstrated that RPMD is an attractive way for computing accurate rates and isotope-effects
for systems too large for exact quantum rate calculations (i.e. bigger than H+CHy,), but small enough that
constructing a fairly accurate full-dimensional PES is practical. To test and demonstrate the new rate-
calculation method we used this new software, often in collaboration with Hua Guo, to compute rate
coefficients for several reactions of the type X + CH, (e.g. X=0OH, O, CI, H, D, Mu).[2,3,5,7] Overall, the
tests demonstrated that RPMD is relatively easy to use and that it is pretty accurate; its main drawback is
that it requires a full PES, not just the PES at/near the stationary points required by conventional
transition state theory (TST).

We recently found that the RPMD method also works well for barrierless insertion reactions.[9] It
would be interesting to see if this method will also work well for roaming radical reactions.

During our calculations of this relatively small set of relatively simple reactions, we ran into several
cases where there are unexpectedly large differences between the rate computed by RPMD and by a
standard TST approach.[5,7,j] It appears that the anharmonic shape of the PES near the saddle point leads
to pretty large (~ factor of 4) errors in rates computed using the conventional canonical variational
transition-state-theory. Anharmonicity is apparently even more important for rate calculations than
previously appreciated, and methodology for dealing with this needs improvement.
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Program scope
To understand the quantum dynamics of elementary chemical reactions in the gas phase.
Recent progress

We continue to push for the application of the ring-polymer molecular dynamics (RPMD) method
for computing rate coefficients for gas phase bimolecular reactions. Recent collaborations with Yury
Suleimanov in Bill Green’s group at MIT have explored the applicability of this method in complex-forming
reactions.” Our tests on several simple insertion reactions showed that the RPMD method is capable of
yeilding accurate rate coefficients.

One of our major research activities has been the development of accurate multi-dimensional
global potential energy surfaces (PESs) for elementary chemical reactions. Using our recently proposed
permutation invariant polynomial-neural network (PIP-NN) approach,a'4 we have constructed PESs for
tetra-atomic,”” penta-atomic,g'11 and hexa-atomic systems.12 The PIP-NN approach uses low-order PIPs of
the Morse variable of internuclear distances™™ as symmetry functions, which replacing the coordinates
as the input layer of the NN. It rigorously enforces the permutation symmetry, and is simple to implement
and efficient to evaluate. The root mean square error (RMSE) of the fitting is typically on the order of a
few meV or less. In a recent implementation for the acetylene-vinylidene isomerization PES, for example,
the RMSE was less than 10 cm™ and the calculated highly excited vibrational levels approached
spectroscopic accuracy.7 In another application, the reactive PES for the NH, system was developed with
an RMSE of 27 cm™, which includes not only the hydrogen abstraction channel, but also the hydrogen
exchange channel.®

These high fidelity fits of high-level ab initio points allowed us to
examine various issues in molecular spectroscopy and reaction dynamics JOURNAL OF THE CHINESE
of elementary reactions. In addition to the classical unimolecular process CHEMICAL SOCIETY
mentioned above (isomerization between HCCH and HZCC),7 we have o
recently reported an accurate PES for the simplest Criegee intermediate e pE
(CH,00)." The ro-vibrational energy levels and intensities calculated on i -
this PES were found to agree with experiment very weII,lO’ > which helped b T ir;
us to understand the vibrational dynamics of this elusive species. On the . _ T“
reaction dynamics side, we have focused on mode specificity of both bi @ B T
and uni-molecular reactions. For uni-molecular processes, we investigated 72
the HOCO/HCO, > H + CO, dissociation reactions and their deuterated o
counterpart facilitated by tunneling,'**® in collaboration with Al Wagner wievvos - g:?
at Argonne and Bob Continetti at UCSD. The bimolecular systems include ;
the X + H;0 ¢ HX + OH (X<, C)'” and the H + NH; €> H, + NH, |Fioure L Cover of JCES on our

reactions. We have also examined mode specificity of some ion-
molecule reactions,25 using accurate PESs.”® The observed mode specificity and product energy disposal
in these reactions can be largely explained by the recently proposed Sudden Vector Projection model,?*%
which has been successfully used to predict mode specificity and bond selectivity in gas phase and gas-
surface rections.® Figure 1 shows the cover of J. Chin. Chem. Soc. on our featured review on the SVP
model applied to the X + CH, - HX + CHj; reactions.

In addition to the dynamics of reactions mentioned above, we have explored the dynamics of
photodissociation of several prototypical systems. In collaboration with David Yarkony at Johns Hopkins,
the non-adiabatic dynamics in ammonia has been systematically elucidated.”™ In particular, we have
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computed the OH(A/X) branching ratio with the parent molecule in R
ground and excited vibrational levels prior to photolysis, using highly o M
accurate coupled PESs. Excellent agreement with experimental results has : —7\_‘—~{¥%—j}=. \j
been achieved, as shown in Fig. 2. The resolution of the NH, internal |s | 7
states in our model allows a re-interpretation of the experimental data.> | | _, e ‘-\ )
In addition, we have teamed up with Richard Dawes at Missouri =
University of Science and Technology to resolve the controversy

concerning the measured absorption spectra in the UV photodissociation . | :
of the simplest Criegee intermediate (CHZOO).34 1[E= /,/I\//\,

[

Intens
%5,

To achieve the ultimate state-to-state characterization of Fig;re 2 Comparlson Ofca|cu|ated
bimolecular reactions, we have devoted some effort to development of |absorption spectra of vibrationally
new methodologies. In particular, we have implemented a transition |€XCited NHs (red and blue lines)

. . with action spectra measured by
state wave packet (TSWP) approach to state-to-state reaction dynamics | crim and coworkers (black lines).®
recently proposed by Uwe Manthe and coworkers.*® This TSWP method
has been demonstrated to be accurate and efficient in computing the integral and differential cross
sections for a prototypical atom-diatom reaction (H + D, > HD + D).37 It has recently been extended to the

J=0 state-to-state dynamics of the H + H,0 - H, + OH reaction,38 and F + H,0 - HF + OH reaction.”

. . . 40 . 41 . . 42-43 .
Finally, we have been involved in several other PES,™ spectroscopic, ~ kinetic, and dynamic

studies.**® Some of the studies are collaborations with Gabor Czako, Richard Dawes, Joaquin Espinosa-
Garcia, Kopin Liu, Z. Sun, Al Viggiano, Minghui Yang, and Daigian Xie. The details of these studies are not
provided here due to space limitations.

Future plans

In the next year, we plan to continue to pursue our proposed research in the areas of chemical
dynamics and kinetics. The focus will be placed on the following areas: i). further develop an efficient
method to obtain state-to-state scattering information for bimolecular reactions involving four atoms; ii).
to construct accurate PESs for such reactions, and iii). to perform quantum scattering and quasi-classical
trajectory calculations on these PESs.
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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. Speed-dependent kinetics of saturation recovery

Rotational energy transfer within the ground vibrational level of CN (X ) has been investigated by
Doppler-resolved saturation recovery transient spectroscopy.[1] A single rotational state from a thermal
ensemble of CN (X) radicals was bleached by a visible, ns dye laser pulse. The prompt depletion and
collisional recovery of population was monitored with single-collision time resolution and Doppler-
resolved spectral resolution using transient frequency modulation (FM) spectroscopy on the A 2T — X Z*
(1-0) band. The Kinetics of saturation recovery kinetics for selected rotational states in v=0 is isomorphic
to the thermalization of a single level populated in an otherwise empty manifold of rotational states, an
experimentally challenging initial condition to generate for ground state molecules. Thermal rate
constants for population recovery (analogous to total removal rate constants in a more conventional single
level kinetics measurement) were determined for selected rotational states colliding with He and Ar. The
values of the thermal rate constants are consistent with quantum scattering calculations,[1-2] but up to a
factor of 2 slower than reported in earlier work, [3-4] and with a qualitatively different rotational state
dependence. Despite the thermal velocity distribution of the inert collision partner and the lack of
velocity selection in the saturation step, the Doppler spectrum of the depletion shows rapid translational
cooling below room temperature during early stages of the recovery. This is a consequence of the non-

thermal averaging of speed-dependent relaxation cross sections for Doppler-selected velocity groups, in
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competition with velocity randomizing collisions.[1] Comparisons with new quantum scattering
calculations on Ar + CN(X) by P. Dagdigian have been essential, and the differences between He and Ar
collision partners have also been investigated by quasiclassical trajectory calculations, focusing on the

behavior of CN in high rotational states.
B. Saturation Transfer and Depolarization in CN (X)

The saturation recovery measurements made with parallel and perpendicular polarization of bleach and
probe beams can be combined in different linear combinations to give both transient depletion of
population and transient alignment of the hole. The population relaxation probes the rotational energy
transfer, and the alignment relaxation is sensitive to elastic depolarization and inelastic polarization
transfer. The alignment of the depletion signals from low rotational states of CN were additionally found

to display polarization quantum beats at

0 ! ! ! ! the frequencies of the CN (X) state
hyperfine splittings, as shown in Figure 1.

30 | This may at first seem startling, since the
oscillations can be considered as a

20 L coherent evolution of the molecules that

—f are missing from an otherwise thermal
- ok and incoherent ensemble. On further
A, consideration, however, the initial

_J‘ N6 - | / alignment of the hole must be

oF =2 sssimawe | complementary to the aligned excited
1=hi+5 F=lHl state molecules, and the calculated (red

_100.0 sz 0{4 016 0!8 = line) fit to the quantum beat pattern
Time (ps) shown in Figure 1 requires as adjustable

Figure 1. Hyperfine polarization quantum beats in CN (X) parameters only the overall amplitude and

depletion recovery. Unresolved hyperfine levels of a single J state decay rate shown in blue, and an initial
are initially aligned by linearly polarized depletion, then dephase. . . .
alignment amplitude resulting from
partially saturated excitation by linearly polarized light. The phases, frequencies and relative magnitudes
of the oscillations are fixed by known hyperfine constants of the CN(X) state and angular momentum

coupling factors, with no detectable collisional damping.

After accounting for the periodic hyperfine depolarization, the initial relative rates of alignment decay and
population depletion recovery probe the effect of elastic depolarization, i.e., collisions that change M

without changing J. The elastic depolarization rates are determined to be smaller than the inelastic
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rotational energy transfer rates for low J states, and become increasingly negligible at higher J states of
CN(X, v=0), in good qualitative accord with quantum scattering calculations performed by Paul

Dagdigian as part of this collaboration.

Future Work

A. Intersystem crossing in CH; induced by O, (329')

The collision-induced intersystem crossing (ISC) between singlet a and triplet X states of CH,, induced
by nonreactive singlet collision partners is dominated by a gateway state mechanism involving a few pairs
of accidentally perturbed rotational levels with mixed singlet/triplet character. Interaction of triplet O,
with singlet CH, can proceed by a spin-allowed mechanism, not dependent on accidental perturbations.
The complicated potential surfaces of CH,O, furthermore connect multiple low-energy product channels
including energetically accessible singlet and triplet states of the Criegee intermediate. We have
measured gquenching kinetics of selected rotational states of singlet CH, in samples containing controlled
amounts of ketene photolytic precursor, Ar and O, in order to investigate the reversible ISC process. In
the absence of O,, the relaxation is double exponential, with distinguishable kinetics for ortho and para
states of CH,, a mark of the stronger coupling of para states with the more nearly isoenergetic (030)
vibrational level of the X *B, state of CH,. The interaction of singlet CH, with molecular O, accesses an
excited triplet state of CH,0,, which intersects the lowest triplet surface, leading nonreactively to O, +
triplet CH,. The initial decay rate of selected rotational states of CH, is accelerated by O,, but the relative
amplitude of the slow decay is also enhanced by O,, suggesting a continued role for reversible population
of vibrationally excited triplet CH, in the overall mechanism. Kinetic modeling studies are in progress, as
are spectroscopic searches for infrared probe transitions suitable for monitoring vibrationally excited

triplet methylene, as discussed in the abstract of T. Sears.
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, and modify the Doppler-shift-selected relaxation
rates. 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
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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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Flame Chemistry and Diagnostics

Nils Hansen
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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 spectrometry 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 and the formation of unwanted
byproducts in incomplete combustion in flames fueled by hydrocarbons and oxygenates. 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

Soot Precursor Formation and Limitations of the Stabilomer Grid: Collaborating with the groups of
H.A. Michelsen (Sandia), K.R. Wilson (Berkeley), and A. Violi (Michigan) we have gained new insight
into the mechanisms of PAH growth and soot formation. The experimental approach involves aerosol-
mass spectrometry in conjunction with vacuum-ultraviolet photoionization of volatile species vaporizing
from particles sampled from an Ar-diluted C,H,/O, counter-flow diffusion flame at nearly atmospheric
pressure (700 Torr). The aerosol mass spectra contain a large distribution of peaks, highlighting the
importance of small building blocks and odd-carbon numbered species. A variety of chemical species
were detected that, based on the traditional classification of PAHSs by their thermodynamic stability, were
unexpected. Also, the experimental results suggested that species of higher masses can build up
concentration ahead of species of lower masses, suggesting that a single monotonic growth mechanism is
not enough to describe PAH formation processes.

Combustion Chemistry of Alcohols: Experimental and Modeled Structure of a Premixed 2-

Methylbutanol Flame: In a collaborative effort together with the group of Sarathy (KAUST), we
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determined the experimental and modeled structure of a flame fueled by 2-methylbutanol. In the
experiment, a total of 55 species were identified and subsequently quantitative mole fraction profiles as
function of distance from the burner surface were determined and compared to an independently
assembled detailed flame chemistry model to assess its predictive capabilities. Discrepancies between
experimental and modeling results were used to suggest areas where improvement of the kinetic model
would be needed.

Formation of Oxygenated and Hydrocarbon Intermediates in Premixed Combustion of 2-
Methylfuran: We have collaborated with the group of Kohse-Hoinghaus (Bielefeld) to determine the
detailed chemical structure of a premixed laminar 2-MF flame. Mole fraction profiles of 60 intermediate,
reactant, and product species were measured in order to assess the pollutant potential of this possible
next-generation biofuel. Special emphasis was paid towards the fuel’s ability to form aromatic and
oxygenated intermediates during incomplete combustion processes, with the latter species representing a
variety of different classes including alcohols, ethers, enols, ketones, aldehydes, acids, and ketenes.
Whenever possible the experimental data were compared to the results of model calculations, but it
should be noted that many newly detected species were not included in the calculations. The experimental
data provided guidance towards to development of a next-generation 2-MF combustion chemistry model.

Dimethyl ether (DME) Low-Temperature Oxidation in a Jet-Stirred Reactor: In collaboration with
the groups of Jasper (Sandia), Leone (Berkeley), Yu (Princeton), Sarathy (KAUST), Dagaut (Orleans),
Taatjes (Sandia), and Kohse-Hoinghaus (Bielefeld) we reported the detection and identification of the
keto-hydroperoxide hydroperoxymethyl formate (HPMF) and other partially oxidized intermediate
species arising from the low-temperature (540 K) oxidation of dimethyl ether (DME). These observations
were made possible by coupling a jet-stirred reactor with molecular-beam sampling capabilities, operated
near atmospheric pressure, to a reflectron time-of-flight mass spectrometer that employs single-photon
ionization via tunable synchrotron-generated vacuum-ultraviolet radiation. We showed that the theoretical
characterization of multiple conformeric structures of some intermediates is required when interpreting

the experimentally observed ionization thresholds.

OuTLOOK

Low-Temperature Oxidation in a Jet-Stirred Reactor: We will continue to explore the reaction
network of low-temperature oxidation processes by using the above mentioned jet-stirred reactor with
molecular-beam sampling capabilities. Our work on DME will continue with efforts to provide
guantitative mole fraction profiles as function of the reactor temperature of the previously identified
intermediates. This information is critically needed to improve the combustion chemistry models for low-

temperature oxidation. Future work will focus on the low-temperature oxidation of n-pentane. Preliminary
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mass spectra were recorded and the data reduction, i.e. species identification and quantification, is
currently work in progress.
Experimental Studies on the Molecular-Growth Chemistry of Soot Precursors in

Combustion Environments: With benzene formation in combustion processes now well understood,
the objective of this part of the research program has shifted towards the molecular-growth chemistry
from small combustion intermediates to 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,
premixed or opposed-flow 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 (El),
resonance-enhanced multiphoton ionization (REMPI), single-photon VUV ionization, and gas
chromatography (GC/MS).

Although our current set-up allows for a pressure between 30 and 700 Torr, sampling from sooting flames
at atmospheric pressure will eventually lead to clogging of the small opening (a few pm) in the
microprobe. We therefore propose to rebuild the mass spectrometer and to add an additional stage of
pumping.

The systems proposed to study are flames fueled by allene/propyne (CsH,), and the C, fuels, butane and
iso-butane (C4Hyg), 1-butene and iso-butene (C4Hg), 1,3-butadiene (1,3-C4H¢), and n-pentane (CsHi).
These fuels are of special interest, because these molecules are potential precursors for the resonance-
stabilized propargyl, allyl, and i-C4,Hs radicals. Contributions towards PAH growth via resonantly
stabilized free radicals should be enhanced in these flames, thus making them a perfect test case for

further model development.
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Kinetics and Spectroscopy of Combustion Gases at High Temperatures
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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 recently investigated in the spectroscopic portion of the research include
formaldehyde and acetaldehyde. New diagnostics developments include the first use of CW Cavity
Enhanced Absorption Spectroscopy (CEAS) for ultra-sensitive species detection in a shock tube, applied
here to CH,4, C,H, and CO. Recent reaction kinetics work has advanced on two fronts. First, we have
made direct high-temperature shock tube/laser absorption measurements of the reaction rate constants for
OH + aldehydes and alcohols, including formaldehyde, acetaldehyde, propionaldehyde, n-butyraldehyde,
ethanol, and tert-butanol. Second, we have investigated the decomposition of cyclohexene, which is
commonly used in single-pulse shock tube studies as a chemical thermometer.

I1. Recent Progress: Spectroscopy

Cavity Enhanced Absorption Spectroscopy (CEAS)

A new technique for ultra-sensitive species detection in a shock tube has been developed, applied
here to IR active species. As a primary example, the concentration of CO was monitored using mid-IR
quantum cascade laser absorption near 4.56 mm, targeting the R(13) transition of the CO fundamental
rovibrational band. The implementation of the CO laser absorption diagnostic was combined with an off-
axis CEAS setup. CEAS uses a pair of highly reflective CaF2 mirrors (98.9% reflectivity at 4.56um) to
form an optical cavity in the shock tube, thereby increasing the effective path length for absorption
measurements. The transmitted beams after each reflection are collected with a lens onto a single TE-
cooled photovoltaic HgCdTe detector. The beams are arranged in an off-axis pattern (a narrow ellipse
with the short axis aligned with the shock tube longitudinal direction) to suppress the mode-cavity
coupling noise. Usually the laser is rapidly scanned by varying the injection current using a 50 kHz
sinusoidal waveform, to further suppress the coupling noise while also eliminating the influence from
broadband interference absorption and thermal emission. Under typical experimental conditions, a
minimum detectable absorbance of 2 x10” can be achieved, which corresponds to a detection limit of
0.11ppm at 1500 K and 1.5 atm. See Figure 1.

Using this method, a direct measurement for the rate constant of the acetone dissociation reaction
(CH53COCHj; = CH3CO + CH;) was conducted behind reflected shock waves. By investigating the clean
pyrolysis of less than 20ppm acetone in argon, the current experiment eliminated the influence from
secondary reactions and temperature change. For the first time, the acetone dissociation rate constant (k)
was directly measured over 5.5 orders of magnitude with a high degree of accuracy: k; (1004 — 1494 K,
1.6 atm) = 4.39x10° T"'** exp(-52140K/T) +/- 24% s as shown in Figure 2. This result was seen to
agree with most previous studies, and has bridged the gap between their temperature and pressure
conditions. The current work serves to illustrate the significant potential of using the CEAS technique in
shock tube kinetics studies.

I1. Recent Progress: Chemical Kinetics
Rate Constant Measurements of the Reactions of C1-C4 Aldehydes with OH

The overall rate constants for the reactions of hydroxyl radicals with a series of aldehydes,
including formaldehyde (Figure 3), acetaldehyde (Figure 4), propionaldehyde and n-butyraldehyde, were

99



studied under pseudo-first-order conditions behind reflected shock waves at temperatures of 950 - 1400 K
and pressures of 1 - 2 atm. OH radicals were produced by rapid thermal decomposition of tert-butyl
hydroperoxide, and OH time-histories were monitored by narrow-linewidth UV laser absorption near
306.7 nm. The overall rate constants were inferred by fitting simulated OH profiles to the measured OH
time histories using detailed mechanisms, though the OH decay was nearly first-order.
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Figure 1 (left). Example CO time-history in the pyrolysis of acetone/Ar mixtures: a low temperature case
of 1.00% acetone/Ar at 1024 K, 1.75 atm. Figure 2 (right). Arrhenius plot for the reaction CH;COCH; =
CH;CO + CH;. Both figures adapted from Wang et al. in press.

No pressure dependence was observed in these measurements. The measured rate constant for the
formaldehyde + OH reaction is consistent with previous experimental studies. For C2-C4 aldehydes +
OH, this study provides the first direct rate constant measurement at high temperatures. More general rate
constant expressions covering a much wider temperature range (200 - 1600 K) were also determined by
combining current measurements with existing low temperature data in the literature.
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Figure 3 (left). Arrhenius plot of CH,O+OH = products. Figure 4 (right). Arrhenius plot of CH;CHO+OH
= products. Both figures adapted from Wang et al. (2015).
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Rate Constant Measurement of the Reaction of CH,O + H

The rate constant of the H-abstraction reaction of formaldehyde (CH,O) by hydrogen atoms (H),
CH,0 + H = H, + HCO, has been studied behind reflected shock waves using a sensitive mid-IR laser
absorption diagnostic for CO, over temperatures of 1304 - 2006 K and at pressures near 1 atm. C,H;sI was
used as an H-atom precursor and 1,3,5-trioxane as the CH,O precursor, to generate a well-controlled
CH,O/H reacting system. By designing the experiments to maintain relatively constant H-atom
concentrations, the current study significantly boosted the measurement sensitivity of the target reaction
and suppressed the influences of interfering reactions. The measured CH,O + H rate constant can be
expressed in modified Arrhenius form as Keporn (1304 — 2006 K, 1 atm) = 3.43 x 10%(T/K)***exp(-1508
K/T) em’mol’'s”, with uncertainty limits estimated to be +18/-26%. See Figure 5. A transition-state-
theory (TST) calculation, using the CCSD(T)-F12/VTZ-F12 level of theory, is in good agreement with
the shock tube measurement and extended the temperature range of the current study to 200 - 3000 K,
over which a modified Arrhenius fit of the rate constant can be expressed as Kepom (200 — 3000 K) =
5.86 x 103(T/K)*Pexp(-762 K/T) cm’mol™'s™.
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Figure 5. Arrhenius plot for the rate constant of CH,O + H between 1000 - 4000 K

I1l. Future Work

Spectroscopic experimental work continues on a development of the multi-color IR-UV aldehyde
laser absorption diagnostic; exploration of mid- and far-IR detection of acetylene and larger alkenes (e.g.,
propene, n-butene and i-butene), respectively, and development of the CEAS method for ultra-sensitive
species detection. Reaction kinetics studies will focus on measurement of the rate constants for the

reactions of methyl radicals + aldehydes, and formation pathways of aldehydes during the oxidation of
oxygenate fuel components.
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Theoretical Studies of Potential Energy Surfaces

Lawrence B. Harding
Chemical Sciences and Engineering Division
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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
Nitromethane Decomposition:

This year in, collaboration with Klippenstein, Jasper, Ruscic and Tranter, we completed a
combined theoretical/experimental study of the decomposition of nitromethane, focusing on the
competition between direct dissociation to methyl radical plus NO, and the roaming-type
isomerization to methyl nitrite, followed by dissociation of the nitrite. High level electronic

* structure calculations were used to characterize the key

O ® S stationary points, the results of which are summarized in
Figure 1. These stationary points have been previously
examined in several recent theoretical studies'~, however the
present calculations are at a significantly higher level of
theory than all previous calculations. One significant
consequence of this use of higher level electronic structure
theory is that the roaming saddle point is found to have a CN
distance ~0.5 A smaller than in any of the previous
calculations.

50
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Figure 1 The branching ratios between roaming isomerization and
direct dissociation of nitromethane were calculated using both statistical and dynamical
approaches. Rigid body trajectories (RBT) were employed for the dynamical calculations. The
RBT calculations required fitting quasirandom, six dimensional, grids of approximately 90,000,
(70,10e)-CASPT2/aug-cc-pvdz energies to an analytic, potential function of nine Morse
variables. One dimensional correction potentials were then developed along MEP’s for nitrogen
addition and cis oxygen addition to correct for limitations in the size of the basis set, the size of
the active space and geometry relaxation.

Figure 2 illustrates the interaction energy between the rigid CH, and NO, fragments on the
roaming dividing surface separating CH;NO, from CH,ONO. The plotting plane here contains
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Figure 2

the nitrogen atom and is perpendicular to the C, axis of NO,.
The blue contours depict regions with energies below that of
the CH;+NO, asymptote. The roaming saddle points
correspond to the symmetrical minima directly above and
below the nitrogen atom. Note that in this plot the roaming
saddle points appear as minima because the reaction
coordinate is perpendicular to the plotting coordinates. The
plot illustrates that although there are well defined first order
saddle points for roaming, there is a considerable range of
orientations and separations for which the roaming can take
place at energies below the asymptotic energy of CH, + NO,.
Indeed purely attractive roaming paths exist even in the plane

of the NO, fragment. A proper evaluation of the roaming flux must consider the full range of
paths as is done in both the present RBT and statistical theory calculations.

The calculated branching ratio between roaming and direct dissociation is shown in Figure 3
along with the preV10us theoretical results of Homayoon et al'. The results show good agreement
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Figure 3

between the statistical and RBT calculations with the statistical
calculation overestimating the branching at high energies and
underestimating at low energies. The full dimensional
trajectory calculations of Homayoon et al' show significantly
more roaming than the present calculations. This is surprising
because, owing to a combination of lower level electronic
structure calculations and errors in the fitting of the nine
dimensional potential energy surface, their zero point corrected
roaming saddle point lies 0.23 kcal/mol above the radical
asymptote rather than 1 kcal/mole below as in the present

calculations. Presumably most, if not all, of the roaming in the

Homayoon et al' calculations come from trajectories violating zero point conservation in the
roaming region. The present RBT calculations avoid this problem as only the low frequency
transitional modes are treated classically. The high frequency conserved modes are treated as
harmonic oscillators (including zero point). This is a general problem in the application of full
dimensional trajectory calculations to threshold phenomena such as roaming.

Roaming Mechanisms for Decomposition of Aldehydes:

Recently reported photodissociation experiments® led to the conclusion that the roaming
mechanism is more important for ethyl aldehyde than for acetaldehyde. We have characterized
roaming saddle point for the series acetaldehyde, ethyl aldehyde, iso-propyl aldehyde and tert-
butyl aldehyde. The saddle point energies, relative to the corresponding radical asymptotes, are
-1.2,-2.3,-3.2 and -3.9 kcal/mol respectively. Thus as the size of the roaming fragments
increase, long range, dispersion forces lower the energies of the saddle points thus increasing the
importance of the roaming mechanisms.
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Future Plans

We plan to continue our studies of R+0, reactions including *CH,+0, and roaming radical
pathways.

Acknowledgement: This work was performed under the auspices of the Office of Basic Energy
Sciences, Division of Chemical Sciences, Geosciences and Biosciences, U.S. Department of
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Scope of the Project: To expand knowledge of transient species such as radicals relevant to
combustion chemistry and other areas including catalysis, new theoretical methods are needed for
reliable computer-based prediction of their properties. The two main areas of relevant theory are
electronic structure methods and techniques for chemical dynamics. Within electronic structure theory,
focus centers on the development of new density functional theory methods and new wave function
theories. Examples of current activity include the introduction of combinatorial design strategies for
density functionals, and new approaches to orbital optimized wave function methods. In chemical
dynamics, recent progress and planned activity centers on the development of tractable semi-classical
dynamics approaches that can address non-adiabatic processes. The focus is on turning semi-classical
theory into a practical way of adding quantum effects to classical molecular dynamics simulations of
large, complex molecular systems. Newly developed theoretical methods, as well as existing
approaches, are employed 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.

Recent Progress
Due to length limitations, only a selection of projects can be summarized here.

Density functionals. Head-Gordon and co-workers have been seeking the limit of transferable
accuracy that can be achieved with generalized gradient approximations (GGA’s) and corrections for
long-range dispersion interactions. They introduced a novel “survival of the most transferable”
(SOMT) procedure to achieve this goal. SOMT is a combinatorial design protocol that involves
training a very large numbers of functionals using roughly half the data, and then selecting the
functional that performs best on the remaining data (with the fewest parameters). A new range-
separated hybrid van der Waals corrected GGA functional was trained based on the SOMT protocol.
The functional, named ®B97X-V, contains only 10 parameters (e.g. versus 15 for the 2008 functional,
wB97X-D, or about 30 for M06-2X) and reduces RMS errors in non-bonded interactions by about
40% relative to ®B97X-D, while matching its performance for thermochemistry. The SOMT approach
is in principle extensible to the much more difficult problem of designing a meta GGA (MGGA). The
major challenge is an astronomical increase in the dimension of the search space. Making reasonable
choices about which parameters to consider to include or exclude, it increases from roughly 2'® in the
case of the ®B97X-V functional to approximately 2*° in the case of the meta GGA. A partial search of
the MGGA functional space has led to the very recent development of the B97M-V functional, which
has only 12 adjustable parameters (vs 34 for M06-L, which is in the same class). On some 2500 test
cases, BO7M-V is able to reduce the RMS errors of the best existing alternative MGGAs by nearly
30% for thermochemistry and nearly 50% for non-bonded interactions.

Semi-classical dynamics. It has been well established for many years that semi-classical (SC)
theory provides a very good description of essentially a// quantum effects in molecular dynamics, and
the outstanding challenge has been to what extent one can implement it efficiently enough to make it
routinely useful. Recent progress by Miller included the most accurate and efficient approach to date
for implementing the SC initial value representation (IVR) for molecular dynamics. The key to the
efficiency is in use of a time-dependent Monte Carlo sampling function for evaluating the phase space
average over initial conditions of classical trajectories that are the ‘input’ to the SC theory. Efforts
were also begun at finding a general and dynamically consistent way for treating the electronic and
nuclear degrees of freedom in non-adiabatic processes by classical molecular dynamics. The two
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essential steps for this are (1) to find a consistent way for describing the electronic (as well as nuclear)
degrees of freedom by classical mechanics (currently by the Meyer-Miller (MM) ‘electronic oscillator’
model), and (2) to be able to extract quantum state information for the electronic states from such a
description, where the ‘symmetrical quasi-classical’ (SQC) model was used. Both of these approaches
have a long history but have never been used in concert before in this way. They have given
remarkably good results for a series of standard non-adiabatic problems, even being able to describe
‘quantum coherence’ effects within a standard classical MD simulation.

Computational studies of chemical properties and reactivity. (i) In collaboration with
experimental measurements from the Ahmed and Leone groups at LBNL, the photodissociation of
glycerol has been explored. The key intermediate is a triplex between vinyl alcohol radical cation,
water and formaldehyde. (ii) Stimulated by experiments of Leone and collaborators, the reaction of
methylidyne (CH) with acrolein (CH,CHCHO) was studied using various ab initio and Diffusion
Monte Carlo methods. In agreement with experiment, the dominant product channel was found to be
the formation of C4Hg systems + H with leading products of furan + H and 1,3-butadienal + H. (iii) A
collaborative study between the Lester and Frenklach groups employing uncertainty quantification
(UQ) to improve quantum chemical predictions by using the Bound-to-Bound Data Collaboration
Framework has been completed, showing promise for problem-specific improvement of double hybrid
density functionals.

Future Plans: (i) Density functionals: The new combinatorial design approach will be extended to
range separated hybrid van der Waals functionals in the meta GGA class. This offers the possibility of
significantly higher accuracy than either ®B97X-V or B97M-V, possibly without many if any
additional parameters. A further possible extension is to double hybrid functionals, possibly including
orbital optimization. (ii) Semiclassical dynamics: It is planned to further pursue the recent work that
has proved so encouraging for having a general and robust classical simulation model for treating
electronically non-adiabatic processes, including further investigation of the fundamental theoretical
model, as well as to its application to specific processes. (iii) Computational studies of chemical
properties and reactivity: It is planned to characterize the reaction pathways associated with the
Criegee intermediate, CH;CHOO, by combining diffusion Monte Carlo (DMC) with ab initio
molecular dynamics simulations. Other potential systems of interest include energetics, spectroscopy,
and dynamics of RO, radicals in the context of low temperature reactions, and larger polycyclic
aromatic hydrocarbon species, and their ions, including clustering effects.

Recent Publications Citing DOE Support (2012-2015)
Austin, B. M., Zubarev, D. Yu., Lester, Jr., W. A. “Quantum Monte Carlo and Related Approaches” Chem.
Rev. 2012 112 263-288. DOI: 10.1021/cr2001564

= Azar, R. J. and M. Head-Gordon, “An Energy Decomposition Analysis for Intermolecular Interactions from
an Absolutely Localized Molecular Orbital Reference at the Coupled- Cluster Singles and Doubles Level” J.
Chem. Phys., 2012, 136, 024103. DOI: 10.1063/1.3674992

= Azar, R. J., P.R. Horn, E.J. Sundstrom, and M. Head-Gordon, “Useful Lower Limits to Polarization
Contributions to Intermolecular Interactions Using a Minimal Basis of Localized Orthogonal Orbitals: Theory
and Analysis of the Water Dimer” J. Chem. Phys., 2013, 138, 084102. DOI: 10.1063/1.4792434

= Bell, F., Q. N. Ruan, A. Golan, P. R. Horn, M. Ahmed, S. R. Leone, and M. Head-Gordon, “Dissociative
Photoionization of Glycerol and its Dimer Occurs Predominantly via a Ternary Hydrogen-Bridged Ion-
Molecule Complex” J. Am. Chem. Soc., 2013, 135, 14229- 14239. DOI: 10.1021/ja405511v

= Cotton, S. J. and Miller, W. H. “Symmetrical Windowing for Quantum States in Quasi-Classical Trajectory
Simulations” J. Phys. Chem. A 2013, 117, 7190-7194. DOI: 10.1021/jp401078u

= Cotton, S. J. and Miller, W. H., “Symmetrical Windowing for Quantum States in Quasi-Classical Trajectory
Simulations: Application to Electronically Non-Adiabatic Processes” J. Chem. Phys. 2013, 139, 234112.1-9.
DOI: 10.1063/1.4845235

108



Cotton, S. J., Igumenshchev, K. and Miller, W. H., “Symmetrical Windowing for Quantum States in Quasi-
Classical Trajectory Simulations: Application to Electron Transfer” J. Chem. Phys. 2014, 141, 084104.1-14.
DOI: 10.1063/1.4893345

Edwards, D. E., You, X., Zubarev, D. Yu., Lester,Jr., W.A., Frenklach, M., “Thermal Decomposition of
Graphene Armchair Oxyradical” Proc. Combust. Inst. 2013 34, 1759. DOI: 10.1016/j.proci.2012.05.031
Edwards, D. E., Zubarev, D. Y., Packard, A., Lester Jr., W. A., Frenklach, M. “Interval Prediction of
Molecular Properties in Parametrized Quantum Chemistry” Phys. Rev. Lett. 2014 112, 253003/5/. DOI:
10.1103/PhysRevLett.112.253003

Edwards, D. E., Zubarev, D., Lester, Jr., W. A., Frenklach, M., “Pathways to Soot Oxidation: Reaction of OH
with Phenanthrene Radicals” J. Phys. Chem. A 2014, 118, 8606-8613. DOI: 10.1021/jp5033178

Goldey, M. and M. Head-Gordon, “Separate Electronic Attenuation Allows a Spin-Component Scaled Second
Order Moller-Plesset Theory to be Effective for Both Thermochemistry and Non-Covalent Interactions” J.
Phys. Chem. B, 2014, 118, 6519-6525. DOI: 10.1021/jp4126478

Goldey, M. B. and M. Head-Gordon, “Convergence of Attenuated Second Order Mgller-Plesset Perturbation
Theory Towards the Complete Basis Set Limit” Chem. Phys. Lett., 2014, 608, 249-254. DOI:
10.1016/j.cplett.2014.05.092

Goldey, M., A. D. Dutoi and M. Head-Gordon, “Attenuated Second Order Moller-Plesset Theory: Assessment
and Performance in the aug-cc-pVTZ Basis” Phys. Chem. Chem. Phys., 2013, 15, 15869-15875. DOI:
10.1039/c3cp51826d

Goldey, M., R. A. DiStasio, Jr., Y. Shao, and M. Head-Gordon, “Shared Memory Multi Processing
Implementation of Resolution-of-the-Identity Second Order Mpgller-Plesset Perturbation Theory with
Attenuated and Unattenuated Results for Intermolecular Interactions between Larger Molecules” Mol. Phys.,
2014, 112, 836-843. DOI: 10.1080/00268976.2013.869363

Goldey, M. and M. Head-Gordon, “Attenuating Away the Errors in Inter and Intra-Molecular Interactions
from Second Order Moller-Plesset Calculations in the Small aug-cc-pVDZ Basis Set” J. Phys. Chem. Lett.,
2012, 3, 3592-3598. DOI: 10.1021/jz301694b

Horn, P.R., E.J. Sundstrom, T. Baker and M. Head-Gordon, “Unrestricted Absolutely Localized Molecular
Orbitals for Energy Decomposition Analysis: Theory and Applications to Intermolecular Interactions
Involving Radicals” J. Chem. Phys., 2013, 138, 134119. DOI: 10.1063/1.4798224

Huang, Y.-H., M. Goldey, M. Head-Gordon, and G. J. O. Beran, “Achieving High Accuracy Intermolecular
Interactions Through Coulomb-Attenuated Dispersion Corrected Second Order Meller-Plesset Theory” J.
Chem. Theory Comput., 2014, 10, 2054-2063. DOI: 10.1021/ct5002329

Kurlancheek, W., R. Lochan, K. V. Lawler, and M. Head-Gordon, “Exploring the Competition Between
Localization and Delocalization of the Neutral Soliton Defect in Polyenyl Chains With the Orbital Optimized
Second Order Opposite Spin Method” J. Chem. Phys. 2012, 136, 054113. DOI: 10.1063/1.3679658
Lambrecht, D. S., L. McCaslin, S. S. Xantheas, E. Epifanovsky, and M. Head-Gordon, “Refined Energetic
Ordering for Sulfate-Water (N=3-6) Clusters Using High-Level Electronic Structure Calculations” Mol. Phys.,
2012, 110, 2513-2521. DOI: 10.1080/00268976.2012.708442

LeDell, E., Prabhat, Zubarev, D. Yu., Austin, B. M., Lester, Jr., W. A. “Classification of Nodal Pockets in
Many-Electron Wave Functions via Machine Learning” J. Math. Chem. 2012 50, 2043-2050. DOI:
10.1007/s10910-012-0019-5

Li, B. and Miller, W. H., “A Cartesian Classical Second-Quantized May-Electron Hamiltonian, for Use with
the Semiclassical Initial Value Representation” J. Chem. Phys. 2012, 137, 154107.1-7. DOL:
10.1063/1.4757935

Li, B, Levy, T. J., Swenson, D. W. H., Rabani, E. and Miller, W. H., “A Cartesian Quasi- Classical Model to
Nonequilibrium Quantum Transport: The Anderson Impurity Model” J. Chem. Phys. 2013, 138, 104110.1-6.
DOI: 10.1063/1.4793747

Li, B., Miller, W. H., Levy, T. J., and Rabani, E., “Classical Mapping for Hubbard Operators: Application to
the Double-Anderson Model” J. Chem. Phys. 2014, 140, 204106.1-7. DOI: 10.1063/1.4878736

Li, B., Wilner, E. Y., Thoss, M., Rabani, E., and Miller, W. H., “A Quasi-Classical Mapping Approach to
Vibrationally Coupled Electron Transport in Molecular Junctions” J. Chem. Phys. 2014, 140, 104110.1-7.
DOI: 10.1063/1.4867789

Mardirossian, N., D.S. Lambrecht, L. McCaslin, S.S. Xantheas, and M. Head-Gordon, “The Performance of
Current Density Functionals for Sulfate-Water Clusters” J. Chem. Theory Comput., 2013, 9, 1368-1380. DOLI:
10.1021/ct4000235

109



Mardirossian, N. and M. Head-Gordon “Characterizing and Understanding the Remarkably Slow Basis Set
Convergence of Several Minnesota Density Functionals for Intermolecular Interaction Energies” J. Chem.
Theor. Comput., 2013, 9, 4453-4461. DOI: 10.1021/ct400660j

Mardirossian, N. and M. Head-Gordon, “@B97X-V: A 10 Parameter Range Separated Hybrid Density
Functional Including Non-Local Correlation, Designed by a Survival of the Fittest Strategy” Phys. Chem.
Chem. Phys.. 2014, 16, 9904-9924. DOI: 10.1039/c3cp54374a

Mardirrosian, N., and M. Head-Gordon, “Exploring the Limit of Accuracy for Density Functionals Based on
the Generalized Gradient Approximation: Local, Global Hybrid and Range-Separated Hybrids With and
Without Dispersion Corrections” J. Chem. Phys., 2014, 140, 18A527. DOI: 10.1063/1.4868117

Mardirossian, N. and M. Head-Gordon, “Mapping the genome of meta-generalized gradient approximation
density functionals: The search for B97M-V”, J. Chem. Phys. 142, 074111 (2015); (32 pages)
http://dx.doi.org/10.1063/1.4907719

Miller, W. H., “A Journey Through Chemical Dynamics” Annu. Rev. Phys. Chem. 2014, 65, 1- 19. DOI:
10.1146/annurev-physchem-040513-103720

Miller, W. H., “Note: Another Resolution of the Identity for Two-Electron Integrals” J. Chem. Phys. 2012,
136,216101.1-2. DOI: 10.1063/1.4728027

Miller, W. H., “Perspective: Quantum or Classical Coherence?” J. Chem. Phys. 2012, 136, 210901.1-6. DOI:
10.1063/1.4727849

Peverati, R. and M. Head-Gordon, “Orbital Optimized Double Hybrid Density Functionals” J. Chem. Phys.,
2013, 139, 024110. DOI: 10.1063/1.4812689

Small, D. W. and M. Head-Gordon, “A Fusion of the Closed-Shell Coupled Cluster Singles and Doubles
Method and Valence-Bond Theory for Bond Breaking” J. Chem. Phys., 2012, 137, 114103. DOLI:
10.1063/1.4751485

Small, D. W., K. V. Lawler, and M. Head-Gordon, “Coupled Cluster Valence Bond Method: Efficient
Implementation and Application to Extended Acene Oligomers” J. Chem. Theor. Comput., 2014, 10, 2027-
2040. DOI: 10.1021/ct500112y

Stiick, D. and M. Head-Gordon, “Regularized Orbital Optimized Second Order Perturbation Theory” J.
Chem. Phys., 2013, 139, 244109. DOI: 10.1063/1.4851816

Tao, G, and Miller, W. H., “Time-Dependent Important Sampling in Semiclassical Initial Value
Representation Calculations or Time Correlation Functions. III. A State-Resolved Implementation to
Electronically Non-Adiabatic Dynamics” Mol. Phys. 2013, 111, 1987- 1993. DOI: 10.1063/1.4793747

Tao, G. and Miller, W. H., “Time Dependent Importance Sampling in Semiclassical Initial Value
Representation Calculations for Time Correlation Functions. IT A Simplified Implementation” J. Chem. Phys.
2012, 137, 124105.1-7. DOI: 10.1063/1.4752206

Wang Z., Zubarev, D. Yu., Lester, W. A. Jr. “Quantum Monte Carlo Investigation of the H-shift and O2-loss
Reactions of Cis-2-Butene-1-Peroxy Radical” Theor. Chem. Accts. 2014 133, 1541. DOI: 10.1007/s00214-
014-1541-2

Zubarev, D. Yu., Austin, B. M., Lester, Jr., W. A. “Practical Aspects of Quantum Monte Carlo for the
Electronic Structure of Molecules” in Practical Aspects of Computational Chemistry: Methods, Concepts and
Applications, J. Leszczynski and M. K. Shukla, Eds., Springer, 2012, 255-292.

Zubarev, D. Yu., Austin, B. M., Lester, Jr., W. A. “Quantum Monte Carlo for the X-Ray Absorption
Spectrum of Pyrrole at the Nitrogen K-Edge” J. Chem. Phys. 2012 136, 144301/5/. DOI: 10.1063/1.3700803
Zubarev, D. Yu., Frenklach, M., Lester, Jr., W. A. “From Aromaticity to Self-Organized Criticality in
Graphene” Phys. Chem. Chem. Phys. 2012 14, 12075-12078. (Communication). DOI: 10.1039/c2cp41675a
Zubarev, D. Yu., Lester, Jr., W. A. “Beyond a Single Solvated Electron: Hybrid Quantum Monte Carlo and
Molecular Mechanics Approach” ACS Symposium Series Advances in Quantum Monte Carlo, 2012 1094,
201-206.

Zubarev, D. Yu., You, X., Frenklach, M., Lester, Jr., W. A. “Delocalization Effects in Pristine and Oxidized
Graphene Substrates” in Advances in the Theory of Quantum Systems in Chemistry and Physics (P. E.
Hoggan, E. J. Brindas, J. Maruani, P. Piecuch, and G. Delgado-Barrio, Eds.), Progress in Theoretical
Chemistry and Physics, 2012, 22, Springer, Dordrecht, Chapter 29, p. 553-569.

110



Laser Studies of
Combustion Chemistry

John F. Hershberger

Department of Chemistry and Biochemistry
North Dakota State University
NDSU Dept. 2735, PO Box 6050

Fargo, ND 58108-6050
john.hershberger@ndsu.edu

Time-resolved infrared diode laser absorption is 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) HCNO Photochemistry

In previous years, we have extensively studied the kinetics of radical-molecule
reactions involving HCNO, fulminic acid, which is produced in combustion chemistry
primarily by the HCCO + NO reaction. In the last two years, we have studied the
photochemistry of this molecule. We have determined the following UV absorption
cross sections for HCNO:

0 (193 nm) = (5.65 + 0.48) x 10-19 cm?2 molecule-1.
0 (248 nm) = (1.52 + 0.15) x 10-19 ¢cm?2 molecule-1.
0 (266 nm) = 1.42 x 10-19 ¢cm2 molecule-1.

We then used infrared spectroscopy to detect and quantify several product species,
including HCN, DCN, CO9, CO, DCN, NH, and HNCO. Last year’s (2014) report
described measurements of the 248-nm photolysis yields. Subsequently, we have
extended the measurements to 193 nm. At 193 nm, the following channels are
energetically possible:

HCNO + Av (193 nm) — O + HCN (1a)
— H+ (NCO) (1b)
— OH + CN (1c)
— CO + NH (alA) (1d)
— HNCO (le)

> CH + NO (1f)
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Channels (1a)-(1e) were accessible at 248 nm, but (1f) is not; it requires a higher
energy photon.

In order to suppress and/or redirect secondary chemistry, additional reagents
were often added. Details are given in the relevant publications, but briefly, reactive
species such as CN, NCO, and CH can react with HCNO, producing some of the same
products as we detect. CH is a particular problem, as it is highly reactive, and the
products of CH + HCNO are unknown. We first showed that channel (1f) is
insignificant by including *>NO in the reaction mixture. Under those conditions, the
following reactions occur:

CH + 15NO — BNCO+H (2a)
— HCB5N + 180 (2b)
I5NCO + 15NO —15N15NO + CO (3a)
— 15N15N + CO; (3b)

We then detect the double labeled ®*N!*NO molecule by infrared spectroscopy. We
found no transient signal attributable to !>N15NO, indicating that channel (1f) is
very minor. Based on an upper limit for a detectable transient signals, and
consideration of the branching ratios into (2a) and (3a), we estimated an upper limit
for ¢1r <0.02. At that point, we can use the same techniques used in our previous
study at 248-nm to deal with other secondary reactions. For example, if channel
(1b) is active, any NCO produced can react with HCNO:

NCO + HCNO —» HCN + CO + NO (4)

which would interfere with our HCN detection experiment. Addition of NO reagent
can suppress this reaction, as NCO+NO is fast and does not produce HCN. CN
radicals in channel (1c) are more problematic, however:

CN + HCNO — NO + HCCN (5)
HCCN + NO - HCN + NCO 6)

By including 15NO reagent, the HCN produced in reaction (6) is HC15N. Our infrared
probe then detects unlabeled HCN, which then entirely originates from photolysis
channel (1a).

To quantify channel (1b), we included 1°N180 reagents, resulting in the
following:

NCO + BN180  —NI5N180 + CO (7a)
— NI5N + OC180 (7b)

We then detect the OC!80 molecule. CO2 can also be produced by
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CN + HCNO — NO + HCCN 5)

HCCN + 15N180  — HCI5N + NC180 ®)
NCI80 + 15N180  —N15N180 + C150 (9a)
— NN + 180C180 (9b)

But this produces double-labeled COg, which is spectroscopically distinct.
To quantify channel (1c), we detected DCN produced upon addition of CoDg:

CN + C9Dg —» CoD5 + DCN (10)

Results are as follows:

Quantum Yields for HCNO Photolysis at 248 and 193nm

Product Channel ¢(248 nm)  &(193nm)

O+ HCN 0.39+£0.07 0.38+0.04
H + (NCO) 0.21 £0.04 0.07+0.02
CN+OH 0.16+£0.04 0.21+0.03
NH + CO 0.05+0.03 0.09+0.04
HNCO 0.05+0.02 0.02+0.01
CH + NO <0.02
Total 0.86 0.77

As can be seen, the primary difference between the 193 nm and 248 nm yields is
that channel (1b), H + (NCO), is much less important at 193 nm, while channel (1d),
NH+CO, is somewhat more important.

2) Reactions of Hydroxymethyl Radical

In last year’s report, we noted that the CN radical primarily abstracts an
alkyl hydrogen atom when it reacts with methanol:

CN + CH30H — HCN + CHoOH (11a)
— HCN + CH30 (11b)

Where we found that the yield of (11a) is ~0.8-0.9, while that of (11b) is only ~0.08.
This reaction therefore represents a clean source of hydroxymethyl (CHoOH), using
ICN as a CN precursor at 248 or 266 nm. CH9OH can then react with NO, as
follows:

CH90OH + NO — HCNO + HoO (12a)
— HCN + 2 OH (12b)
— HNO + CH90 (12¢)
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— HNCO + H90 (12d)
(+M) — HOCHoNO (12e)

One previous experimental study found a fairly high rate constant, 2.5 X 1011 cm3
molecule-1 s-1, but only at 1 atm pressure. Rate constants at lower pressure are
unknown; it is therefore possible that the collisionally stabilized adduct (12e)
dominates. We are currently using transient infrared spectroscopy and ab initio
calculations to study the product channels of this reaction. Preliminary
experimental results indicate that no HCNO or HCN is formed, but a modest yield
of HNO and a significant yield of HNCO is formed. Ab initio calculations show that
the adduct (12e) may readily be formed, but high barriers must be crossed in order
to form at least some of the bimolecular product channels. In particular, the
hydrogen migration to form ONCHOH9, which would dissociate to form (12a),
appears to be a high energy process. Surprisingly, a more complex multistep
pathway leading to channel (12d) appears to have accessible barriers. Experimental
work to quantify the HNCO product yield is ongoing.
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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 system or computer size; in other words, the con-
ventional matrix-algebra-based algorithms of these methods are fundamentally non-scalable, (2) by the
complexity and cost of developing some of the high-rank members of these methods, and (3) by the slow
convergence of electronic 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 diffi-
culties 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 metallic and superconducting
states as well as for electronic and/or vibrational strong correlation.

We aim to address all of these difficulties for electrons and vibrations with a view to establishing
accurate and systematic computational methods for condensed-phase systems, which go beyond the usual
density-functional approximations for electrons and harmonic approximation for vibrations.

Recent Progress
Publications

Twenty (20) papers have resulted from this award since 2012, acknowledging this DOE support.
They include a Feature Article in Journal of Physical Chemistry A with a cover art, an account in Account
of Chemical Research, and a review in International Reviews in Physical Chemistry. One book chapter in
Annual Reviews of Physical Chemistry has also resulted from this project. There are nine (9) additional
papers that resulted from another DOE (SciDAC) support, acknowledging the latter. These two projects
are mutually beneficial, but distinct from each other.

Research Highlights I. Electronic Structure Theory

Size-consistency theorems.” Why do variational electron-correlation methods such as truncated
CI methods tend to be non-size-consistent (non-size-extensive)? Why are size-consistent (size-extensive)
methods such as MP and CC methods nonvariational? We conjecture that the variational and size-
consistent properties are mutually exclusive in an ab initio electron-correlation method (which thus ex-
cludes the Hartree—Fock and density-functional methods). We have analyzed key examples (truncated and
full CI as well as variational and projection CC methods) that support the truth of this conjecture.

Monte Carlo explicitly correlated MP2.2 In collaboration with J. Zhang and E. F. Valeev (Virgin-
ia Tech), we have proposed a stochastic algorithm that can compute the basis-set-incompleteness correc-
tion to the second-order many-body perturbation (MP2) energy of a polyatomic molecule. It evaluates the
sum of two-, three-, and four-electron integrals over an explicit function of electron-electron distances by
a Monte Carlo (MC) integration at an operation cost per MC step increasing only quadratically with size.
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The method can reproduce the corrections to the MP2/cc-pVTZ energies of H,O, CHy, and C¢Hg within a
few mE,, after several million MC steps. It circumvents the resolution-of-the-identity approximation to the
nonfactorable three-electron integrals usually necessary in the conventional explicitly correlated (R12 or
F12) methods.

The aforementioned F12 method is based on the so-called “V” formula that is not variational with
respect to the form of the correlation factor. It gives F12 corrections to total energies that are accurate, but
F12 corrections to relative energies are found to be less reliable. We are thus extending this MC-MP2-F12
method to a variational (“VBX”) formula, which gives more accurate F12 energy differences. Our prelim-
inary work shows that there are tens of up to six-electron integrals, which are to be evaluated brute-force
by MC integration.

Research Highlights Il. Vibrational Structure Theory

Stochastic XVSCF.? We have developed a stochastic algorithm based on an Metropolis MC inte-
gration for the size-extensive vibrational self-consistent field methods, XVSCF(n) and XVSCF[#x], for
anharmonic molecular vibrations. The new MC-XVSCF methods substitute stochastic evaluations of a
small number of high-dimensional integrals of functions of the potential energy surface (PES), which is
sampled on demand, for diagrammatic equations involving high-order anharmonic force constants. This
algorithm obviates the need to evaluate and store any high-dimensional partial derivatives of the potential
and can be applied to the fully anharmonic PES without any Taylor-series approximation in an intrinsical-
ly parallelizable algorithm. The MC-XVSCF methods reproduce deterministic XVSCF calculations on
the same Taylor-series PES in all energies, frequencies, and geometries. Calculations using the fully an-
harmonic PES evaluated on the fly with electronic structure methods report anharmonic effects on fre-
quencies and geometries of much greater magnitude than deterministic XVSCF calculations, reflecting an
underestimation of anharmonic effects in a Taylor-series approximation to the PES.

Stochastic XVMP2.* A new quantum Monte Carlo (QMC) method for anharmonic vibrational ze-
ro-point energies and transition frequencies is developed, which combines the diagrammatic vibrational
many-body perturbation theory based on the Dyson equation with MC integration. The infinite sums of
the diagrammatic and thus size-consistent first- and second-order anharmonic corrections to the energy
and self-energy are expressed as sums of a few m- or 2m-dimensional integrals of wave functions and a
PES (m is the vibrational degrees of freedom). Each of these integrals is computed as the integrand (in-
cluding the value of the PES) divided by the value of a judiciously chosen weight function evaluated on
demand at geometries distributed randomly but according to the weight function via the Metropolis MC
algorithm. In this way, the method completely avoids cumbersome evaluation and storage of high-order
force constants necessary in the original formulation of the vibrational perturbation theory; it furthermore
allows even higher-order force constants essentially up to an infinite order to be taken into account in a
scalable, memory-efficient algorithm. The diagrammatic contributions to the frequency-dependent self-
energies that are stochastically evaluated at discrete frequencies can be reliably interpolated, allowing the
self-consistent solutions to the Dyson equation to be obtained. This method, therefore, can compute di-
rectly and stochastically the transition frequencies of fundamentals and overtones as well as their relative
intensities as pole strengths, without fixed-node errors that plague some QMC. It is shown that, for an
identical PES, the new method reproduces the correct deter-
mil}%stic values of the energiqs and frequencies within.a few a,a;ala] = [ﬁiajazaf,+[&'ia_il'gzﬁ;]+{%',—&'w}
cm~ and pole strengths within a few thousandths. With the - . . —
values of a PES evaluated on the fly at random geometries, the +a,a;a(a]) + (a,a;4]a])
new mc?thod captures a noticeably greater proportion of an- aadial + m’m;]
harmonic effects. ' o

Normal-ordered vibrational Hamiltonian.® The mo- = (@,a,]) + 8, la;d) +8,12,3))
lecular electronic Hamiltonian has evolved from the first- +3,-k[é,-ﬁf } +5,-1{&,ﬁf-l + 88 + 818k
quantized to second-quantized form, and then to the third and Normal ordering of the quartic force con-
most advanced, normal-ordered form, which is equivalent to stant operator.
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the corresponding Feynman—Goldstone diagrammatic form. Not only do normal ordering and associated
Wick’s theorem expedite the evaluation of the expectation values of operators, they also serve as a rigor-
ous mathematical basis of size-consistency arguments. Whereas normal ordering for boson creation and
annihilation operators and second-quantized (but not normal-ordered) vibrational Hamiltonians are well
documented, a normal-ordered vibrational Hamiltonian does not seem to be fully discussed in the litera-
ture. Here, we present the most compact form of such a Hamiltonian for anharmonic molecular vibrations
on a Taylor-series PES in the style of the normal-ordered electronic counterpart] widely used in deriving
equations of ab initio electronic structure theories. We then demonstrate how it can be used to rapidly
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define XVSCF methods and XVMP methods using the Mgller—Plesset
partitioning of the Hamiltonian.

XVCC and EOM-XVCC. Diagrammatically size-consistent and
basis-set-free vibrational coupled-cluster (XVCC) theory for both zero-
point energies and transition frequencies, the latter through the equa-
tion-of-motion (EOM) formalism, is defined for an nth-order Taylor-
series PES. Quantum-field-theoretical tools (the rules of normal-
ordered second quantization’ and Feynman—Goldstone diagrams) for
deriving their working equations are established. The equations of
XVCC and EOM-XVCC including up to the mth-order excitation op-
erators are derived and implemented with the aid of computer algebra
in the range of 1 < m < 8. The calculated zero-point energies and fre-
quencies of fundamentals, overtones, and combinations as well as
Fermi-resonant modes display rapid and nearly monotonic conver-
gence with m towards the exact values for the PES. The theory with the
same excitation rank as the truncation order of the Taylor-series PES
(m = n) seems to strike the best cost-accuracy balance, achieving the
accuracy of a few tenths of cm™' for transitions involving (m — 3)
modes and of a few cm ' for those involving (m — 2) modes. The rela-
tionships between XVCC and the vibrational coupled-cluster theories
of Prasad and coworkers and of Christiansen and coworkers as well as
the XVSCF and XVMP2 theories are also elucidated. The manuscript
is being finalized for publication.
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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
guasidegenerate (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 Cl 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.1. 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 GVVPT23 L°P1 and MRCISD* molecular gradients and nonadiabatic coupling terms. Efforts to scale-up
beyond transformation-based approaches, to iterative techniques, continue to be faced with puzzling
convergence issues that manifest themselves in the need to use unfeasibly large Lanczos or Arnoldi
subspaces. In the past year, our analysis shows that the source of the instability is either due to the use of
numerical techniques appropriate to convex surfaces (e.g. the Lagrangian multiplier approach or,
equivalently, constrained variational approach) to an inherently non-convex surface® or due to particularly
large near-null spaces®. It appears that this class of problem has not been previously addressed (or at least
not widely discussed) in the molecular electronic structure literature. In words, the problem is that none of
the wave function parameters (with the exception of the rather trivial configuration amplitudes of the
effective Hamiltonian) are stationary with respect to energy. This contrasts strongly with the situation in
MRCISD, in which the MCSCF parameters are non-stationary (with respect to the MRCISD energy), but
the CI amplitudes are not only stationary but strict minima.

Efforts to understand the topology of the space of wave function parameters for GVVPT2 has led to the
development of randomized single valued decomposition’ approaches to electronic structure. In completed
studies, we have shown that randomized SVD produces meaningful and accurate solutions for an
asymptotically stable (in the Lyapunov sense) series, such as produced by garden-variety, closed-shell MP2
or even by a quartically confined hydrogen atom. Work is underway to develop programs to support the
large-scale (i.e., high dimensionality) vector spaces of relevance to GVVPT2.

A.2. Relativistic Effects. Two types of relativistic effects are considered within the scope of this project.
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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.® In past reporting periods, we realized
a spin-free exact two-component (X2C)® within our GVVPT2 approach.’® We have used it successfully on
some highly problematic first- and second-row transition metal dimers (including the ever popular Crz). In
particular, we have generated the first-ever complete potential energy curves of the lowest three states of
Y., which correlate to the same asymptotic atomic states. Work during the preceding year examined
ground- and low-lying potential energy curves of Ni. and has begun on the very challenging lanthanoid
dimers. Our implementation of sf-X2C for MCSCF and GVVPT2 appears robust and, unless some hitherto
unsuspected problem arises, can be considered completed.

The situation with spin-dependent relativistic effects is much less clear. Evidence suggests that a
partitioning that is reminiscent of Douglas-Kroll-Hess, but with a different unperturbed operator, produces
quite satisfactory results in low order.® In the past two years, work has been refocused on producing an
effective one-electron spin-orbit operator that is obtained from the Douglas-Koll-Hess-like representation
of spin dependence. It is conjectured that an effective one-electron spin-orbit operator can be developed
that is related to the full spin-dependent DKH-like treatment in much the same manner that atomic mean
field integrals!* (AMFI) are derived from the Breit-Pauli operator will be efficacious. Calculation of the
true one-electron contribution (i.e., essentially the pVp-type integral with the scalar product replaced by a
vector product) using efficient Obara-Saika recursion has been refined in the preceding year for our
software platform. Issues with attaining accuracy of the pxVxp integrals, comparable to pVp, have delayed
progress. Particular attention is 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.1. Selenium Oxides GVVPT?2 calculations on the monoselenium oxides (SeO, SeO, and SeO3) and some
of their dimers (Se,0s and Se,0s) were completed earlier in the study and the results published.-°™ These
studies are complete, and wait either for experimental validation or further investigation should a
discrepancy be found.

B.2. Arsenic Oxides Based on the completed selenium

oxide work, and earlier work on nitrogen oxides, A @
As,0; cc-pVTZ

studies of plausible oxides containing one or two
arsenic were performed.'*™  The studies followed
much the same protocol as did the selenium oxides
study. Specifically, geometries were optimized as the
B3LYP level, with verification of suitability against
GVVPT2 and CR-CC(2,3)*? for a select number of
compounds, followed by single point energy
calculations using GVVPT2, with comparison with
CR-CC(2,3) for a number of the more traditionally
bound isomers.

Energy/kcal/mol

The active orbitals for the dimeric arsenic oxides were
divided into two subgroups. The high (single point)
energy occupied orbitals and the low energy unoccupied orbitals comprised the two groups. The model
space was generated by allowing all one and two electron excitations from the first to the second group.
This procedure, which used our macroconfiguration-based configuration generation program, allowed us
to generate a small active space than nonetheless spanned the most important configurations of a large
number of orbitals. Specifically, the energy calculations of the isomers and transition states of As,O3 used
20 active orbitals (i.e., the 2s and 2p of O, and the 4s and 4p of As) which contained 28 electrons (28e, 200)
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that were distributed as Gi = (13-18a; 5a, 6-9b; 11-13b,, in Cyy symmetry for isomer 1 (see Figure on
previous page), 23-31a’ 10-14a”, in Cs symmetry for isomer 2, or simply 32-45a in C; symmetry) and G, =
(19-20a; 6a; 10b; 14-15b,, in Cyy symmetry, 32-35a’ 15-16a”, in Cs symmetry, or simply 46-51a in C;
symmetry). For isomer 4 of As;0Os, the MCSCEF calculation used 17 active orbitals (i.e., the 2p of O, and
the 4s and 4p of As) which contained 22 electrons (22e, 170) that were distributed as G; = (27-33a’ 9-12a”)
and G = (34-38a’ 13a”), while in the GVVPT2 treatment, the oxygen 2s dominated molecular orbitals were
correlated which introduced three additional orbitals into the GVVPT2 occupied space (24-26a”, in Cs
symmetry). GVVPT2 calculations were then performed allowing all one- and two-electron excitations
from all active orbitals plus those from the lower energy occupied orbitals (i.e., “core”) to the higher energy
unoccupied orbitals (i.e., “virtual”). Excitations from the core to the active, as well as all semi-internal
excitations, were also allowed at the GVVPT2 stage.

B.3. Antimony Oxides The study of SbnOn (Mm=1,2; n=1, 3, .
5) was a major focus during the preceding year. The studies
followed the protocol developed for SemOn, and AsmOn. TO
begin, calculations validating the adequacy of B3LYP DFT

geometries, relative to GVVPT2, CR-CC(2,3) and the few s
experimental results available, for select compounds were

performed. Again, it was found that B3LYP geometries
were quite reasonable and were used for the remainder of jsomers &
klsomera

the calculations. The SDB-aug-cc-pVTZ basis set was used
for antimony atoms and the corresponding aug-cc-pVTZ for

Energy relative to Isomer 7

oxygen atoms. SbO and SbO, were unremarkable, with
bond lengths of 1.821 and 1.834 A, respectively. In
comparison, the corresponding bond lengths in arsenic were
1.637 and 1.644 A. However, the relatively large size of Sh fsomer®

led to a marked difference in the case of the trioxides.
Namely, SbO3z shows pronounced elongation of the Sb—-O
bonds (to over 1.9 A), to the extent that an O, moiety (with bond length of 1.504 A) is seen to form. Since
the dominant bonding motifs in the diantimony oxides (as was the case for selenium oxides and arsenic
oxides) are arrangements of 2 and 3 oxygens attached to a metalloid center, the formation of pseudo-
molecular O provides more varied structures than found for the lighter elements. Moreover, increased
proclivity to form Sb—Sb bonds is also observed.

Isomer7

Isomer10

Isomer18

Isomer 11 M
Isomer13 lsomer 14 Iéomer17
Isomer12

Isomer15

Energy relative to Isomer 16

Isomer16
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I11. 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 GVVPT2 continues to be resolution of the scale-up issue for gradients, which has proven itself to be a
surprisingly difficult problem. Progress on scale-up of determination of the GVVPT2 nonadiabatic
coupling matrix elements should follow rapidly, since the response matrix is identical between GVVPT2
gradients and nonadiabatic couplings. Using the in-house configuration-driven UGA code, spin-dependent
Douglas-Kroll-Hess-like effective one-electron spin-orbit coupling matrix elements will be optimized for
use in our program suite (“undmol”). 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, will be pursued. As production computer codes
become available, we intend to refine the AsnO, potential energy surfaces, but foresee continued emphasis
on the SbnO, surfaces. All-electron relativistic calculations will replace earlier work using ECPs.
Similarly, our studies on Os;, HOs; and the NO+NO surfaces, which were examined earlier by us at the
GVVPT?2 level using energy only calculations, will be re-examined as the new spin-orbit and nonadiabatic
coupling codes become available. Once GVVPT2 derivative codes are optimized, an interface to the quasi-
classical Newton-X dynamics code will be built. Plans are to consider dynamical and kinematical features
of the surfaces.
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I. Program Scope

Elementary chemical kinetics calculations aid in the interpretation of experimental rate
measurements and inform the development of comprehensive and detailed models of combustion. The
predictive accuracy of chemical kinetics calculations is improving and generally approaching so-called
“kinetic accuracy,” defined as a factor of 2 in the calculated rate coefficient. 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 ongoing improvements in computational
power 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 realization of kinetic accuracy for applications throughout
combustion. The model developments we are presently focused on are: (1) predicting pressure
dependence in elementary reactions using detailed master equation models of energy transfer informed
by classical trajectories, (2) characterizing spin-forbidden kinetics using both multistate trajectory
methods and statistical theories, and (3) predicting anharmonic vibrational properties for polyatomic
molecules at combustion temperatures via Monte Carlo phase space integration.

II. Recent Progress

The pressure-dependent unimolecular kinetics of CH; + He and C,H; + He were calculated in
collaboration with Harding, Miller, and Klippenstein (Argonne). This work involved a combination of
quantum chemistry, transition state theory, classical trajectory, and master equation methods. A
detailed model for the collisional energy transfer function P(E,J;E"J") was developed, which, unlike
the well known single exponential down model, features: explicit angular momentum dependence,
“long tail” collisions in both AE and AJ, and nonseparability of AE and AJ. The information required
to parameterize such a model was obtained by calculating low-order moments of P using classical
trajectories, against which the parameters of the model for P were optimized. Calculated rate
coefficients obtained via this first-principles approach agreed with available experimental values
within ~20%, which is similar to the reported accuracy of the experimental rates.

In other work, P(E.J;E'= 97% of the dissociation threshold of NO,,J' = 0) for NO, + Ar was
calculated as part of a joint theoretical/experimental study with Dave Chandler (Sandia). Both
determinations of P showed biexponential (“long tail”’) behavior, although the theoretical value for the
long tail range parameter (275 cm ') was ~3x larger than the experimental value. The source of this
discrepancy is unclear and may be related to the calculations’ neglect of excited electronic states.

We have used direct dynamics trajectories to study collisional energy transfer for CH4 + He,
Ne, and H,, C;Hs + He, and C,H¢ + He. These results were used to test the accuracy of the pairwise
approximation for the interaction potential. We further tested the accuracy of using pairwise
interaction potentials obtained for CHy + M for systems larger than methane, i.e., we tested the
accuracy of using methane’s interaction parameters as universal C,H, + M interaction parameters. For
the saturated and lightly unsaturated systems we considered, results obtained using the universal C.H,
+ M potentials were found to agree with direct dynamics results within the statistical uncertainties of
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the calculations. The resulting universal potentials are very efficient relative to direct dynamics and
may be used to study systems with dozens of C atoms.

We used the universal C,H, + M potentials to evaluate Troe’s collision efficiency (and an
approximation to it) for seven atomic and diatomic baths and for molecules and radicals as large as
octane. In total, 266 systems were studied, including normal, branched, cyclic, and unsaturated
hydrocarbon molecules, as well as hydrocarbon radicals interacting with the seven baths. These
collision efficiencies are simple functions of the first moment of the energy transferred in deactivating
collisions, <AEs>. We also considered the rotational collision efficiency for several systems by
calculating the first moment of the angular momentum transferred in deactivating collisions, <AJs>.
Trends in the collision efficiencies with respect to the bath gas, its temperature, and the size and
chemical structure of the hydrocarbon target were quantified and discussed.

We have carried out direct dynamics collisional energy transfer trajectory calculations, where
the potential energy surface was calculated using MP2 and double-C basis sets. The quality of the MP2
potentials was validated by comparing cuts through the interaction potential with those from higher-
level quantum chemistry methods and then optimizing details of the basis set and/or scaling the
correlation energy. This MP2-based approach accurately reproduces anisotropies in the interaction
potentials while remaining efficient enough for the trajectory calculations. This approach is
particularly useful for systems with strongly anisotropic interaction potentials, such as CH4 + H,O.
Collisional energy transfer for the CH4 + H,O system was studied in detail, and the results for this bath
were compared with those for atomic and diatomic baths. The collision efficiency of water relative to
argon was found to depend on temperature and to vary from 3 at 300 K to 7 at 2000 K. We found that
water completely equilibrated rotations only at low temperatures, and that none of the other baths
completely equilibrated rotations at any of the temperatures considered. Nonetheless, low-pressure rate
coefficients calculated using a model that assumes statistically equilibrated rotations were shown to be
accurate at combustion temperatures. At low temperatures and for He, however, weak-collider-in-J
effects were found to reduce the predicted low-pressure-limit rate coefficients by a factor of 2.

Several methods for predicting Lennard-Jones parameters for use as transport parameters in
chemical kinetics models and for calculating collision rates in elementary Kinetics were tested. The
“one-dimensional minimization” method was found to be both accurate and efficient. In this method,
the two interacting species are randomly oriented with respect to one another, and the interaction
potential is minimized for this fixed orientation. The process is repeated for several orientations, and
the resulting set of minimum energies and optimized center-of-mass separations are then averaged to
obtain the Lennard-Jones parameters. Collision rates predicted using this method agree well with those
based on tabulated parameters (typically within ~10%) for a wide variety of systems.

Dilute gas binary diffusion coefficients of H, H,, and 4 n-alkanes in N, were calculated
“exactly” (but within the classical approximation) using full-dimensional classical trajectories and the
CiHy + N, potentials described above. The calculated diffusion coefficients were found to agree with
Manion’s (NIST) measured values for the n-alkanes in N, to with a few percent. Diffusion coefficients
are often approximated using Lennard-Jones parameters in combustion models, and the exact classical
results were used to test the severity of this approximation for such applications. For most systems at
combustion temperatures, the Lennard-Jones approximation is likely accurate within ~15%. For
weakly interacting systems, however, more realistic treatments of the repulsive wall are required. For
systems at low temperatures, the neglect of anisotropy may introduce non-negligible errors.

With Richard Dawes (MST), the high-pressure limit rate coefficient for the spin-forbidden
reaction O + CO — CO, was characterized in detail using a combination of high-level ab initio
calculations, diabatic potential energy surface fitting, and electronically nonadiabatic trajectory
calculations. The dynamic weighted MRCI method with a large basis set and near full valence active
space was used to characterize the lowest-energy singlet and two lowest-energy triplet surfaces. The
interpolated moving least squares (IMLS) method was used to fit accurate global analytic
representations of the MRCI surfaces along with geometry-dependent calculated spin-orbit coupling
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surfaces. The coherent switches with decay of mixing (CSDM) semiclassical trajectory method was
then used to calculate spin-forbidden rate coefficients corresponding to the high pressure limit.
Dynamical details of the coupled-state trajectories were used to analyze the appropriateness of typical
assumptions appearing in spin-forbidden statistical models. A semiclassical statistical theory that
includes models for electronic decoherence and multidimensional electronic transitions was developed
and applied to this system. The rates obtained via the new statistical theory agree quantitatively with
the CSDM results, so long as consistent thresholds are used, whereas a Landau-Zener-based statistical
rate differs by ~2x.

Efficient and accurate strategies for performing classical Monte Carlo phase space integrals
(MCPSI) for calculating vibrational properties at combustion temperatures have been developed. We
quantified that classical phase space integration could be done more efficiently using natural (z-matrix,
curvilinear) coordinates instead of Cartesian normal mode coordinates. The classical MCPSI results
are fairly accurate at combustion temperatures and can be made quantitative via simple Pitzer-Gwinn
corrections to the classical anharmonic partition functions. To better enable practical MCPSI
calculations for large molecular systems, we have approximated the full-dimensional phase space
integral via a hierarchy of expressions based on so-called “n-mode intrinsic” state densities. The 2-
mode (pairwise) intrinsic state density, for example, is defined for a pair of vibrational coordinates as
the vibrational state density not represented by the convolution of the one-dimensional state densities
for each of the coordinates. The low-order state densities used to define the intrinsics are evaluated via
MCPSI and contain all of the anharmonicity within the modes considered, and so the method may be
applied to nonlocal motions such as torsions. The full-dimensional state density is then approximated
via convolutions of the intrinsic state densities. We found that very accurate full-dimensional
anharmonic state densities could be recovered by considering only pairwise intrinsic state densities.
The computational cost scales much better with respect to the size of the system via this pairwise
approximation relative to full-dimensional MCPSI.

III. Future Work

We will continue the development and application of predictive models for pressure-
dependent chemical kinetics. These calculations require the development of both direct dynamics and
fitted potential surface strategies for accurately describing the full-dimensional target—bath systems.
We will extend the types of species considered to include those with halogen and oxygen atoms.
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. Several applications to
combustion-relevant systems will be carried out. This work continues the collaboration with Miller
and Klippenstein at Argonne.

The MCPSI method for calculating vibrational anharmonicity will continue to be applied and
developed. We will focus on systems where the accuracy of existing vibrational anharmonicity
approaches is not known, such as those involving constrained torsions and rings. We will also adapt
our curvilinear n-mode MCPSI strategies for calculating classical fluxes through transition state
dividing surfaces, where care must be taken when projecting out the curvilinear reaction coordinate.

We propose to continue to develop and validate theoretical methods for studying electronic
state transitions in chemistry. We will continue to use short-time multistate trajectories to calculate
improved spin-forbidden transition probabilities that, unlike the Landau-Zener approximation, include
multidimensional dynamical and (de)coherence effects. These multidimensional transition
probabilities will be used in statistical calculations, where complex reactions with competing spin-
forbidden and spin-allowed pathways can be accurately studied.

IV. AITSTME

The AITSTME project (PI: Klippenstein, Argonne) is part of the Predictive Theory and
Modeling component of the Materials Genome Initiative and supports the integration of several
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chemical kinetics codes actively being developed at Argonne and Sandia. We have used our
AITSTME funding to develop two published codes. piNT (sandia.gov/~ajasper/dint/) is a general
trajectory code capable of nonadiabatic trajectory calculations (including those for the spin-forbidden
kinetics) as well as collisional energy transfer calculations. onebMin (sandia.gov/~ajasper/onedmin/) is
a code for efficiently approximating Lennard-Jones parameters from full-dimensional interaction
potentials via the “one-dimensional minimization” method described. In the next year, we will
continue to develop several codes, with the AITSTME-funded goals of generalizing and documenting
them such that they can usefully be made available online.
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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,
branching ratios of competing reaction channels, reaction energetics, and on the underlying reaction
mechanisms. These data are of crucial importance to comprehend the formation of two key classes of
molecules in combustion processes: resonantly stabilized free radicals (RSFRs) and (substituted) polycyc-
lic aromatic hydrocarbons (PAHS).

2. Recent Progress
2.1. Formation of Resonantly Stabilized Free Radicals (RSFRs) in Crossed Beams

We expanded our studies on the formation of resonantly stabilized free radicals (RSFR) and explored the
C¢Hs and C;H; potential energy surfaces (PES) via the reactions of dicarbon molecules with C4Hg (1-
butyne, 2-butyne, 1,2-butadiene) [P14] and C4Hs isomers (isoprene, 1-methyl-1,3-butadiene) [P13, P15],
respectively, under single collision conditions. Besides the synthesis of the aromatic and resonantly
stabilized free benzyl (CsHsCH,) radical [P13], these reactions revealed the synthesis of acyclic doublet
radicals, which are isomers of the thermodynamically more stable phenyl and benzyl radicals, respec-
tively. These studies were conducted in collaboration with Prof. Mebel (Florida International University)
to investigate these bimolecular reactions computationally. The experimental and computational studies
on the formation of resonantly stabilized free radicals (RSFR) under single collision conditions have been
reviewed in P28.

2.2. Formation of (Methylsubstituted) Bicyclic Aromatic Molecules in Crossed Beams

Considering our unique capabilities to synthesize bicyclic PAH molecules indene (CgHg), naphthalene
(C1oHg), and dihydronaphthalene (CyoH10) Vvia reactions of the phenyl radical (C¢Hs) with unsaturated C3
(methylacetylene, allene) and C4 hydrocarbons (vinylacetylene, 1,3-butadiene) under single collision
conditions, we have expanded our studies to the next level and investigated the formation of (di)methyl-
substituted PAHSs with indene and naphthalene cores (Figure 1) [P12, P16, P17, P19-P22, P24, P27, P30].
For this, we generated intense supersonic beams of meta and para tolyl (2- and 4-methylphenyl) radicals
(CsH4CHa3) via photodissociation of m- and p-chlorotoluene (2- and 4-chlorotoluene) at 193 nm and
probed the reactions with unsaturated C3 to C5 hydrocarbons. The bimolecular reactions of these phenyl-
type radicals with C4 and C5 hydrocarbons were found to synthesize polycyclic aromatic hydrocarbons
(PAHs) with naphthalene and 1,4-dihydronaphthalene cores in exoergic and entrance barrier-less
reactions under single collision conditions. The reaction mechanism involves the initial formation of a
van-der-Waals complex and addition of the phenyl-type radical to the C1 position of a vinyl-type group
through a submerged barrier. Our investigations suggest that in the hydrocarbon reactant, the vinyl-type
group must be in conjugation to a -C=CH or -HC=CH, group to form a resonantly stabilized free radical
(RSFR) intermediate, which eventually isomerizes to a cyclic intermediate followed by hydrogen loss and
aromatization (PAH formation). The studies were conducted in collaboration with Prof. Mebel (Florida
International University) and Prof. Morakuma (Emory) to investigate the bimolecular reactions compu-
tationally.
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Figure 1: (Di)methylsubstituted PAHs with indene, naphthalene, and dihydronaphthalene cores formed in
the reactions of phenyl-type radicals with C3 to C4 hydrocarbons.

2.3. Destruction of Aromatic Molecules - Photoionization Studies at the ALS

To yield further insights into the chemistry of the phenyl radical — the key growth species leading to PAH
formation - under combustion relevant conditions, it is important to unravel not only the molecular
growth pathways from reactions with (unsaturated) hydrocarbons, but also the destruction pathways of the
phenyl radical upon reaction with molecular oxygen. Here, we expanded our collaboration with Musa
Ahmed (LBNL) at the Chemical Dynamics Beamline and probed the outcome of the key reactions of the
phenyl radical degradation by molecular oxygen in a high temperature ‘chemical reactor’ (P23). The
reaction is conducted in a supersonic molecular beam through reaction of pyrolytically generated phenyl
radicals (C¢Hs) with oxygen inside a heated silicon carbide tube (‘chemical reactor’). The products
formed are then photoionized by vacuum ultraviolet (VUV) light from the Advanced Light Source at
various photon energies from 7 to 11 eV to record photoionization efficiency (PIE) curves. Based on
known PIE curves of known/calibrated isomers, the recorded PIE curves are then simulated to extract the
nature of the products formed and their branching ratios over a range of combustion-relevant reaction
vessel temperatures and pressures to extract the overall reaction channels.

2.4. Growth of Aromatic Molecules - Photoionization Studies at the ALS

Despite the popularity of the HACA mechanism in PAH formation, this mechanism has not been verified
experimentally to date under controlled experimental conditions. Exploiting a ‘chemical reactor’ to simu-
late combustion conditions, we exposed for the first time that the HACA mechanism can produce the pro-
totype PAHs naphthalene (C,oHg) (P18), indene (CyHs), and acenaphthylene (Cy,Hs) (P26) via reactions
of phenyl (C¢Hs), benzyl (C¢HsCHy), and naphthyl radicals (CyoH;) with acetylene (Figure 2). Note that
neither anthracene nor phenanthrene have been detected as products of the reaction of naphthyl radicals
with acetylene proposing that the HACA mechanisms is much less ‘versatile’ toward the formation of
more complex PAHs than previously postulated thus opening up alternative reaction pathways such as a
vinylacetylene-mediated synthesis of complex PAHSs in combustion flames (P21). Our experiments at the
Advanced Light Source have been also expanded to elucidate the formation of nitrogen-substituted
aromatic molecules such as pyridine (P29) and (iso)quinolone (P25) as their simplest representatives.

e
o
o

naphthalene indene acenaphthylene
X = ‘ =
N/ \N X
pyridine guinoline isoquinoline

Figure 2: Structures of PAHs and nitrogen-bearing aromatic systems synthesized in the pyrolytic reactor.
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3. Future Plans

We are planning to explore the formation of tricyclic PAHSs carrying six- and five-membered rings such
as anthracene/phenanthrene and fluorene under single collision conditions via reactions of bicyclic
aromatic radicals like naphthyl and indenyl with C2 to C4 hydrocarbons (acetylene, methylacetylene,
allene, vinylacetylene) in collaboration with Prof. Mebel. Further, we continue the elucidation of the
destruction (oxidation) of PAH-based radicals such as naphthyl and indenyl in the pyrolysis reactor in
collaboration with Musa Ahmed (LBNL) at the Chemical Dynamics Beamline.

4. Acknowledgements
This work was supported by US Department of Energy (Basic Energy Sciences; DE-FG02-03-ER15411).
5. Publications Acknowledging DE-FG02-03ER15411 (1/2012 — now)

P1 A.V. Wilson, D.S.N. Parker, F. Zhang, R.I. Kaiser, Crossed Beam Study of the Atom-Radical Reaction of Ground
State Carbon (C(*P;)) with the Vinyl Radical (C;Hs, X°A’). Physical Chemistry Chemical Physics 14, 477-481
(2012).

P2 R.l. Kaiser, X. Gu, F. Zhang, P. Maksyutenko, Crossed Beams Reactions of Methylidyne [CH(X?/1)] with D2-
Acetylene [C,D,(X'Z,")] and of D1-Methylidyne [CD(X’I1)] with Acetylene [CHa(X*Z,")]. Physical Chemistry
Chemical Physics 14, 575-588 (2012).

P3 R.I. Kaiser, D.S.N Parker, M. Goswami, F. Zhang, V. Kislov, A.M. Mebel, Crossed Beam Reaction of Phenyl
and D5-Phenyl Radicals with Propene and Deuterated Counterparts — Competing Atomic Hydrogen and Methyl
Loss Pathways. Physical Chemistry Chemical Physics 14, 720-729 (2012).

P4 D.S.N Parker, F. Zhang, R.I. Kaiser, V. Kislov, A.M. Mebel, A.G.G.M. Tielens, Low Temperature Formation of
Naphthalene and Its Role in the Synthesis of PAHSs in the Interstellar Medium. Proceedings National Academy of
Sciences USA (PNAS) 109, 53-58 (2012).

P5 D.S.N. Parker, F. Zhang, Y. S. Kim, R. I. Kaiser, A. Landera, A. M. Mebel, On the Formation of
Phenyldiacetylene (CsHsCCCCH) and D5-Phenyldiacetylene (C¢DsCCCCH) Studied under Single Collision
Conditions. Physical Chemistry Chemical Physics 14, 2997-3003 (2012).

P6 F. Zhang, R.l. Kaiser, A. Golan, M. Ahmed, N. Hansen, A VUV Photoionization Study of the Combustion-
Relevant Reaction of the Phenyl Radical (C¢Hs) with Propylene (C3Hg) in a High Temperature Chemical Reactor.
The Journal of Physical Chemistry A 116, 3541-3546 (2012).

P7 R.l. Kaiser, D.S.N. Parker, F. Zhang, A. Landera, V.V. Kislov, A.M. Mebel, Formation of PAHs and their
Derivatives under Single Collision Conditions - The 1,4-Dihydronaphthalene Molecule as a Case Study. The
Journal of Physical Chemistry A 116, 4248-4258 (2012).

P8 A. Golan, M. Ahmed, A. M. Mebel, R.1. Kaiser, A VUV Photoionization Study on the Formation of Primary and
Secondary Products in the Reaction of the Phenyl Radical with 1,3-Butadiene under Combustion Relevant
Conditions. Physical Chemistry Chemical Physics 15, 341-347 (2013).

P9 B.B. Dangi, D.S.N. Parker, R.I. Kaiser, A. Jamal, A.M. Mebel, A Combined Experimental and Theoretical Study
on the Gas Phase Synthesis of Toluene under Single Collision Conditions. Angew. Chemie Int. Ed. 52, 7186-7189
(2013).

P10 B.B. Dangi, S. Maity, R.I. Kaiser, A.M. Mebel, A Combined Crossed Beam and Ab Initio Investigation of the
Gas Phase Reaction of Dicarbon Molecules (Cy; X'2,"/a’l1,) with Propene (CsHs; X'A%). The Journal of Physical
Chemistry A 117 11783-11793 (2013).

P11 D.S.N. Parker, T. Yang, R. I. Kaiser, A. Landera, A. M. Mebel, On the Formation of Ethynylbiphenyl
(Ci4DsHs; CsDsCsH4CCH) Isomers in the Reaction of D5-Phenyl Radicals (CsDs; X?A;) with Phenylacetylene
(CeHsC,H; X*A;) Under Single Collision Conditions. CPL 595, 230-236 (2014).

P12 D.S.N. Parker, B. B. Dangi, R.l. Kaiser, A. Jamal, M.N. Ryazantsev, K. Morokuma, A. Korte, W. Sander, An
Experimental and Theoretical Study on the Formation of 2-Methylnaphthalene (C;;H;0/C11H3D5) in the Reactions of
the Para-Tolyl (C;H;) and Para-Tolyl-d7 (C;D;) with Vinylacetylene (C,H,). The Journal of Physical Chemistry A,
118, 2709-2718 (2014).

P13 B.B. Dangi, D.S.N. Parker, T. Yang, R.l. Kaiser, A.M. Mebel, Gas Phase Synthesis of the Benzyl Radical
(C¢HsCH,), Angew. Chemie Int. Ed. 53, 4608-4613 (2014).

129



P14 D.S.N. Parker, S. Maity, B.B. Dangi, R.l. Kaiser, T. Labrador, A. M. Mebel, Understanding the Chemical
Dynamics of the Reactions of Dicarbon with 1-Butyne, 2-Butyne, and 1,2-Butadiene — Toward the Formation of
Resonantly Stabilized Free Radicals. Physical Chemistry Chemical Physics 16, 12150-12163 (2014).

P15 B. B. Dangi, D.S.N. Parker, R.I. Kaiser, A.M. Mebel, An Experimental and Theoretical Investigation of the
Formation of C;H; Isomers in the Bimolecular Reaction of Dicarbon Molecules with 1,3-Pentadiene, Chem. Phys.
Lett. 607 92-99 (2014).

P16 T. Yang, D.S.N. Parker, B. Dangi, R.l. Kaiser, V.V. Kislov, A.M. Mebel, Crossed Beam Reactions of the
Reaction of Phenyl (CqHs; X?A;) and D5-Phenyl Radical (CsDs; X?A;) with 1,2-Butadiene (H,CCCHCH;; X'A%),
The Journal of Physical Chemistry A 118, 4372-4381 (2014).

P17 B.B. Dangi, T. Yang, R.l. Kaiser, A.M. Mebel, Reaction Dynamics of the 4-Methylphenyl Radical (C¢H,CHs;
p-Tolyl) with Isoprene (CsHg) - Formation of Dimethyldihydronaphthalenes. Physical Chemistry Chemical Physics
16, 16805-16814 (2014).

P18 D.S.N. Parker, R.I. Kaiser, T. Troy, M. Ahmed, Hydrogen Abstraction Acetylene Addition Revealed! Angew.
Chemie Int. Edition 53, 7440-7444 (2014).

P19 R.I. Kaiser, B.B. Dangi, T. Yang, D.S.N. Parker, A.M. Mebel, Reaction Dynamics of the 4-Methylphenyl
Radical (p-Tolyl) with 1,2-Butadiene (1-Methylallene) — Are Methyl Groups purely Spectators? The Journal of
Physical Chemistry A 118, 6181-6190 (2014).

P20 D.S.N. Parker, B. B. Dangi, R.l. Kaiser, A. Jamal, K. Morokuma, Formation of 6-Methyl-1,4-Dihydro-
naphthalene in the Reaction of the Para-Tolyl Radical with 1,3-Butadiene under Single Collision Conditions. The
Journal of Physical Chemistry A 118, 12111-12119 (2014).

P21 R.1. Kaiser, D.S.N. Parker, A.M. Mebel, Reaction Dynamics in Astrochemistry: Low Temperature Pathways to
Polycyclic Aromatic Hydrocarbons (PAHS) in the Interstellar Medium (ISM). Annu. Rev. Physical Chemistry 66,
43-67 (2015).

P22 T. Yang, L. Muzangwa, D.S.N. Parker, R. I. Kaiser, A.M. Mebel, Synthesis of 2- and 1-Methyl-1,4-
Dihydronaphthalene Isomers studied via the Crossed Beam Reactions of Phenyl Radicals (C¢Hs) with 1,3-
Pentadiene (CH,CHCHCHCH,3) and Isoprene (CH,C(CH3)CHCH,). Physical Chemistry Chemical Physics, 17,
530-540 (2015).

P23 D.S.N. Parker, R.1. Kaiser, T. P. Troy, O. Kostko, M. Ahmed, A.M. Mebel, Toward the Oxidation of the Phenyl
Radical and Prevention of PAH Formation in Combustion Systems. The Journal of Physical Chemistry A (in press
2015).

P24 T. Yang, D.S.N. Parker, B. B. Dangi, R. I. Kaiser, A.M. Mebel, Formation of 5- and 6-Methyl-1H-Indene
(C1oH1o) via the Reactions of the Para-Tolyl Radical (CsH,CH3) with Allene (H,CCCH;) and Methylacetylene
(HCCCHGa) under Single Collision Conditions. Physical Chemistry Chemical Physics (in press 2015).

P25 D.S.N. Parker, R.I. Kaiser, O. Kostko, T.P. Troy, M. Ahmed, A.M. Mebel, A.G.G.M. Tielens, On the Synthesis
of (Iso)Quinoline in Circumstellar Envelopes and Its Ro