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Foreword

This abstract booklet provides a record of the thirty-first U.S. Department of Energy
contractors’ meeting focused on gas-phase chemical physics. The reports appearing in this
volume present work in progress in basic research contributing to the development of a
predictive capability for combustion processes. The work reported herein is supported by the
Department of Energy's Office of Basic Energy Sciences (BES) and, in large measure, by the
chemical physics program. The long-term objective of this effort is the provision of theories,
data, and procedures to enable the development of reliable computational models of combustion
processes, systems, and devices.

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

During the past year, and a number of preceding years, this program benefited greatly
from the leadership and insights of Dr. Larry Rahn. We appreciate the privilege of serving in
the management of this research program. In carrying out these tasks, we learn from the
achievements and share the excitement of the research of the many sponsored scientists and
students whose work is summarized in the abstracts published on the following pages.

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

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

Michael Casassa
Mark Pederson
Wade Sisk
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Ultrafast Dynamics and Quantum Control of Non-adiabatic Processes

Albert Stolow
Steacie Institute for Molecular Sciences, National Research Council Canada
Ottawa, Canada

Femtosecond laser technology has several implications for chemical dynamics. Most obvious is
the ability to measure fast chemical processes. Chemical reaction dynamics generally involves
the coupled flow of both electronic charge and vibrational energy in a reacting molecule. Time-
Resolved Photoelectron Spectroscopy (TRPES) is one probe of these ultrafast 'non-adiabatic'
dynamics in polyatomic molecules [1-2] and has been applied to problems ranging from
photodissociation dynamics, to excited state proton transfer, to the photostability of DNA. A
more kinematically complete TRPES method, called Time-Resolved Coincidence Imaging
Spectroscopy (TRCIS), makes use of pairs of 3D particle timing-imaging detectors. This 6D
information allows for the detailed study of the time evolution of both scalar and vector
correlations in molecular photodissociation. One vector correlation is particularly interesting as it
permits angle-energy resolved time-resolved studies from the recoil frame rather than the lab
frame - in other words, dynamics from the "molecule's point of view" [3].

Electric forces underlie all of chemistry. Therefore controlling molecular processes with electric
fields seems like a natural approach. However, Quantum Control to date has been based upon the
multiphoton absorption of light from a coherent laser pulse. We discuss here Quantum Control
without the absorption of light, using the non-resonant Dynamic Stark Effect as a tool. Dynamic
Stark Control (DSC) applies to both molecular rotation and vibration. We show how DSC, which
uses the electric field intensity envelope of a laser pulse rather than its frequency content, can be
used to control electronic branching ratios in non-adiabatic photodissociation, without any
absorption of light [4].

Some recent proposals for the study of gas phase dynamics are based upon time-resolved
scattering, such as electron or X-ray diffraction. By analogy with the differences between
powder vs. crystal x-ray diffraction, these experiments will require that the molecules under
study be aligned (i.e. 'crystal’) in the lab frame, rather than their usual random lab frame
alignment (i.e. 'powder'). Here we use DSC to create field-free "fixed in space" molecules, with
the alignment persisting long enough to make a femtosecond dynamics measurement. We apply
this method to the study of excited state non-adibatic photodissociation dynamics, once again
allowing for studies in the Molecular Frame rather than the Lab Frame [5].

[1] Nature 401, 52, (1999)

[2] Chem.Rev. 104, 1719 (2004); Adv.Chem.Phys. 139, 495 (2008)
[3] Science 311, 219 (2006)

[4] Science 314, 278 (2006)

[5] Science 323, 1464 (2009)






Quantum Origin of Anomalous Isotope Effect in Ozone Formation
Dmitri Babikov, e-mail: dmitri.babikov@mu.edu

Chemistry Department, Marquette University, Milwaukee, Wisconsin 53201

The origin of anomalously large enrichments of stratospheric ozone in heavy isotopes
has been a mystery for more than 25 years. The isotope '°O is dominant in the atmosphere, so
that most oxygen molecules (O,) consist of two '°O atoms. However, stratospheric ozone (O3)
is surprisingly observed to be heavily enriched in the isotopes 'O and 'O relative to the
atmospheric oxygen from which it’s formed. Careful experimental studies have shown that
the recombination reaction that forms ozone,

0,+0+M—->0,+M, (1)
is responsible for the effect. The recombination rates for various isotopic combinations differ
by more than 50%, which is a remarkably large isotope effect taking into account small mass
difference. It was also demonstrated experimentally that the isotope effect is essentially
independent of the identity of the buffer gas M and occurs with M being as simple as Ar or

He. For these, the reaction (1) at low pressure is expected to be dominated by the energy

%- { : 18‘0}* 60180 180160 transfer mechanism:

1 J=o0 0+0,< 05, 2
s [ i=5 0" +M=0;+M, (3)
5 where O3 is a metastable state (quantum scattering
S | | =6 _— .

~ resonance) which lives long enough to be stabilized
g s by the collision M.
We carried out full dimensional quantum
S | =5 j=3 scattering calculations of three-body resonances for
2 different isotopologues of non-rotating ozone (J =0)
using accurate ab initio potential energy surface
§- i j=1| (PES). We determined energies and lifetimes of the
—) x ) )
\\ metastable ("*O’0“0) states in reaction (2) and found
§7 ; i J =
., Figure 1: Calculated lifetime spectrum for the metastable
° i &, 1010®0O (J =0). Vertical axis gives energy of Oz + O
g =| =2 = collision complex in units of eV. Sharp spikes to the left
{ correspond to long-lived metastable Os" states (scattering
g | —— | =1 resonances). Rotational states (j) of the asymptotic O2(v=0)
s j=0 ¥ products/reactants are indicated for the two exit channels,

0

8 I é as well as the AZPE energy range.

~

Lifetime (ps)

600



that the lower part of the spectrum (within the quantum AZPE range, see Fig. 1) contains
many metastable states with lifetimes in the optimum picosecond range to contribute to the
recombination, while the upper part of spectrum (above the AZPE) is very sparse and contains
only a few such resonances. Note that this narrow part of spectrum, AZPE, has a special
property. For example, in the case of '°0'°0'™0 shown in Fig. 1 there are two physically
distinct entrance/exit channels corresponding to two sides of the barrier-less process:

1601°0 + 150 o {1%0'900}" < 0 + 10'%0. @)
The quantum ZPE of lighter diatomic, '®0'°O, is slightly higher than the ZPE of heavier
diatomic, '°O'"0, which makes one channel effectively deeper by AZPE ~ 25 cm™. At
energies above the AZPE both channels are open, but within the AZPE energy range one
channel is still closed and we found that the long-lived resonances occur only at such
conditions (see Fig. 1).

Based on these J =0 results we propose a semi-quantitative picture of the remarkable
effect of the AZPE on recombination rates. Figure 2 gives schematic for formation of ozone
isotopologue 1°0'0'™0. The experimental formation rates' for two entrance channels (*°0'°O
+ '®0 on the left and '°0 + '°O'0 on the right) are shown at the top of the figure indicating
large isotope effect (~40%). Energies below the scattering threshold (yellow part of the
figure) correspond to stable O3 molecules, while the metastable O;" can be formed above the
threshold. The stabilization of O3  to Oj, reaction (3), is shown schematically by red arrows.
This scheme illustrates that the metastable O;" states at energies above the AZPE (striped part)
can be formed from both entrance channels; when stabilized they should contribute to
recombination rates of both channels about equally. However, the metastable states at
energies within the AZPE (blue part) can be formed only from one, lower entrance channel

160 + *0'®0. When such 03* states are stabilized

Rate: 0.93 Rate: 127 they contribute exclusively to the rate of this
— P
=X\ <= channel and can be responsible for the anomalous
— \ <—
o= AR <= difference in rates for the two channels. Note that

it is exactly this AZPE region that accommodates

Figure 2: Schematic for recombination process
forming the 160100 isotopologue. The PES (dotted
line), quantum ZPE for each entrance channels and
the AZPE are shown (not to scale). Note one extra
blue arrow on the right side, against the AZPE
energy range.

' Relative to the rate of 160 + 160160 — 160160160 taken as a reference for other isotopic combinations



many long-lived metastable states (Fig. 1). Also, these sates lie closest to the energy of stable
O3 (Fig. 2) and should be stabilized most efficiently by collisions with M.

This preliminary model totally neglects the state-to-state stabilization dynamics and
does not permit to separate contributions to the two isotopomers (e.g., '°0'°0'0 and
1°0"0'°0) of the same ozone isotopologue, but it is still quite encouraging that the direction
of the isotope effect and its order of magnitude predicted for various combinations of '°O and
80 in the reactants are consistent with experimental observations. It is now clear that this
isotope effect is a quantum effect and one can see why classical trajectories could not
reproduce it: they have no ZPE and follow along the PES (lowest dotted curve in Fig. 2)
which has the same energy on both sides of reaction. One also sees that this is a general effect
which should occur in any ABA type molecule where there is no barrier to dissociation and
AZPE between the *AB and YAB is not negligible (e.g., S;, SO,, NO,, CS,, and many

atmospheric ion-molecule collision complexes).
References

1. E. Vetoshkin and D. Babikov, J. Chem. Phys. 127, 154312 (2007).
E. Vetoshkin and D. Babikov, Phys. Rev. Let. 99, 138301 (2007).
E. Vetoshkin and D. Babikov, J. Chem. Phys. 127, 154312 (2007).
D. Babikov et al, J. Chem. Phys.119, 2577 (2003).

D. Babikov et al, Chem. Phys. Let. 372, 686 (2003).

D. Babikov et al, J. Chem. Phys. 118, 6298 (2003).
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Combustion Characteristics of Practical Fuels at Elevated Pressures

Gaurav Mittal
ASEC 101, University of Akron, Akron, OH, 44325
gaurav(@uakron.edu

Overview
The focus of the research in High Pressu re Com bustion Lab is on studying fundam  ental
combustion characteristics of co nventional and alternative fuels at elevated p ressures an d

temperatures relevant to engines. It isnote  d that the ex perimental data for combustion of
practical fuels at conditions of elevated pressure s is scarce, and chem ical kinetic models remain
largely non-validated. Recognizing this need, our ~ objective is to desi  gn well-characterized
experimental facilities and use them for cont ributing to the developm ent of comprehensively
validated chem ical kinetic m echanisms with emphasis on bette r p redictability at elevate d
pressures.

To this effect, a suite of experim  ental faci lities are in op erational an d design stage. A
CCPRCM (Contained Creviced Piston Rapid C ompression Machine) is being used for studying
high pres sure chem ical kinetics of fuels at low-to-intermediate temp eratures and elev ated
pressures. A high pressure JSR (Jet Stirred Reactor) has been built for chem ical kinetics
investigations at pressures up to 50 atm. Another facility for investigating flame propagation of
liquid fuels at elevated pressure is in the fabri cation stage. It is exp ected that the variety o f
experimental facilities at  one location will be extrem ely valuable for comprehensive
investigation of combustion proc esses. Ultim ate obj ective of this rese arch effort is to provide
validated comprehensive and reduced chemical kinetic mechanisms for practical fuels.

Development of Experimental Facilities
Contained Creviced Piston Rapid Compression Machine (CCPRCM) Facility

CCPRCM is a novel facility, recently designed  for investigation of hom ogeneous gas phase
chemical kinetics at conditions of elevated pressures (up to 100 atm ) and low-to-interm ediate
temperatures (600-1200 K). The basic operation of the m achine is simila r to the one designed
and used extensively previously [1-3], and the ¢ onceptual difference lies in the configuration of
the com bustion cham ber. The novel concept of ‘crevice conta inment’ g ives this f acility
uniqueness in terms of providing benchmark experimental data. In this approach, crevice zone of
RCM is separated from the main reaction zone by means of a seal which engages only when the
piston reaches the top dead ce  nter (TDC). T he design of CCPRCM is validated through
extensive CFD simulations. Specifically, it is e stablished that the multi-dimensional effects due
to the influence of piston-m otion-induced ro ll-up vortex and non-unifor m heat release are
minimized by using the approach of ‘crevice containment’. Consequently, this approach allows
the simulation of the experim ental data by usin g a zero-dim ensional formulation with detailed
chemical kinetics for developm ent and valida tion of chem ical kinetic m echanisms. Fig. 1
presents typical experimental pressure histories from CCPRCM for compression of N ,, showing
attainment of experim ental conditions up to 100 atm by rapid com pression process of ~25 ms
duration. Fig. 2 presents a com parison of the CFD and zero-dim ensional sim ulated ignition
delays for CCPRCM for a reactive n-heptane mixture, which suggests that the experiment can be
accurately modeled by using the zero-dimensional approach.
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Fig. 1 —E xperimental pressuret racesfr om Fig. 2 — Comparison of CFD (triangles) vs zero-
CCPRCM d emonstrating th e attain able range of dimensional (circles) simulated first-stage (t;) and
compressed pressures up to 100 bar: Gas used: N. total ( 1)1 gnition delays fo r C CPRCM. M olar

composition: n- heptane/O,/N,/Ar= 0.3/3.3/3 3.6
/16.16. P- ~ 11 bar. Kinetic mechanism from Liu
et al. [4].

Annular Jet Stirred Reactor

Jet stirred reactors (JSR) are frequently employed for studying homogeneous gas phase chemical
kinetics of fuels. Such reacto rs allow ease of modeling and experim entation with heavy liquid
fuels. The most challenging aspect of JSR is  the achievem ent of sufficiently rapid m ixing by
turbulent jets so that the tem  perature and co ncentration fields inside the reactor could be
considered hom ogeneous. JSRs used in combustion community have alm ost never been
validated to ensure that the rapid mixing is indeed achieved. The objective of our research was to
explore the m ixing inside the popu lar JSR geom etries with the aid of CFD and com e up with
alternate geometries that could significantly improve mixing characteristics.

Some of the geometries considered are shown in Fig. 3. The geometry # 1consists of a sphere
of 4 cm diameter with 4 nozzles, 1 mm diameter each. The geometry # 2 is sam e as # 1 excep t
that the diameter of nozzles is 0.25 mm. It is noted that these ge ometries have been extensively
used by various research groups [5-7]. Apart from  these, one of the alte rnative geom etries is
shown as # 3. In geom etry # 3, the reaction ch amber consists of annular region contained
between the outside sphere of diam eter 4 cm and an inside cylinder of diam eter 1.5 cm. It has 4
nozzles, each with 0.25 mm dia meter. The arrows in Fig. 3 indicate the directions of jets from
the nozzles.

#1 #2 #3

Fig. 3 — Various JSR geometries considered for CFD analysis



In CFD simulations, the steady-state solution for the flow of air is first obtained for the given
geometry and boundary conditions. Sim ulations are conducted using RNG based k- ¢ turbulence
model. The governing equations for flow, tur ~ bulence and energy are discretized using the
second-order upwind schem e. The steady-state solu tion is subsequently used for t he transient
calculations of jet m ixing inside th e reactor. A tracer pulse is injected in the flow field through

nozzles and the evolution of the tracer is then m onitored by solving the transient scalar transport
equation with the known flow-field.

#1

#2

#3
t=10.057, 0.107, 0.157, 0.20r,

Fig. 4 — Normalized mass fractions of tracer for various geometries. Residence time, t, ~1s



Figure 4 presents results for a rep resentative case for JSR o peration at a pressure of 10 bar
and temperature of 800 K. A m ass flow rate of 0.0001455 kg/s is specifie d for all geom etries
which yield a residence tim e of ~1 s (0.8 to 1.15 s for different geom etries). The Fig. shows the
normalized tracer m ass fraction distribution at va rious tim es af'ter th e injec tion of the trace r
pulse. It is n oted that the popular geom etries are considerably influenced by non-ho mogeneities
and the alternative geometry considered here results in significant improvement. A JSR has been
fabricated with the alternative geometry and is being assembled for experiments.

Experimental Data From CCPRCM

The experimental facilities desribed above are being used for studying hom ogeneous gas phase
chemical kinetics of biofuels and jet fuels. ~ An exam ple of ignition delay m easurement from
CCPRCM for a Methyl Butanoate m ixture at a pre ssure of 84 bar is shown in Fig. 5. Fig. 6
shows ignition delay data vs inve rse of tem perature for pressure ~ 20 bar, showing exponential
dependence.

140 | p.— 84 bar | | 1 100 | o
— 120 | Py=1.82 bar Ignition delay, ¢ :: e i
g 100 L 7,=297K % .
o 80! — = e
3 g -
% 60 | }é -
- 40 + =0 10Fo F
20 -
0 _1‘0 0 1‘0 2‘0 30 1.12 1.14 1.16 1.18 1.2 1.22
Time (ms) 1000/T, (1/K)
Fig. 5—E xperimental pr essure trace from CCPRCM. Fig. 6 —1 gnition delay vs t emperature for P, ~ 20
Molar composition: MB/Oy/Ny/Ar = 1/6.5/46.25/46.25 bar. M olarcom position: M  B/Oy/Ar=
3.13/20.34/76.53
Future Work

Future work will focus on investiga ting the ch emical kinetics of biodiesel and je t fuel relevant
components using JSR and CCPRCM. A GC-MS equipment has been set up for obtaining
detailed speciation data from both facilities for rigorous vali ~ dation of chem 1ical kinetic
mechanisms.
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Investigation of Molecular Level Composition and Atmospheric Aging of Organic Aerosols

Prof. Sergey Nizkorodov, Department of Chemistry, University of California at Irvine, nizkorod@uci.edu
DOE collaborators: Dr. Alexander Laskin and Dr. Julia Laskin, Pacific Pacific Northwest National
Laboratory, Richland, Washington

Poster Abstract

Atmospheric a erosols pl ay a ni mportant role i n ¢ ontrolling ¢ limate, dr iving a tmospheric
chemistry, and contributing to air pollution problems worldwide. This poster presents an overview of our
recent research progressi nt he f ollowing areas: 1 ) detailed ¢ haracterization of m olecular-level
composition of organic aerosols; 2) investigation of mechanisms of chemical and photochemical “aging”
processes in organic aerosols. In collaboration with Dr. Alexander Laskin and Dr. Julia Laskin from the
DOE Pacific N orthwest N ational L aboratory, we have been developing and applying methods of high
resolution mass sp ectrometry to
molecular ¢ haracterization of
secondary organic aerosols (SOA).
This ap proach provides
unprecedented a mount of de tails
about t he c omposition of or ganic
aerosols b y supplying molecular
formulas for thousands of aerosol
species in a single m easurement.
A d etaileda nalysis of the
distribution of chemical formulas
reveals usefulm  echanistic
informationa boutc  hemistry
leading to the initial formation and
subsequent a ging o f b iogenic and
anthropogenic organic a erosols.
This collaboration b etween U C
Irvine and PNNL has resulted in the identification of multifunctional monomeric and oligomeric aerosol
compounds in limonene SOA ' and isoprene SOA,” discovery of chemical pathways leading to colored
compounds in “brown” SOA,’ observation of time-dependence of the SOA composition,* and detailed
study of the solvent interference in the ESI analysis of SOA.” In addition, Dr. A. Laskin and Dr. J. Lakin
have used the same approach for the detailed characterization of N-containing species in biomass burning
aerosol.>” The first graph is just one example illustrating the richness of information provided by this
method. It is a V an Krevelen representation of isoprene SOA constituents observed in the negative and
positive ion mode mass sp ectra and
colorc oded by their degree of
instauration  (the  number of
unsaturated C=C and C=0 bonds, as
well as rings in the molecules). We
are currently w  orkingo n
applications of this powerful method
to aerosolsg eneratedb yf uel
combustion and biomass burning.

The term “aging” refers to a
combination of processes leading to
thec hangei n the chemical
composition and physical properties
of aer osols on t ime sca les r anging
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from minutes to days. We investigate mechanisms of chemical and photochemical aging in secondary
organic aerosols using a combination of spectroscopic and mass sp ectrometric techniques. We recently
demonstrated the significance of direct photolysis of carbonyl *° and peroxide '* functional groups for
photochemical aging of monoterpene SOA. Our more recent work *''showed that biogenic SOA can also
undergo aging catalyzed by reduced nitrogen species (ammonia, amine, and amino acids), which leads to
the appearance of light-absorbing “brown” carbon in the SOA on atmospherically relevant time scales.
For example, the second graph shows the evolution of absorption spectrum of limonene SOA exposed to
low concentrations of ammonia vapor.® This work has significant implications for the understanding of
effects of organic aerosols on climate. Our current efforts focus on un raveling the molecular details of
processes responsible for “browning” of SOA.
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Structure and reactivity of radicals and elusive intermediates
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PROGRAM SCOPE

Chemical bonding is controlled by electrons and it is their behavior that determines bonding
structures and the outcomes of chemical reactions. This realization motivates the broadly defined
objective of our research: to attain a molecular-level view of electronic structure transformations
that are manifest in reactions and intermolecular interactions.

We focus on the structure and dynamics of negative ions and the corresponding neutral
molecules using photoelectron imaging and tandem time-of-flight mass-spectroscopy in combi-
nation with theoretical modeling techniques. Negative ions are important in many natural and
technological processes and their properties are vital to understanding chemistry of solutions, as
well as bio- and environmental chemistry. The anions targeted in our studies are selected for
their fundamental properties, as well as the potential roles they (or their neutral counterparts)
play in relevant reactions. Among others, we are particularly interested in carbon-rich and CN-
containing species.

In our experiments, we characterize the bonding motifs  (a)

of selected molecular systems by observing photoinduced /
emission of electrons from isolated anions. A pictorial

example of the utility of photoelectron imaging in obtain- XA 1/
ing experimental “signatures” of electronic states is shown \\

in Fig. 1, which illustrates our imaging results for NO; . AB,
Analysis of the quantitative details (spectra and angular .

distributions, which are omitted here) allows us to assign CA, \
the bands seen in the photoelectron image to specific elec- \
tronic states of neutral NO, formed upon anion photode-

tachment.

Special emphasis in our work is given to coherence of  (b)
delocalized charge distributions. A cornerstone of charge

/
oy

transport phenomena, coherence controls unabated charge -—
flow across a molecule or a device. Its limits (decoher- +— T G
ence) underline the localization of charges and excitations
in molecules and nanostructures, imposing restrictions on +— b, = ‘ '
electro-conductivity of materials. Our work targets coher-
ence at the molecular level, by characterizing interference +_ 2 = ‘ '

effects in the photodetachment of symmetric anions with 3

delocalized charge distributions. For example, the work on ~ (6) XA ; NO,®

NO;" (Fig. 1) provides a starting (reference) point for our - gigyre 1. Raw (a) and Abel-inverted (b)

ongoing study of through-bond coherence of two equiva- photoelectron images of NO,™ at 266 nm

lent NO,> centers in the dinitrobenzene anion. with the bands assigned to electronic
We are also interested in interactions of negative ions states of the neutral. (c) A molecular-

and emitted photoelectrons with neighboring neutral mole- orbital diagram for the ground state of

cules in microscopic solvation environments — clusters. IN€ anion with model predictions for the
photoelectron angular distributions.
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We focus on the mechanisms of molecular-level interactions that control the outcomes of
chemical reactions, including those described as solvent-enabled or solvent-controlled chemistry.

RECENT RESULTS

From its inception, our group has worked on developing the utility of photoelectron imaging in
the studies of the electronic structure, photodetachment, and time-resolved dynamics of molecu-
lar and cluster anions. We interpret photoelectron images as experimental “signatures” of bound
electronic wavefunctions. One example is shown in Fig. 1; another concerns the ground and
excited electronic states of neutral nitromethane at the equilibrium geometry of the anion.*

The results of some of our experiments are interpreted by considering interference of two
effective electron emission centers in the parent anion. In this view, molecular anions are treated
as double-slit interferometers, an approach traced back to Cohen and Fano.?

O™ CHEMISTRY

In several recent projects, we utilized O™ chemistry to generate anions that upon photodetach-
ment provide access to important, yet often elusive neutral species. For example, we used this
approach to generate the anions of cyanoacetylene and cyanovinylidene.** In this work, the O
radical anions obtained by electron bombardment of N,O in a supersonic expansion reacted with
acrylonitrile, H,C=CHCN. The desired HCCCN"™ (scheme 1) and CCHCN™ (scheme 2) species
were formed via the competing 1,2-H," and 1,1-H," abstraction reactions:

H H H -

N / N . .

o + C=C_ — C=C_ + H,0 (1,2-H," abstraction), (@)
H CN L CN

. i A M . .

o + C=C — C=C + H,0 (1,1-H," abstraction). 2
H CN L CN|

In the future, we plan to use similar approaches to the generation of other interesting species. For
example, the formation of NCCCCN™ can be accomplished by replacing acrylonitrile in schemes
(1) and (2) with either fumaronitrile or 2-butanedinitrile.

ELUSIVE ANIONS AND REACTIVE INTERMEDIATES

A snapshot of the results for the cyanovinylidene and cyanoacetylene anions, synthesized using
schemes (1) and (2) above, is shown in Fig. 2. The simultaneous generation of CCHCN™ and
HCCCN ™ is exciting for two reasons. First, the photodetachment of these anions provides access
to both the reactant and product sides of the neutral potential energy surface for the cyano-
vinylidene — cyanoacetylene rearrangement. Similar to vinylidene, cyanovinylidene is a reactive
intermediate with a very small rearrangement barrier. Second, our experiment yielded the first
laboratory observation of HCCCN™.

Cyanoacetylene, HCCCN, is one of the most abundant organic molecules in extraterrestrial
environments. Its anionic resonances have been hypothesized to serve as a gateway for formation
of carbon-rich and CN-containing anions in space by way of dissociative attachment. Stabilized
by geometry relaxation, the adiabatically weakly bound® HCCCN ions are counterparts of the
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dissociative-attachment resonances.
These ions had, until recently,?
eluded definitive detection — not
only in space, but also in the labo-
ratory. We have concluded that the
key to the formation of HCCCN™ is
a bent CCC skeleton of the starting
reactant (acrylonitrile).

RESONANCE-STABILIZED RADICALS

We emphasize selected thermoche-
mical properties, such as C—H bond
dissociation energies and electron
affinities. These quantities are rou-
tinely used for calculating reaction

0.0 0.5 1.0 1.5 2.0 25

eBE (eV)

Figure 2. 532 nm photoelectron image and spectrum of the cyano-
vinylidene and cyanoacetylene anions. The electron affinity of
cyanovinylidene is 1.84 = 0.01 eV. The vertical detachment
energy of HCCCN™ is 1.04 £ 0.05 eV.

energies and heats of formation of a variety of molecules within the self-consistent framework of

thermodynamics.®

For example, we determined the C—H bond dissociation energy of malononitrile, CH,(CN)a,
using the measured electron affinity of the dicyanomethyl radical, ‘CH(CN),.” The results of this

work are illustrated in Fig. 3. The C-H bond disso-
ciation energy (BDE) of malononitrile, BDE
[H-CH(CN),] = 87.2 + 2.1 kcal/mol, was found to be
smaller than that of acetonitrile, BDE[H-CH,CN] =
93.1 # 2.1 kcal/mol.”® Both are smaller than the
BDEs(H-R) of most closed-shell organic molecules
[e.g., for methane, BDE(H-CH3) = 1049 = 0.4
kcal/mol]. The relatively weak C-H bonds in
CH3CN and CH2(CN), reflect the formation of reso-
nance-stabilized radicals, "CH,CN and ‘CH(CN),.

CARBENES

No other class of compounds highlights the power
and versatility of photoelectron imaging in unrav-
eling the electronic-structural properties of anions
and neutrals as clearly as carbenes. The singlet and
triplet states of these important reactive intermediates
are accessed by removing electrons from distinct
orbitals of the anion, in general resulting in qualita-
tively different photoelectron angular distributions.
Recently, we applied this approach to CH3S(O)CH
and dicyanocarbene. In the first case, we synthesized
and characterized carbene anions CH3S(O)CH™ and
CH5S(0)CH™-H,0.? In the second, we examined the
singlet-triplet splitting in the neutral carbene via
photoelectron imaging of NCCCN™.*°
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Figure 3. Photoelectron images and spectra
of CH,CN™ and CH(CN), at 532 and 355
nm, respectively.



FUTURE PLANS

Our future work in the area of elusive anions and neutral intermediates will focus on structures,
electron affinities, bond energies, as well as dynamics and solvent-controlled reactivity.

We plan characterize several chain anions (C,”, C,N-, and C,0") and examine the effects of
different substituents (e.g., —CN, —F, etc.) on their properties. In selected cases, we will also
target high-strain isomers. For example, by reaction of O~ with 2-Cyclopropen-1-one (CsH,0) it

should be possible to generate the cyclic C;0™ anion,

ﬁ>c:or The neutral formed upon its
C

photodetachment, is expected to undergo rapid rearrangement to linear tricarbon monoxide,
CCCO. Larger cyclic C,O™ anions are also targets for studies of the corresponding intermediates.

The bond dissociation energies corresponding to the formation of selected organic radicals
will be determined by means of photoelectron imaging of their anions. Continuing the recent
study of malononitrile,” we will undertake a study of the tricyanomethyl anion, C(CN)s™. This is
a challenging project, because the synthesis of the precursor, tricyanomethane HC(CN);
(cyanoform), is not trivial. From the measured elect ron affinity of the radical, 'C(CN)s,
combined with the acidity data, the C—H bond dissociation energy of cyanoform will be deter-
mined. This result, reflecting the stability of the corresponding radical, will be compared to the
already available bond-dissociation data for the formation of "CHj;, ‘CH,(CN), and ‘CH(CN);,
completing the series of these important resonance-stabilized radicals.®®

Following our recent work on CH3S(O)CH ! and dicyanocarbene,® we will investigate
other classes of these intermediates.
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Photochemical Combustion Dynamics From
The Molecular Level to High Pressure Systems
Wilton L. Virgo
Department of Chemistry, Wellesley College
Wellesley, MA 02481
wvirgo@wellesley.edu

The main problem to be addressed in combustion research is how one can bridge scientific
knowledge of combustion at the molecular level to combustion chemistry under high-pressure
conditions (tens of atmospheres).

We are currently developing an experimental research program which will elucidate chemically
relevant combustion dynamics both at the microscopic quantum level and under high-pressure,
fuel-lean conditions.

Velocity map imaging (VMI) will be employed to determine how photochemical energy is
partitioned and transformed within hydrogen-rich fuels. Since combustion at the molecular level
is governed by the mechanism of bond rupture, experiments involving photodissociation and
low-pressure VMI of fuel molecules can be performed to map the pathways for internal energy
flow and yield deep insight into fundamental chemistry of hydrocarbons, alcohols and other
combustion-relevant fuels.

An original experiment designed to perform high-pressure combustion imaging is a work in
progress. The goal is to fully comprehend the fundamental physical chemistry relevant to
internal combustion engines that operate under high pressures. An experimental apparatus is
being constructed for fuel injection through a small-diameter nozzle into a high-pressure
chamber containing a mixture of oxygen and inert gas in order to achieve fuel-lean conditions.
Laser-based ignition techniques will be used to precisely control the input energy to drive
combustion while maintaining control of the chemical conditions. The propagation of the high-
pressure flame will be observed and analyzed using high-speed video technology, particle
image velocimetry (PIV) and laser induced fluorescence (LIF). The molecular focus will be on
hydrogen or hydrogen-rich fuels (such as propane and natural gas) with high efficiency and low
nitrogen oxide (NOx) emissions. Characterization of the high-pressure flame instability as a
function of ignition energy will lead to upgraded models for fuel efficiency.
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Catalytic Hydrocarbons Oxidation with Metal Oxide Nanowires

Xiaolin Zheng
Mechanical Engineering, Stanford University
xlzheng(@stanford.edu

Catalytic oxidation and partial oxidation of hydrocarbons are essential for many practical
applications, including energy generation, petroleum refinement, alternative fuels production,
and emission control. Developing cost-effective catalysts for hydrocarbon oxidation will
significantly increase the efficiency of these processes and minimize their environmental impact.
Nanoparticles of noble metals and metal oxides have been intensively studied and are widely
used for the catalytic oxidation of hydrocarbons. However, catalytic nanoparticles are typically
anchored to a solid support so that interactions between the support and nanoparticles limit the
loading of nanoparticles, restrain the operational temperature, and impede the fundamental
understanding of the catalytic properties of individual nanoparticles. There is a great need to
develop a new form of catalysts which have surface areas comparable to nanoparticles but
require minimum supporting structures.

Our objective is to use catalytic metal oxides in the form of one-dimensional nanowires (NWs)
for hydrocarbon oxidation reactions. NWs are attractive alternatives for nanoparticles in the
catalytic study because 1) they have large surface area to volume ratios; 2) they can have little
interaction with the support since only one end of NWs is in contact with the support; and most
importantly 3) their orientations can be controlled to expose a particular crystallographic
orientation with more active surface sites. The research focus is two-folded. The first is to
synthesize metal oxide NWs in flames and to understand the effects of flame chemistry on the
physical and chemical properties of these NWs. The other is to characterize their activities,
selectivities and stabilities of these NWs in catalyzing the oxidation of hydrocarbons and to
understand the coupling between gaseous and surface reactions. The obtained results are hoped
to broaden the applications of cost-effective metal oxide catalysts in many energy conversion
systems.
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Investigation of Non-adiabatic Effects in Reactive and Inelastic

Collisions of Molecular Combustion Intermediates
Millard H. Alexander
Department of Chemistry and Biochemistry, University of Maryland
College Park, MD 20742-2021
mha@umd.edu

I. Program Scope

We study inelastic and reactive collisions of small molecules, focusing on radicals important in
combustion environments. Most radical encounters involve multiple potential energy surfaces (PESSs).
Consequently, non-adiabatic effects may be important, even for reactions involving ground-state species.
Our work involves first the accurate determination of potential energy surfaces, using multi-reference,
configuration-interaction and coupled-cluster technigues. In the subsequent treatment of the collision
dynamics it is easiest to work in a electronically diabatic framework, in which there appear electronically
off-diagonal PESs. To extract these from a typical ab initio calculation, in which electronically adiabatic
roots are determined, requires an additional level of computational effort. Our work benefits from a long-
standing collaboration with Hans-Joachim Werner, *? the developer of the MOLPRO program suite.

After fitting the ab initio points to obtain global PESs, we treat the dynamics using time-
independent (close-coupling) methods. For inelastic scattering we use our Hibridon code, * and, for
reactive scattering, the ABC code of Manolopoulos , * extended to include reactions on multiple PESs.

Il. Recent Progress

Since inception of our DOE-funded program (fall, 2009) we have focused on the study of the
methylene radical (CH,) in the c'a state. Inelastic collisions of methylene are currently under
experimental study at Brookhaven. > ° In the fall of 2009 we determined a highly-accurate PES for the
interaction of CH2(&) with He, using CCSD(T) calculations with correlation-consistent basis sets,
extrapolated to the complete basis set limit. The calculations were carried out on a grid of 19 values of the
CHy—He separation and 190 values of the orientation, for a total of 3610 points. These were then fitted, as
in our recent paper on collisions of He with H,O. " We used, for compactness, an expansion in spherical
harmonics in the appropriate inertial frame of CH,, in which the z axis lies perpendicular to the C, axis,
but in the plane of the triatomic.

In Figures 1 and 3 we compare the CH,(a)-He PES, in which only one lone-pair orbital is
occupied, to the H,O( X )-He PES, in which both lone-pairs are occupied, determined by Szalewicz and
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Fig. 1 Comparison on the He—MHj, distance of the potential energy surface, averaged over all orientations of the H,,
as well a comparison for approach of the He atom along the C, axis, both from the C(O) side and from the H, side.

co-workers. ® Figure 2 displays a schematic of the geometry of the C(O)H,—He system, with the z axis
aligned along the C, axis. Figure 1 shows the dependence on the C(O)H,—He distance of the PES
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averaged over all orientations of the H, moiety. This is the isotropic potential, equivalent to the
interaction of He with a pseudo-diatomic.

Fig. 2. Geometry of the C(O)H,—He system, with the z axis
aligned along the C, axis

y

_ Figure 3 compares the dependence on the two angles (illustrated in Fig. 2) of the CH(&)-He and
H.O(X)-He potential energy surfaces, for a He-MH, distance fixed at the minimum of the isotropic
potential shown in Fig. 2, R = 5.8 bohr for CH,(d)-He and R = 4.8 bohr for H,O( X )-He. We see that
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Fig. 3. Contour plots of the C(O)H,—He potential energy surfaces (in cm_l), with the He distance fixed at the minima in the
isotropic potential (see Fig. 1).

the topology of the two PESs is very dissimilar. The PES for CH,(&)-He has a considerably deeper
minimum and is more strongly anisotropic, when the He approaches at the H, end of the molecule. By
contrast, the H,O(X)-He PES is more anisotropic, for approach at the O end. This is likely the
consequence of the additional, out of plane, lone-pair orbital, which is doubly occupied in the O atom but
unoccupied in the C atom in the & state of CH,.

We are now carrying out preliminary scattering calculations, to study inelastic transitions out of,
and into, particular JK levels of CH»(&). We utilize our recent extension of the Hibridon program suite to
inelastic collisions of asymmetric top molecules. ” Figure 4 (next page) shows the rich structure of the
lower rotational levels of CH,(&). The rotational levels are labeled ortho and para, corresponding to the
two possible permutation symmetries of the two H nuclei. Collisions with He will not lead to transitions
between these two permutation isotopomers. Of particular interest will be the relative propensities for
para— para as comparded to ortho— ortho transitions for K>0. In a symmetric top, these should be
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very similar. However, as seen in Fig. 4, for an asymmetric top, even for a given J and K, the energy gaps
can be quite different, especially for K=1.
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Fig. 4. Positions of the lowest JK rotational levels of the CH, molecule in the & state.

Contributing to this project are Lifang Ma (Ph. D. student), Jacek Klos (Research Assistant
Professor), and Paul J. Dagdigian (Professor, The Johns Hopkins University).

I11. Future Work

During the next year we will complete the CH,( 2 )-He scattering calculations. We (Alexander,
Ma, and Dagdigian) will be visiting Brookhaven early in April 2010, to coordinate these calculations with
the ongoing experimental work. We will concentrate on modeling inelastic depletion of the lower
rotational levels of CH,(d). Additionally, we will investigate collisional depolarization of the lower
rotational levels. Earlier calculations on collisions of H,O with He showed a striking dependence on the k
quantum number of the elastic collisional depolarization. ’

We then will investigate collisional energy transfer between the & and X states of CH,. Initial
investigation will involve the diatomic isoelectronic analogue, NH. Here, the equivalent electronically
inelastic transition is between the X®T™ and a'A states of the diatomic, induced by spin-orbit coupling.
Experimentally, facile energy transfer has been observed.® ° Collision-induced a—X energy transfer in
NH and CH; are paradigms for spin-orbit induced intersystem crossing in small molecules. Patel-Misra
and Dagdigian have discussed, qualitatively, the mechanism for this process in collisions of NH(a). Our
goal will be to provide a quantitative prediction of the efficiency of this process, based on quantum
scattering studies on accurate potential energy surfaces.

Our initial work will focus on the determination of the PES’s for the interaction of the two states
(of NH) with He and of the lower (X ) state of CH, with He, as well as with the determination of the spin-
orbit coupling between these two states. Because the & and X have somewhat different geometries, we
will need to explore the dependence of the PESs on (at the minimum) the H, bending vibration. Initial
work will be limited to a vibrationally-averaged treatment.
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Explicitly Correlated R12 Methods for Radicals

The torpid co nvergence o f co nventional el ectron co rrelation methods to the co mplete basis s et (CBS) 1imit
arises from the i nability o f one-particle functions to tr eat th e c oalescence r egion b etween t wo el ectrons. T he
Coulomb singularities in the H amiltonian r equire th e e xact wave function to display a cusp and c orresponding
depletion of electron density (Coulomb hole) when any interelectronic distance (r;,) approaches zero. Two-particle
functions that depend explicitly on ry, can effectively describe the cusp region without large orbital basis sets. Much
progress has been made recently in the development of explicitly correlated methods that incorporate such r;, terms
into the wave function. W e have recently published our research on explicitly correlated ZAPT2 theory for open-
shell systems (Ref. 18), which was implemented within the freely available Massively Parallel Quantum Chemistry
(MPQC) package. Using a Slater correlation factor represented by Gaussian geminals, together with Peterson’s
recent F12 and F12-RI basis sets, our ZAPT2-R12 method with a TZ basis consistently outperformed conventional
theory applied with an aug-cc-pV6Z basis set, as tested for a set of atomization energies of 20 small molecules.
Correlated methods for open-shell states are typically based on semicanonical o rbitals, requiring an unrestricted
formalism, which for double e xcitations r equires t hree i ndependent s ets o f amplitudes. I n contrast, Z-averaged
methods r edefine t he zer oth-order H amiltonian with a s ymmetric ex change o perator, t hereby al lowing a spin-
restricted formulation similar in cost to closed-shell computations. Our ZAPT-R12 method thus greatly reduces the
cost o f e xplicitly c orrelated computations o n o pen-shell systems, i ncluding the ubiquitous hydrocarbon r adicals
found in combustion systems.

Phenylhydroxycarbene: A Tunneling Phenomenon

Inj oint work with t he e xperimental g roup of P eter S chreiner, ph enylhydroxycarbene ( 1, Ph—C—OH) wa s
generated for the first time by high vacuum flash p yrolysis (HVFP) of ph enylglyoxylic a cid (at 600 ° C) and
spectroscopically (IR, UV/Vis) characterized via immediate matrix isolation in solid Ar at 11 K. The identity of 1
was u nequivocally ¢ onfirmed by p recise ag reement b etween o bserved I R b ands an d ( unscaled) an harmonic
vibrational frequencies computed from a CCSD(T)/cc-pVDZ quartic force field. The UV/Vis spectrum of 1 dis-
plays a broad band with maximum absorption at 500 + 25 nm (2.5 = 0.1 eV) that extends to around 640 nm (1.9 eV),
in full accord with combined CCSD(T)/cc-pVQZ and EOM-CCSD/cc-pVTZ computations that yield a gas-phase
vertical (adiabatic) ex citation energy o 2.7 (1.9) eV . U nlike s inglet p henylchlorocarbene 2b, ph enylhydroxy-
carbene does n ot un dergo ph otochemical r ing e xpansion. I nstead, 1 exhibits quantum m echanical hy drogen
tunneling to benzaldehyde underneath a formidable barrier of 28.8 kcal mol ™', even at cryogenic temperatures. The
remarkable hydrogen tunneling mechanism is supported by the temperature insensitivity of the observed half-life
(2.5 h) and is substantiated by a co mparable theoretical half-life (3.3 h) determined from CCSD(T)/aug-cc-pVTZ
barrier p enetration in tegrals computed a long the in trinsic r eaction p ath. As expected, d euteration turns o ffthe
tunneling mechanism, so that d-1 is stable under otherwise identical conditions. The phenylhydroxycarbene system
demonstrates t he fascinating co ncept o f tunneling control of a ¢ hemical r eaction, whereby t he p roducti s n ot
determined b y ¢ onventional kinetic o r t hermodynamic factors, b ut i ndependently b y the magnitude o f'b arrier
penetration integrals that govern the facility of quantum mechanical tunneling.

o — O e S
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OCNO surface

The three dominant pathways for the CN + O, reaction are:

CN(X’£H)+0, — NCOCI)+ OCP) AHP =-13.1 kcal mol ' (1)
— N(*S) + CO, AH° = -85.1 kcal mol ™ ()
— CO('Z") + NOCI) AHP =-108.8 kcal mol (3)

Channel (3) proceeds through the OCNO radical, which has been matrix-isolated by two different research groups
[(A)Y.J. Wuand Y. P. Lee, J. Chem. Phys. 123, 17 (2005); and (B) C. S. Jamieson, A. M. Mebel, and R. I. Kaiser,
Phys. Chem. Chem. Phys. 7, 4089 (2005)], with characterization by IR spectroscopy. However, discrepancies exist
in the vibrational frequencies of Ref. A (2045 and 968 cm™) and Ref. B (2113 cm™). At the ROCCSD(T)/cc-pVQZ
level of theory, we find that a cyclic O0-EN isomer lies only 2.3 kcal mol ' higher in energy than the trans-bent
O-C-N-O form, with an isomerization barrier of just 8.7 kcal mol '. Therefore, it is possible that both isomers were
present in the experiments. We have computed an ROCCSD(T)/cc-pVQZ quartic force field and applied second-
order vibrational perturbation theory (VPT2) to determine the fundamentals and isotopic shifts for the trans-bent and
cyclic isomers of OCNO. O ur C—O stretching frequencies for (trans-bent, cyclic) OCNO are (2067, 2028) cm ',
which bracket Ref. A but are considerably lower than Ref. B. The stretching mode observed at 968 cm ' in Ref. A
is significantly higher than our c omputed values of (897, 904) cm™' for the t wo isomers. Based on the isotopic
shifts, the experimental results are most consistent with formation of the cyclic isomer.

The Problematic C,H, + F» Reaction Barrier

Recent crossed molecular b eam s tudies o f the et hylene + F, reaction s how that the fluoroethyl radical and
fluorine atom are the exclusive products for collision energies up to at least 11 kcal mol ™' [Y.-J. Lu, T. Xie, J.-W.
Fang, H.-C. Shao,andJ.J.Lin, J. Chem. P hys. 128, 184302 (2008)]. We have r ecently p ublished (Ref. 23) a
cutting-edge ab initio investigation of this archetypical reaction. Laborious geometry optimizations and complete
harmonic vibrational analyses were executed at the CCSD(T)/aug-cc-pVQZ level for the reactants, products, and
intervening t ransition s tates. The r eaction en ergy a nd b arrier h eight were t hen s ubjected t o co mputationally
intensive focal p oint a nalyses ( FPA) i n o rder t o co nverge t oward t he ab initio limits. T he largest explicit
computations involved the coupled-cluster CCSD(T)/aug-cc-pV5Z and CCSDT(Q)/cc-pVDZ techniques. Auxiliary
core correlation, DBOC, and relativistic corrections were also included. Asill ustrated b yth ¢ CCSD(T)/aug-cc-
pVQZ optimized structures below, there are two competitive stationary points (C,, and C,) in the transition state
region. W hile 1 ower 1 evels of't heory ¢ onfuse t he nature o f these p oints, our p ure C CSD(T)/aug-cc-pVQZ
computations establish that the C structure is the true transition state, the C,, alternative being higher by 2.81 kcal
mol ' (excluding ZPVE) and exhibiting two imaginary frequencies [ vg(a;) = 319i cm ' and v;5(b,) = 529i cm']. Our
final FPA reaction barrier and reaction enthalpy are 7.97 kcal mol ' and —7.39 kcal mol ', respectively. The FPA
barrier is 2.5 kcal mol™ higher than the barrier (5.5 + 0.5 kcal mol™) deduced from the crossed molecular beam
experiments, which is a co nsiderable d isparity co nsidering t hat benchmarks c onfirm our r eaction energy tobe
accurate to 0.2-0.3 kcal mol .

1(1,2,56) =-3.23"

¥(2,1,3,4) = 1.76° ¥(2,1,34) =7.76"
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The perplexing disparity between the state-of-the-art theoretical and experimental barriers for the C,H, + F,
reaction el evates t his s ystem as an i mportant t esting g round f or ch emical p hysics. T he i ssues for th eory in
predicting these barriers are apparent from our study. There are large oscillations in the electron correlation series
for the C,H, + F, reaction barrier, despite the lack of much multireference character in the transition state. W hile
improving the correlation treatment from CCSD to CCSD(T) lowers the barrier by 12.0 kcal mol ', further extension
to the CCSDT(Q) level produces a change of only 0.2 mol . The latter observation indicates good convergence of
the final result. Full CCSDTQ and CCSDTQ(P) c omputations would b e b eneficial to solidify the c onvergence;
however, these are currently not feasible for this system. The oscillatory pattern of the correlation series suggests
that a full CCSDTQ computation would actually increase the reaction barrier above 8.0 kcal mol ™. Inbrief, if the
actual barrier for the C,H, + F, reaction is indeed near the experimental threshold, surprising aspects of the coupled
cluster series remain to be discovered. The interplay between theory and experiment witnessed in the classic F + H,
problem could well be repeated in a next generation of chemical complexity.

C3Hs surface

The C;Hs potential energy surface hosts a n umber of species important in combustion and governs some key
interconversion reactions. The global minimum allyl radical has been considered as a k ey species in aromatic ring
formation processes that lead to soot. Computational exploration of the C;Hs potential energy surface is
complicated b y o rbital s ymmetry-breaking i ssues, which p reclude a r estricted o pen-shell tr eatment o f'th e a llyl
radical. By monitoring both symmetry breaking and spin contamination, we have demonstrated that unrestricted
coupled cluster methods can be applied successfully to this problem. Benchmark energetics have been obtained for
over 20 s tationary points on the C;Hs potential energy surface within the focal point analysis (FPA) approach. In
the FPA co mputations, the el ectron co rrelation treatments were ¢ xtended to CCSDT(Q) and ex trapolations were
performed to the complete b asis set (CBS) limit. T hese results will help determine the accuracy of the various
approximations employed in statistical treatments of reactions involving C;Hs species.

C;H; isomers

As ar esonantly stabilized free r adical (RSFR), t he b enzyl r adical i s ab le t o accu mulate i n r elatively high
concentrations in combustion environments. Benzyl can be generated by abstraction of a hydrogen atom from the
methyl group o f toluene; abstraction of a ring hydrogen from toluene produces a methylphenyl radical instead.
Given their lack of resonance stabilization, the three methylphenyl isomers have been mostly overlooked in flame
models, and are usually assumed to be equivalent when they are considered. To address the lack of thermochemical
data for these species, we have co mputed r elative e nergies at the CBS limit o f C CSD(T) theory using ZAPT2/
cc-pVTZ reference geometries. The (ortho, meta, para) methylphenyl radicals are es sentially isoenergetic, 1ying
(23.1, 23.1, 23.6) kcal mol™ above benzyl radical. Interconversion requires crossing barriers of over 60 kcal mol™.
By rotating the CH, group of benzyl by 90°, therefore preventing delocalization of the unpaired electron into the
ring s ystem, we quantified t he r esonance s tabilization en ergy o f t he b enzyl radical to be 16.1 kcal mol” atthe
CCSD(T) CBS limit.

Publications Supported by DOE: 2007-2010
1. V.Kasalovd, W. D. Allen, H. F. Schaefer, E. D. Pillai, and M. A. Duncan, “Model Systems for Probing Metal
Cation Hydration,” J. Phys. Chem. A 111, 7599-7610 (2007).

2. X.Zhang, A.T.M accarone, M. R . Nimlos, S. K ato, V.M. B ierbaum, G. B . El lison, B . R uscic, A. C.
Simmonett, W. D. Allen, and H. F. Schaefer, “Unimolecular T hermal F ragmentation of Ortho-Benzyne,” J.
Chem. Phys. 126, 044312: 1-20 (2007).

3. S. E.W heeler, K . A .R obertson, W .D . A llen,H . F . S chaefer, Y .J . Bomble,a ndJ .F .S tanton,
“Thermochemistry of Key Soot Formation Intermediates: C3H; Isomers,” J. Phys. Chem. A111, 3819 (2007).

4. P.Bera, Y. Yamaguchi, and H. F. Schaefer, “The Low-Lying Quartet Electronic States of Nitrogen Dioxide,” J.
Chem. Phys. 127, 174303 (2007).

5.  A. C. Simmonett, F. A. Evangelista, W. D. Allen, and H. F. Schaefer, “In Search of Definitive Signatures of the
Elusive NCCO Radical,” J. Chem. Phys. 127, 014306 (2007).

27



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

L.Belau, S. E. W heeler, B. W. Ticknor, M. Ahmed, S. R. Leone, W.D. Allen, H. F. Schaefer, and M. A.
Duncan, “Ionization T hresholds o f S mall C arbon C lusters: Tunable VUV E xperiments and T heory,” J. Am.
Chem. Soc. 129, 10229 (2007).

S.E. Wheeler, W.D. Allen, and H. F. S chaefer, “On the C onvergence o f Z-Averaged Perturbation T heory
(ZAPT),” J. Chem. Phys. 128, 074107 (2008).

J.J.Wilke, W.D.Allen,and H. F . S chaefer, “ Establishment o fthe C,Hs + O, Reaction M echanism: A
Combustion Archetype,” J. Chem. Phys. 128, 074308 (2008).

P.P. Bera, Y. Yamaguchi, H. F. Schaefer, and T. D. Crawford, “Born-Oppenheimer Symmetry Breaking in the
C State of NO,: Importance of Static and Dynamic Correlation Effects,” J. Phys. Chem. A112,2669 (2008).

R. K. Sreeruttun, P. Ramasami, C. S. Wannere, A. C. Simmonett, and H. F. Schaefer, “n- and o-Phenylethynyl
Radicals and their Isomers o-, m+, and p-Ethynylphenyl: Structures, E nergetics, and Electron Affinities,” J.
Phys. Chem. A112, 2838 (2008).

S. Carter, N. C. Handy, Y. Yamaguchi, J. M. Turney, and H. F. Schaefer, “Vibrational Energy Levels for the
Electronic Ground State of the Diazocarbene (CNN) Molecule,” Molecular Physics 106, 357 (2008).

L. D. Speakman, J. M. Turney, and H. F. Schaefer, “Toward the Experimental Observation of Quartet States of
the Ozone Radical Cation: Insights from Coupled Cluster Theory,” J. Chem. Phys. 128, 214302 (2008).

P. R. Schreiner, H. P. Reisenauer, F. C. Pickard, A. C. Simmonett, W. D. Allen, E. Matyus, and A. G. Csaszar,
“Capture of Hydroxymethylene and Its Fast Disappearance through Tunnelling,” Nature, 453, 906-909 (2008).
See commentaries and news articles on this work in Nature (Vol. 453, p. 862), Chemistry World (July 2008, p.
23), and Angewandte Chemie (Vol. 47, p. 2).

A. U. Sokolov, N. J. Stibrich, and H. F. Schafer, “BO; Molecular Structures: E xamples of the Importance of
Electron Correlation”, Collect. Czech Chem. Commun. 73, 1495 (2008).

A. C. Simmonett, H. F. Schaefer, and W. D. Allen, “The Enthalpy of Formation and Anharmonic Force Field of
Diacetylene,” J. Chem. Phys. 130, 044301 (2009).

S. E. Wheeler, K. N. Houk, P. v. R. Schleyer, and W. D. Allen, “A Hierarchy of Homodesmotic Reactions,” J.
Am. Chem. Soc. 131, 2547 (2009).

A. C. Simmonett, N.J. Stibrich, B. N. Papas, H. F. S chaefer,and W. D. Allen, “Barrier to L inearity a nd
Anharmonic Force Field of the Ketenyl Radical,” J. Phys. Chem. A113, 11643 (2009).

J. J. Wilke and H . F. S chaefer, “ The S ubtleties o f E xplicitly C orrelated ZAveraged Perturbation T heory:
Choosing an R12 Method for High-Spin Open-Shell Molecules,” J. Chem. Phys. 131, 244116 (2009).

S. E. Wheeler and H., F. Schaefer, “Thermochemistry of the HOSO Radical, a Key Intermediate in Fossil Fuel
Combustion,” J. Phys. Chem. A113, 6779 (2009).

T.Lu, A. C.S immonett, F. A. Evangelista, Y . Yamaguchi, and H . F. Schaefer, “ Diphosphene and
Diphosphinylidene,” J. Phys. Chem. A 113, 13227 (2009).

E. Prochnow, F. A. Evangelista, H. F. Schaefer, W. D. Allen, and J. Gauss, “Analytic Gradients for the State-
Specific Multireference Coupled Cluster Singles and Doubles Model,” J. Chem. Phys. 131, 064109 (2009).

P. R. Schreiner, H. P. Reisenauer, E. Matyus, A. G. Csaszar, A. Siddiqi, A. C. Simmonett, and W. D. Allen,
“Infrared Signatures of the NCCO Radical,” Phys. Chem. Chem. Phys. 11, 10385 (2009).

H. Feng and W. D. Allen, “The Problematic C,H, + F, Reaction Barrier,” J. Chem. Phys. 132, 094304 (2010).

J. A. Miller, S. J. Klippenstein, Y. Georgievskii, L. B. Harding, W. D. Allen, and A. C. Simmonett, “Reactions
between Resonance-Stabilized Radicals: Propargyl + Allyl,” J. Phys. Chem. A 114, 4881 (2010).

U. B ozkaya,J. M. Turney, Y.Y amaguchi,and H. F. S chaefer, “The B arrier H eight, U nimolecular R ate
Constant, and Lifetime for the Decomposition of HN,,” J. Chem. Phys. 132, 064308 (2010).

Q. Wu, Q. Cheng, Y. Yamaguchi, Q. Li, and H. F. Schaefer, “Triplet S tates o f C yclopropenylidene and I'ts
Isomers,” J. Chem. Phys. 132, 044308 (2010).

D. Gerbig, H. P. Reisenauer, C.-H. Wu, D. Ley, W. D. Allen, and P. R. Schreiner, “Phenylhydroxycarbene,” J.
Am. Chem. Soc., submitted (2010).

28



Annual Progress report April 2010
Threshold Photoelectron Photoion Coincidence (TPEPICO) Studies:
The Road to + 0.1 kJ/mol Thermochemistry

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

Program Scope

The threshold photoelectron photoion coincidence (TPEPICO) technique is utilized to
investigate the dissociation dynamics and thermochemistry of energy selected medium to large
organic molecular ions. The reactions include parallel and consecutive steps that are modeled
with the statistical theory in order to extract dissociation onsets for multiple dissociation paths.
These studies are carried out with the aid of molecular orbital calculations of both ions and the
transition states connecting the ion structure to their products. The results of these investigations
yield accurate heats of formation of ions, free radicals, and stable molecules. In addition, they
provide information about the potential energy surface that governs the dissociation process.
Isomerization reactions prior to dissociation are readily inferred from the TPEPICO data.

The TPEPICO Experiment

The threshold photoelectron photoion coincidence (TPEPICO) experiment in Chapel Hill
is carried out with a laboratory H, discharge light source. Threshold electrons are collected by
velocity focusing them into a 1.5 mm hole on a mask located at the end of the 12 cm drift tube.
Some hot electrons pass through a 2x5 mm opening located next to the central 1.5 mm hole. In
this fashion, two TPEPICO spectra are simultaneously collected, one for threshold and one for
hot electrons. Hot electron free data are obtained by subtracting a fraction of the hot from the
threshold TPEPICO data. The ion TOF is either a linear version or a reflectron for studying H
loss processes. The electrons provide the start signal for measuring the ion time of flight
distribution. When ions dissociate in the microsecond time scale, their TOF distributions are
asymmetric. The dissociation rate constant can be extracted by modeling the asymmetric TOF
distribution. A high-resolution version of this experiment with a molecular beam source and an
electron imaging detector at the Swiss Light Source (SLS) has been constructed and has been
collecting data since August, 2008. Because of the high photon flux, we have implemented the
first multi-start multi-stop coincidence scheme using a master clock as the time base. The
maximum photon resolution and flux have not yet been achieved due to some alignment issues.
However, 2 meV resolution (0.2 kJ/mol) is routinely available, which is yielding very precise
heats of formation of some key molecules, radicals and ions.
Recent Results
The Heats of Formation of the Allyl Radical and Ion by TPEPICO Spectroscopy: The 0 K
onset of C3Hg > C3Hs  + H® was measured in Chapel Hill by Threshold Photoelectron-Photoion
Coincidence (TPEPICO) spectroscopy. From the onset (11.898 = 0.024 eV) the heat of
formation of the allyl ion (CH,CHCH,") was determined to be AdH’xk=967.2; A ,05x=955.4 +
2.5 kJ mol™'. This value is significantly more positive than prior determinations, and resolves a
discrepancy between measurements of the allyl radical and allyl ion heats of formation and
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recent precise measurement of the allyl radical adiabatic ionization energy (8.1309 eV) by the
Merkt group. Our derived radical heat of formation is 170.9 + 2.5 kJ/mol, which compares very
well with the accepted value of 171 + 4 kJ mol™. The new allyl ion heat of formation leads to a
new proton affinity for proadiene (allene) of 765.0 & 2.5 kJ/mol, which is 10 kJ/mol lower than
the previously accepted value. The 0 K onset for H loss from the propene ion was made difficult
by the slow loss of the hydrogen atom, as well as
competition at a slightly higher energy by H, loss.
As shown in the figure, the asymmetry of the H loss
peak due to the slow reaction is barely visible
because of the small mass loss. However, modeling
of the reaction dynamics when using both LinTOF
and ReTOF mass spectrometers at various ion
temperatures, provided a good fit to all the data, and
sufficient information content to extract an accurate
onset energy.
An attempt is made to determine the
CH;CCH," heat of formation by measuring the 0 K
onset of 2-CIC3Hs > C;Hs + CI°. However, 2-
CIC;Hs™  dissociates through numerous parallel
Figure 1. Ton TOF distributions for the channels, preventing an accurate determination, and
photoionization of propene at various in any case C3Hs  appears at too low an energy to be
photon energies. the higher energy CH;CCH," structure. Rather, 2-
CIC;Hs" undergoes a concerted hydrogen transfer and
Cl-loss via an intramolecular SN-2 like mechanism to produce the allyl ion. The 0 K onset of 3-
CIC3Hs 2 C3Hs™ + ClI° is measured (11.108 £ 0.010 eV) to determine the 3-CIC;Hs' heat of
formation (AHOﬁ()K:14.9; AHOf,zggK:l.l + 2.7 kJ mol'l). 3-CIC;Hs" is suggested to readily
isomerize to trans 1-CIC;Hs" prior to dissociation.

On the ionization and dissociative photoionization of iodomethane: a definitive
experimental enthalpy of formation of CH3I: The dissociative photoionization onset energy
of the CH3I — CHj' + I reaction was studied at the VUV beamline of the Swiss Light Source
(SLS) using a new imaging photoelectron photoion coincidence (iPEPICO) apparatus operating
with a photon resolution of 2 meV and a threshold electron kinetic energy resolution of about 1
meV. Three previous attempts at establishing this value accurately, namely a pulsed field
ionization (PFI)-PEPICO measurement, ab initio calculations and a mass analyzed threshold
ionization (MATI) experiment, in which the onset energy was bracketed by state-selected
excitation to vibrationally excited A; A states of the parent ion, have yielded contradictory
results. It is shown that dimers and adducts formed in the supersonic molecular beam affected the
PFI-PEPICO onset energy. The room temperature iPEPICO experiment yields an accurate 0 K
onset of 12.248 + 0.003 eV, from which we derive a AfH95x(CH3I) = 15.4 £ 0.3 kJ mol !, This
high precision value can now be utilized as an anchor for calculations involving other alkyl
halides, such as C,;HsI. The room temperature breakdown diagram shows a fine structure that
corresponds to the threshold photoelectron spectrum (TPES) of the A state. Low internal energy
neutrals seem to be preferentially ionized in the A state when compared with the X state, and A
state peaks in the TPES are Stark-shifted as a function of the DC field, whereas the dissociative
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photoionization of X state ions is not
affected. This suggests that there are
different competing mechanisms at play to
produce ions in the A state VvS. ions in the X
state. The competition between field
ionization and autoionization in CHjl is
compared with that in Ar, N; and in the H-
atom loss energy region in CH,". The
binding energies of the neutral and ionic
Ar—CHsl clusters were found to be 26 and
66 meV, respectively.

Figure 2 shows the TPES in region of the
CHiI" A state. The peaks are assigned to A
state vibrational levels, while the broad
background is a result of the X state continuum.
The parent and daughter ion coincidence yield
curves show that the A state peaks show up
only in the parent ion structure, thereby
demonstrating that A state excitation yields ion
in lower rotational states than the X state ions.
The bottom shows the breakdown diagram
modeled with two temperatures.

Experimental Thermochemistry of SiClz3R (R = Cl, H, CH3;, C;Hs, C;H3, CH,Cl, SiCly),
SiCl;", and SiCl;*: The 0 K onsets (Eo) of a series of trichlorosilane derivatives SiCl3R >
SiCl;'+ R* (R = Cl, H, CHs;, C,Hs, C,Hj, CH,CI, SiCl;) were measured by Threshold
Photoelectron-Photoion Coincidence (TPEPICO) spectroscopy. The well-known heat of
formation of SiCly is used as an anchor to determine the heat of formation of SiCl;", which is in
turn used as an anchor to determine the heats of formation of the other alkyltrichlorosilanes
investigated. A series of isodesmic reactions at the G3 and CBS-QB3 levels accurately
reproduced the experimental heats of formation, and this scheme was used to calculate the heat
of formation of Si,Cls, from which the measured Eq determines the SiCl;" heat of formation. The
measured values then determine the IE of SiCl;" along with the Si-R bond dissociation enthalpies
of the six neutral species investigated. The experimental heats of formation are also used in a

series of isodesmic reaction calculations to determine the heats of formation of SiH;R (R= H,
CHj3, C,Hs, C,H3, CH,CI SiCls).

Work in Progress and Future Plans

Some papers in progress include an accurate and reliable measurement of the propyl ion heat of
formation. SLS experiments on C3;Hg, CsH;X (X = Cl, Br, I) have yielded accurate onsets (& 2
meV), which will result in very accurate heats of formation for C3H;" as well as for C3H;X X=
Cl, Br, I), all to within = 0.2 kJ/mol. This will provide a proton affinity for propene, and will
greatly aid in establishing heats of formation for a range of alkyl halides. Another project in
progress involves the dissociation of C¢HsX', X = NO, Cl, Br, I. The comon ion for these
dissociation reactions is the Cg¢Hs', which is an important species in Ruscic’s Active
Thermochemical Tables. This joint project with Ruscic will incorporate our accurate onsets for
these reactions into the Active Tables. Finally, we are in the final stages of writing up a very
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interesting paper with John Stanton on tunneling in the H atom loss from HCOOH" to produce
the HOCO™ ion.

Future directions involve the installation of the Ruscic free radical source at the iPEPICO
experiment at the Swiss Synchrotron. This will permit the study of a number alkoxy and peroxy
radicals. The unique approach will involve dissociative photoionization by iPEPICO rather than
just measuring the IE, which is often made difficult by poor FC factors.
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Program Scope

This program is directed toward achieving a more complete understanding of turbulence-
chemistry interactions in flam  es and providing detailed m  easurements for validation of
combustion models. In the Turbulent Combustion Laboratory (TCL), simultaneous line imaging
of spontaneous Ram  an scattering, Raylei  gh 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 m ajor 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 al so measured by imaging of OH LIF in two crossed
planes, which intersect along the laser axis for the multiscalar measurements. These com bined
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 collabora tive efforts to develop and validate predictive
models for turbulent combustion. This is accomplished through our visitor program and through
the TNF W orkshop series. Although the past em phasis has been on nonprem ixed and partially
premixed com bustion, the workshop and this pr ogram are expanding their scope to address a
broad range of com bustion m odes, including prem ixed and stratified flam es. W e are also
working to extend our quantitative m ultiscalar diagnostics to m ore complex fuels. Entry into
these new research areas has prom pted developm ents in both hardware and m ethods of data
analysis to achieve unprecedented spatial resolution and precision of m ultiscalar measurements.
Within the CRF we collaborate with Joe Oefelein to use highly-resolved large-eddy sim ulations
(LES) of our experim ental flam es in order to gain greater fundam ental understanding of the
dynamics of m ulti-scale flow-chemistry interactions. W e also collaborate with Tom Settersten
and Jonathan Frank to refine our quantitative LI F methods and to apply complementary imaging
diagnostics to selected turbulent flames.

Recent Progress

Turbulent Stratified and Premixed Flames

In stratified combustion a turbulent flam e propagates through a nonuniform mixture of fuel and
oxidizer. This mode of combustion is common on practical systems but is not well understood at
a fundamental level, so it represents an im portant challenge for com bustion models. Stratified
combustion is also challenging for laser diagnos tics because high precision in the m easurement
of the local equivalence ratio, ¢, is required and thin reaction zones dem and high spatial
resolution. W e have been collaborating with ~ Cambridge University (S. Hochgreb and M.
Sweeney) and the Technical University of Darm  stadt (A. Dreizler, F. Seffrin, F. Fuest) to
investigate stratified turbulent flam es using three burner configurations that cover ranges of
turbulence level and flow field com plexity. The first burner (Fig. 1a) uses parallel slots and a
mesh at the burner exit plane to create a m ildly turbulent mixing layer between two stream s to
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different equivalence ratio. Data from this burner have been analyzed to extract statistics on the
instantaneous dissipation of reaction progress vari able, which is an im portant quantity for some
modeling approaches and which had not previously been m easured in any turbulent stratif ied
flame. Statistics of the flame surface density, curvature, and orientation have also been reported.
The burners shown in Fig. 1b and 1c, operate at higher turbulence levels are were both designed
as target burners for m odel calculations. Both have co-annular flows that generate a turbulent
mixing layer between them . The TU Darm stadt burner uses a central prem ixed pilot to anchor
the conical turbulent flam e. The Cam bridge/Sandia burner (Fig. 1¢) has a central bluff body
rather than a pilot to stabilize th e flame, and it includes variable swirl in the outer annular flow.
Recirculation and swirl add com plexity to the flow field, increasing the m odeling challenge.
Both burners have long entry lengths to sim plify the description of inflow conditions for
simulations.

2) b) 9,

R127 R19.05

Figure 1. a) Cambridge stratified slot burner diagram and flame image; b) TU Darmstadt stratified
annular burner and flame image; and c) Cambridge/Sandia stratified swirl burner and flame image.

During the past year we com  pleted exte nsive experim ents on the Cam bridge/Sandia
burner, including stratified and premixed methane-air flames with varying stratification ratio and
swirl number (12 cases in total). Premixed cases are included, so that the effects of stratification
on flame structure m ay be isolated. Analysis of these data has only started, but this work has
already revealed unexpected effects of transport on the structure of turbulent prem ixed flames.
These new m easurements show that the C/H at  om ratio is not necessarily conserved going
through the turbulent flam e brush in this burner configuration. Figure 2 illustrates the effect by
comparing results from a planar unstrained lam inar premixed flame with those from a turbulent
premixed flame stabilized on the Cam bridge burner. In each case the m easurements are plotted
vs. tem perature to expand the internal structur e of the flam e, and results are com pared to
unstrained laminar flame calculations at the appropriate reactant equivalence ratio. Calculations
were done using Chemkin with GRI 3.0 and multi-component transport. Measurements from the
laminar flam e agree well with the calculation. However, the turbulent flam e m easurements
reveal changes in the behavior of the C/H ratio and several other scalars within the flam e and in
the fully reacted products. The C/H ratio, which va ries through the interior of the lam inar flame
due to differential m olecular diffusion, does not  return to its starting value of 0.25 in the
turbulent flame. This is believed to result f  rom a com bination of m olecular and turbulent
transport, such that H, diffuses preferentially through the preh eat zone and is further transported
away from the local flam e brush by turbulent adv ection. The elevated carbon level translates to
higher than expected CO ; mass fraction and lower O ; mass fraction (not shown). Thus, the
equivalence ratio, calculated from the atom balance of the m easured species, is higher in the
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products than in the reactants, with the differe nce being about 10%. Th ese effects were not
observed in the prem ixed slot burner flam e (Fig. 1a), which has very low turbulence and no
shear. It is possible that shear is a contri ~ buting factor, along with high turbulence and the
relatively high angle between the flam e brush norm al and the m ean streamlines of the reactant
flow. Velocity m easurements are in progre ss at Cam bridge University and will help in
developing a m ore com plete understanding of th e physical m echanisms contributing to this
newly observed (as far as we are aware) combustion phenomenon.

Figure 2. Measured mean and rms (xc shown as error bars) CH, and CO, mass fractions, C/H atom
ratio, and local equivalence ratio in a planar unstrained laminar premixed CH-air flame at ¢ = 0.73 (upper
row) and in a turbulent premixed flame at ¢ = 0.77 (lower row). Results of laminar unstrained flame
calculations at the appropriate reactant equivalence ratio are also shown in each graph.

Data Evaluation for DME Flames

In collaboration with F. Fuest and A. Dreizler (TU Darmstadt) and J.-Y. Chen (UC Berkeley) we
have been developing m ethods for interpretati on of Ram an/Rayleigh measurements in lam inar
and turbulent partially premixed flames of dimethyl ether (DME). This work is a continuation of
exploratory studies on lam inar and turbulent jet flames of ethane, ethylene, DME, and propane
conducted early in 2009. The hydrocarbon inte rmediates in DME flames, including CH4, CH,O,
C,H,, C,H4, and C,Hg, have lower Rayleigh and Ram an cross sections than the parent fuel, and
the total m ole fraction of these interm ediates is high enough to significantly influence results.
Therefore, the composition and effective cross sec tions for the mixture must be modeled as part
of the Ram an/Rayleigh data analysis. Our initia 1approach is to describe the m  ixture cross
sections as functions of tem perature, based on com positions from laminar opposed-flow flam e
calculations at representative strain rates. This approach works well for processing
Raman/Rayleigh data from lam inar flam es. However, we expect thatam  ore sophisticated
approach will be needed to interpret signals f rom turbulent partially prem ixed flames with local
extinction, so work will continue in this area.

Future Plans

Our highest priority for the com ing year we 1l be to m ove forward with analysis and
interpretation of the very substantial data set f rom the stratified swirl burner. This work will be
conducted in collaboration with Cambridge University. In addition to further investigation of the
transport effects described above, we will be ex tracting conditional statistics on scalar quantities
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relevant to both geom etrically-based and dissi pation-based m odeling approaches for turbulent
stratified and prem ixed flam es. This work will take advantage of long 30,000-shot records
acquired near the intersection of the flam e brush and the m ixing layer in each stratified case. It
is likely that m ultiscalar experim ents will also be conducted on the TU Darm  stadt stratified
burner at some point during the next year. However dates have not been established.

We also plan to conduct experiments on a series of turbulent partially premixed DME-air
jet flames stabilized on the Sydney piloted burner. These experim ents will be conducted at the
highest practical Reynolds number and will include multiple steps in the probability of localized
extinction. Both of these projects are consistent with research priorities established for the TNF
Workshop.
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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, 2003) 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. It is also planned to establish collaboration with Dr. Joseph Oefelein of
the Combustion Research Facility at Sandia Livermore to work together towards
implementing the models developed in this research into the high-pressure Large Eddy
Simulation code under development by him at Sandia.

. Recent Progress

This program was initiated in September 2009 and thus has not yet benefited of a full year
of study. Additionally, the Post Doc who will work with the PI and be entirely dedicated to
this project will only come on board somewhat later than anticipated due to a delay in
finishing her PhD thesis. Therefore, the study has so far been mainly conducted by the PI, and,
due to the limited time that contractually the PI can currently devote to this work, the
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investigation has primarily concentrated on understanding the implications on this reactive-
flow work from recent results obtained in a precursor study on high-pressure mixing, under
different sponsorship. These recent results were derived after the present work was proposed
and it is very satisfying to find out that they reinforce the proposed direction of the study
while adding further considerations which are not necessarily restricted to high-pressure
studies but become amplified under high-pressure conditions. In the following, we will discuss
what we have learned from these recent results and how they may add to the work already
underway.

We had made the case that supercritical-pressure mixing studies have shown that the
scalar dissipation dominates viscous and heat dissipation. This conclusion came from Direct
Numerical Simulations (DNSs) of temporal mixing layers the results of which showed the
formation of high density-gradient magnitude (HDGM) regions where the scalar dissipation
had most of its activity. Because these HDGM regions were also experimentally observed in
fully turbulent flows [i — iii], the natural, but indirect, conclusion was that the scalar
dissipation dominates the total dissipation even in fully turbulent flows. Recently, we have
had direct evidence that for non-reactive flows undergoing species mixing, the scalar
dissipation indeed dominates the entire dissipation [iv]. By non-dimensionalizing the source
term of the entropy equation, which represents the dissipation, we have shown that both the
viscous and heat dissipation scale as O(Re™), whereas the scalar dissipation does not scale
with Re, where Re denotes the Reynolds number. Thus, as Re increases (e.g. from DNS to
fully turbulent flows) both the viscous and thermal dissipation decrease, whereas the scalar
dissipation is independent of the Re value. For the high-pressure flows under consideration,
the coefficients resulting from the non-dimensionalization were computed at transitional times
of different DNS realizations and their calculated value did not modify the conclusions of the
non-dimensionalization. The question is: Would the same conclusion remain valid for high-
pressure reactive flows? This is a subject which we should investigate once we have available
DNS realizations of such reactive flows. In particular, this means that we should develop the
mathematical expression for the source term in the entropy equation in the case of reactive
flows and perform the non-dimensionalization of the reaction-based term to compare it to the
three flux-originated modes of dissipation studied in [iv]. The implications of the results could
be far reaching for conducting Large Eddy Simulation (LES) in that the difficulty in LES is to
reproduce the dissipation through models; knowing where most of the effort should be
devoted will not only enhance the LES quality but also reduce the time to develop the needed
models.

Another set of results [v] added increasing perspective to performing LES of high-pressure
flows, and generally to performing LES in any situation in which there are strong non-
uniformities in the flow, as for example the present HDGM regions. Such HGDM regions
have already been observed in fully turbulent high-pressure reactive flows [vi]. We recall that
the LES equations are obtained by filtering the governing equations, yielding two types of
terms: (a) terms which can be directly computed from the LES solution, and (b) subgrid (SGS)
terms which must be modeled. But the SGS terms are not only the ubiquitous SGS fluxes (for
species, momentum and enthalpy) which originate from the convective terms of the original
equations, but also terms each expressing a difference between a filtered term and the same
term computed as a function of the filtered (i.e. LES) solution resulting from all terms in the
original equations. These differences, usually neglected, embed SGS information which may
be considerable if there are strong flow non-uniformities and/or if the LES grid is much
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coarser than that for a well-resolved DNS would be. Modeling performed in [v] showed how
one of these important additional SGS terms [vii], based on the pressure gradient, could be
modeled using a Taylor series expansion. Another type of modeling was used for the
divergence of the heat flux [viii], based on the approximate deconvolution model (ADM), and
it was shown how this model led to an irreducible error which is inherent to the coarser LES
grid compared to DNS. The implication for reactive flows is that the corresponding SGS terms
obtained from filtering the reaction terms could be modeled using similar approaches. The
strong non-linearity of the additional SGS terms already modeled bodes well for applying the
same techniques to reactive flow modeling.

Finally, there is strong indication that the definition of scalar variance currently used in
combustion for the conserved scalar, particularly for modeling flamelets, is no longer valid for
high-pressure flows. This issue must be addressed for supercritical-pressure reactive flows
because it will impact combustion modeling at the most fundamental level. In particular, this
issue is directly related to the questioning by Barlow [ix] of the current concept of progress
variable, as used even for atmospheric flows. Discrepancies between currently established
concepts for atmospheric-pressure flows and future concepts needed for studies incorporating
detailed molecular transport properties become amplified as the pressure increases. The Pl is
currently exploring the possibility of spending considerably more of her time on this crucial
study.

As of now, the PI has initiated collaboration with Dr. Oefelein by transmitting SGS
models specifically describing high-pressure mixing, and he will soon start discussing the
details of their implementation into the Sandia code. Also, the supercritical-pressure reactive-
flow conservation equations have been derived using a 4 steps and 5 species kinetics [x] for
heptane/air reactions in the auto-ignition regime. To allow the study of turbulence/reaction
coupling at the incipient turbulence Reynolds number values achievable in DNS, the pre-
exponential factor of the reactions rates provided in [X] will be proportionally modified to
adjust the reactions’ characteristic times to those of these incipient turbulence flows.

I11.  Future Plans
To code the conservation equations, the following will be achieved in the near future:
* Implement a multispecies diffusive model.
« Develop a real-gas equation of state representing the 5 species system.
* Develop boundary conditions for supercritical-pressure reacting flows obeying real-
gas equations of state, much as those in [xi] for perfect-gas flows.
We expect to debug the code, obtain the baseline DNS solution and perform analysis of
the results before the next year meeting.
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Program Scope

The research program supported by this Department of Energy grant focuses on the
development of rigorous computational methods to model the chemical and physical
processes of importance in gas-phase combustion. This includes the development of
full-dimensional, global, ab initio-based potential energy surfaces (PESs) that
describe complex unimolecular and bimolecular reactions. 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.
Large amplitude motion, including isomerization, "roaming”, energy transfer in
collisions with atoms and molecules can be studied with these potentials. The choice
of reaction system to study is always motivated by experiments that challenge and
ultimately advance basic understanding of combustion reaction dynamics.

Recent Progress

CH3CHO Photodissociation

We have developed a new global PES for CH3CHO that includes thousands of
MRCI/aVTZ energies in the regions of multireference character. This potential, like
the first version,F3 has been used in quasiclassical trajectory calculations of the
photodissociation of CH3CHO, over a large wavelength range to determine the extent
of "roaming" in the dissociation dynamics.l P3 P4 Preliminary results indicate that
this unusual pathway to molecular products is a major one, in agreement with results
published in 2008.P4 The final state distributions of the radical products CHz and
HCO have also been calculated and compare well with recent experiments of Kable
and co-workers.2

F+CH4 reaction

We developed a full-dimensional, ab initio-based PES for the F+CH4 reaction,?? based
on fitting roughly 20 000 highly accurate electronic energies. This PES is the most
accurate one currently available and has been used by us in dynamics calculations of
HF final state distributions, which agree well with experimental results of Nesbitt
and co-workers.3 More recently we reported a study of interesting and surprising
mode-specific effects in the F+CD3H(vcus = 0,1) reaction.’13 This was motivated by
crossed molecular beam experiments, reporting these effects, by Lui and co-
workers.*

Electronic Quenching of OH* by H:

Motivated by experiments of the Lester group>¢ and the Davis group’ we developed a
global potential energy surface for the ground electronic state and electronically
excited states in the vicinity of thirteen conical intersections identified previously by
Hoffman and Yarkony.®? These surfaces were used to study the reactive and non-
reactive quenching channels OH* + H, — H,0+H, OH+Hz. The first set of calculations
were done by initiating tens of thousands of classical trajectories at each of these
conical intersections, using two microcanonical distributions of initial momenta for
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each atom. These are indicated in the figure below. which serves to define the
"adiabatic" and "diabatic" microcanonical models for the dynamics. Each of these
models bypasses the need to obtain the non-adiabatic dynamics and gives what we
terms "post quenching” dynamical predictions of the reactive to non-reactive
branching and final state distributions of the products. In the adiabatic model,
indicated by the red two-headed arrow, momenta at conical intersections are

selected fully microcanonically,
consistent with a long-lived collision
complex on the upper adiabatic
potential (indicated as 2A'). In the
diabatic model, indicated by the green
single-headed arrow, the negative sign
of the initial relative speed of the
distance between the centers of mass of
the OH* and H», denoted R, is assumed
to be preserved at the conical
intersections. This is consistent with
immediate passage to the ground
electronic state through the conical
intersections.

These two models results in widely different predictions of the reactive to non-
reactive branching fraction (as expected) with the diabatic one being in much closer
agreement with experiment. Both, however, predict, virtually identical final state
distributions, and example of which is shown below for the OH ro-vibrational
distributions. Comparisons with the Lester group experiments are also given and we

we are quite encouraged with the level of agreement with experiment, especially
given the simplicity of the model. We close this section by also noting that the new
ground state global PES is being used in quantum scattering calculations of the state-

to-state cross sections.?
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Future Plans

(1) We plan to extend the study of multi-electronic state dynamics calculations of the
H2CO photodissociation that will explicitly consider the non-adiabatic coupling. (2)
We plan reduced dimensionality quantum calculations of the F+CD3H reaction in
order to make direct comparisons with the experiments of Kopin Liu, who has
presented some evidence of a possible resonance in this reaction. Liu's experiments
detect the correlated products CD3(v=0)+HF(v') and CD2H(v=0)+DF(v'). (3) We will
complete potential energy surfaces and non-adiabatic coupling for excited states of
the OH*+H: reaction and begin coupled non-adiabatic dynamics calculations of this
quenching. Finally, (4) we will begin studies of energy transfer in complex systems
such as vibrationally excited CH3CHO, formed from the association reaction
CH3+HCO.
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PROJECT SCOPE
Combustion processes are governed by chemical kinetics, energy transfer, transport, fluid
mechanics, and their complex interactions. Understanding the fundamental chemical
processes offers the possibility of optimizing combustion processes. The objective of our
research is to address fundamental issues of chemical reactivity and molecular transport
in combustion systems. Our long-term research objective is to contribute to the
development of reliable combustion models that can be used to understand and
characterize the formation and destruction of combustion-generated pollutants. We
emphasize studying chemistry at both the microscopic and macroscopic levels. Our
current work is concerned with improving the calculation of transport properties for
combustion modeling.

RECENT PROGRESS

Diffusion, viscosity, thermal conductivity, and thermal diffusion are critically important
in combustion processes. They affect profile shapes, flame velocities, and pollutant
production. Sensitivity analysis [Brown and Revzan, 2005] revealed that influential
transport properties can be as important in flame modeling as influential reaction rates,
and both should be taken into account when building chemical mechanisms.

A review of transport property formalisms and their underlying parameterizations has
been completed. This review examines current approximations and approaches that
underlie the evaluation of transport properties for combustion modeling applications.
Viscosity data (post 1970) were used to benchmark the various approaches and
approximations because it is the most accurately measured (errors less than 0.5%) of the
properties, and there is significant data for experimentally determined viscosity
coefficients for pure substances and binary mixtures.

Discussed in the review are: the intermolecular potential and its descriptive molecular
parameters; various approaches to evaluating collision integrals; supporting data required
for the evaluation of transport properties; the quality of experimental measurements and
their importance for validating or rejecting approximations to property estimation; the
interpretation of corresponding states; combination rules that yield pair molecular
potential parameters for unlike species from like species parameters; and mixture
approximations. The insensitivity of transport properties to intermolecular forces is noted,
especially the non-uniqueness of the supporting potential parameters. When suitable
potential parameters are used, the accuracy of transport property evaluation for pure
substances and binary mixtures is acceptable when they are calculated using the
approaches of Kee et al.(TRANLIB), Mason, Kestin, and Uribe(MKC), Paul and
Warnatz (DRFM), Ern and Giovangigli(EGLIB). Although the approach to treating
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polar molecules appears to be different in TRANLIB and DRFM, they yield quite similar
results when the supporting data required by each is accurate. Recommendations from the
review include a strong plea for revisiting the supporting data required by the various
approaches, and updating the data sets with accurate potential parameters, dipole
moments, and polarizabilites. Potential parameters and the slope of the trough line [see
Bastien et al., 2010] characterizing the relationship between the energy and length-
scaling Lennard-Jones potential parameters should also be part of the supporting data sets
for each molecule. Combining rules were found to under predict the viscosity in most of
the cases, and we recommend that improved rules be developed. There are very few
measurements of transport properties for radical species, and we strongly recommend
additional measurements. Thermal conductivity, which is important for the fuel and
oxidizer in the early stages of flame development, must have accurate values of the
molecular heat capacity for its evaluation.

There are many combining rules and several of these appear to be quite ad hoc
without much physical basis. We used our optimum potential parameters obtained by
fitting binary mixture viscosities for twelve types of binary mixtures to generate a new
approach to combining rules. Plotting the @;;’s versus the pure species collision diameters

a,;’s and @,’s resulted in a rather smooth and nearly planar surface as shown in Bastien et
al. [2010]. The equation of the plane yielding the best fit is:

0, =043 (0, + 0, )+ 046 )

This yields good results, with deviations frequently less than 2% from the best fit values,
but there are outliers with deviations exceeding 3%.

T* greater than 10: MKC observed a slight failure in the Law of Corresponding States
when the LJ 12-6 potential was used for values of T* greater that 10 and suggest that it be
replaced a Born-Mayer exponential repulsive potential [Vexp(-r/p)] thereby introducing
two additional potential parameters. There are very few viscosity data for T*> 10.0. We
investigated rare gases, H, and N, and calculated the viscosity using the Lennard Jones
and Born-Mayer potentials as seen in the Figure 1 for H,.

Figurel: Deviation of calculated
viscosities from experimental values
for H,.

The red symbols correspond to viscosities
computed with the 2-parameter correlation. The
blue symbols correspond to viscosities
computed the 4-parameter correlation. The dots
and dashes lines correspond to deviation
between the two correlations (the 2-parameter
correlation is the reference value). The T*=10.0
line is the vertical line in the figure.
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The viscosities calculated with the two potentials track each other very well, and have
small and acceptable deviations. We recommend using the L-J potential in this
temperature range since it appears to work well, and requires only two molecular
parameters.

Thermal conductivity: In contrast with viscosity and diffusion, internal degrees of
freedom of polyatomic molecules contribute to the thermal conductivity, and the effects
of inelastic collision where energy is transferred among the various degrees of freedom
must be considered. Measurements of thermal conductivity via the hot wire technique,
the preferred experimental approach, have larger errors associated with them (5 %) than
viscosities. The TRANLIB, MKC, and DRFM approaches to computing thermal
conductivity are different and each has its own approach for accounting for the internal
degrees of freedom, but all use the heat capacity. Each separates the contributions of the
different degrees of freedom and evaluates them with approaches that are quite empirical.
We computed thermal conductivities for a number of molecules using the three
approaches and computed their deviations from experimental values for: Ar, N2, O,, CO,,
and CH,4. Each approach gave satisfactory results with deviations less than 5 % when
compared with experiment. The TRANLIB code must be corrected for an algebraic error
as indicated in the review.

Transport codes: Two codes that are used most widely in the combustion community
are TRANLIB and the EGLIB codes of Ern and Giovangigli [2004]. EGLIB is a general
purpose Fortran library for multicomponent mixture transport property evaluation of
order (NS)?, where NS is the number of species. EGLIB uses the formalism developed
for transport linear systems, contains the TRANLIB data base, and uses the TRANLIB
evaluation of collision integrals. EGLIB also provides a new approach to transport
properties in mixtures involving the treatment of vanishing mass fractions that is of order
NS. We recommend using the EGLIB code and modifying the supporting data base by
including better values for the potential parameters, dipole moments, and polarizabilities.
Thermal conductivity coefficient calculations could be improved if more accurate values
of the heat capacity were used.

Current Research

Our research has shown that a simple Lennard-Jones 12-6 (LJ) potential is adequate for
the calculation of viscosity of simple molecules taken as pure species and binary
mixtures. Viscosity measurements of a single chemical species allow direct estimation of
the parameters that describe the interaction between two molecules of the same species,
&ii and ojj, the conventional energy and length scaling parameters associated with the L-J
potential. We found that many different (&;;, o;) pairs can yield predicted viscosities that
agree with experimental values with less than 1% error over a wide range of
temperatures. In order to explore the consequences of this finding, which suggests a
significant insensitivity of transport to the intermolecular surface, we are conducting
sensitivity studies of the deflection function, cross section and collision integrals to the
intermolecular potential. We are also assembling a set of supporting data for flame
studies of H/air and CHy/air flames using a variety of techniques: ab initio calculations,
correlations, and literature searches, and are examining the reliability of thermal diffusion
calculations. We will use the new transport data in flame modeling studies with Bell and
Chang.
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|. Program Scope

The elementary reactions that determine the performance of a combustion system range
from direct H-atom abstraction reactions to complex reactions involving competing
addition/elimination mechanisms. While the total rate constant for many elementary reactions is
well-characterized, understanding the product branching in complex reactions presents a
formidable challenge. To study such reactions, our experiments directly probe the dynamics of
the product channels that arise from long-lived radical intermediates along the bimolecular
reaction coordinates. The work uses the methodology developed in my group in the last eight
years, using both imaging and scattering apparatuses. The experiments generate a particular
isomeric form of an unstable radical intermediate along a bimolecular reaction coordinate and
investigate the branching between the ensuing product channels of the energized radical as a
function of itsinternal 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 and with tunable vacuum ultraviolet photoionization detection at Taiwan's National
Synchrotron Radiation Research Center (NSRRC), and 2) velocity map imaging using state-
selective REMPI ionization and single photon VUV ionization of radical intermediates and
reaction products. Our publications this year include the final experimental paper on our
comprehensive study of product branching in the O + alyl reaction and our first study of aradical
intermediate of the OH + ethene reaction, the 2-hydroxyethyl radical. Our results develop insight
on product channel branching in reactions that proceed via an addition/elimination mechanism
and provide a key benchmark for theoretical predictions of polyatomic reactions that proceed
through unstable radical intermediates.

II. Recent Progressand Ongoing Work

A. O +Allyl

Our work this year completed our studies on the complex dynamics of the O + alyl
reaction. The work included imaging and scattering experiments in our lab at Chicago, CCSD(T)
calculations on the relevant radical intermediates and transition states on the path to the
energetically allowed product channels, and extensive scattering experiments at the NSRRC in
Taiwan in collaboration with J. J. Lin on the product channels accessed from the radical
intermediate formed when the O atom adds to a terminal C atom. To measure the branching
between product channels accessed from this intermediate, our experiments corrected the relative
signa levels by calibrating, in separate experiments, the photoionization cross sections of some
of the radical and molecular products with respect to Cl atoms, ethene and vinyl. The work also
allowed us to measure the photoionization cross section of HCO radicals, as they are produced in
aone-to-one ratio with ethene in this system.

Before our work, a few key studies on the O + allyl reaction had attempted to probe the
product branching and dynamics of this reaction. The early bulk kinetics work of Gutman et al.
(J. Phys. Chem. 94, 3652 (1990)) identified only the acrolein + H product channel as a primary
one, putting a <20% upper limit on the H,CO + C,H; product channel. Later crossed molecular
beam experiments by Choi et a (J. Chem. Phys. 116, 2675 (2002); 117, 2017 (2002); 120, 7976
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(2004)) focused on detecting only OH and H atom products; they also computationally
characterized (J. Chem. Phys. 119, 8966 (2003)) the multiple reaction pathways that can result
from the addition of O atoms to an end vs. the central C atom. More recently, Casavecchia et a
(Phys. Chem. Chem. Phys. 9, 1307 (2007)) used soft-electron impact ionization in a crossed-
molecular beams experiment to try to identify all the product channels. The data evidenced that
acrolein + H is amajor product channel, but they were unable to definitively assign the product
channels resulting in their signal at m/e=29 and 27, so concluded that “one or more C-C fission
product channels’ contribute to the product branching. Most recently, Hoyermann et al. (Proc.
Combust. Inst. 32, 157 (2009)) used laser flash photolysis to generate the O and allyl reactants
and quantitative FTIR spectroscopy to determine the room temperature product branching.

Our prior experiments on this system (J. Chem. Phys. 129, 084301 (2008)) photolytically
generated the OCH,CHCH, radical intermediate, definitively identified three maor product
channels, H + acrolein, H,CO + C,H, and HCO + C,H,, and determined the product branching to
the H + acrolein product channel. Our work this year focused on determining the branching
fractions to all the other product channels from this radical intermediate. Initiating the dynamics
from the radical intermediate instead of from the O + alyl reactants allows us to study the
dynamics at energies where the product branching is critically sensitive to the energetics of the
intermediate transition states, and to quantum tunneling. Our photolytic precursor produced
highly rotationally excited radicals, so we used the measured onset of the H + acrolein product
channel to estimate the rotational energy partitioning to the radicals.

The O(’P) + dlyl radical intermediate dissociated to three competing C-C bond fission
channels. Analysis of the velocity distribution of the momentum-matched signals from the HCO
+ C,H, products and the H,CO + C,H, products shows that the dissociation of the radical
intermediate imparts a high relative kinetic energy, peaking near 20 kcal/mol, between the
products. The strongly forward-backward peaked angular distributions (see figure below) and the
high kinetic energies result from tangential recoil during the dissociation of highly rotationally
excited nascent radicals formed photolytically in this experiment.

The data identifies four dominant product channels. acrolein + H, ethene + HCO, H,CO +
C,H;, and HCCH + CH,O/CH,OH. The most exothermic product channel, C,H + CO, does not
contribute significantly to the product branching. Our integrated signals at C,H, vs. C,H; at 11.27
€V photoionization, corrected for kinematic effects and their photoionization cross section, gave
the HCO + CH, : H,CO + C,H; branching ratio of 45 + 0.5. Here we have used the
photoionization cross section for C,H, put on an absolute scale by Cool et al., Int. J. Mass
Spectrom. 247, 18 (2005)) and the photoionization spectrum of vinyl radicals measured by C.
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Taatjes in conjunction with our low-resolution photoionization efficiency curve. This data also
allowed us to determine the absolute photoionization cross section of HCO radicals as 8.8-11.6
Mb at 11.27 eV (averaged over the NSRRC bandwidth), and to put the entire photoionization
spectrum of HCO from 10 to 11.5 eV on an absolute scale. Likewise, we used our integrated
signals at C,H, vs. HCCH to determine the HCO + C,H, : HCCH + CH,O/CH,OH branching
ratio; it is 3.1 £ 0.5. Using the branching fraction to the H + acrolein product channel of 18%
measured previously, we obtained branching fractions for all the significant product channels.
They are: 53 % for the HCO + C,H, product channel; 12 % to the C,H, + formaldehyde product
channel; and 17% to the HCCH + H,CO/H,COH product channels. The statistical predictions for
the product branching are in reasonable agreement with the experiment, with the exception of the
branching to the acetylene product channel. The experimentally determined branching to that
channel is significantly larger than that predicted by the statistical calculations; we are presently
re-examining the data related to that channel.

This system serves as a key benchmark to theoretical studies designed to predict product
branching in combustion systems. The O + alyl elementary reaction includes two key dynamical
features that control the product branching in reactions of radicals with unsaturated hydrocarbon
species.  First, the initial radical adduct in the addition/elimination channel has direct bond
fisson channels that compete with isomerization of the radical intermediate via an H atom
transfer. This makes the product branching sensitive to quantum tunneling. Second, the
intermediate isomerization pathway may not be dynamically separated from the simple bond
fission dynamics to H + acrolein; this renders some of the assumptions made in predicting
product branching with statistical theoriesinvalid.

B. OH + Ethene

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

Our work, Pub. 2 below, photolytically generates, from 2-bromoethanol photodissociation,
the 2-hydroxyethyl radical intermediate of the OH + ethene reaction and measures the velocity
distribution of the stable radicals. This precursor is known to produce radicals with substantial
rotational energy, so to render it useful for product branching studies our work developed a
model for predicting the partitioning between rotational and vibrational energy in the radicals
prepared photolytically, one that explicitly includes the change in impact parameter due to the
vibrational modes of the photolytic precursor. The experiments used velocity map imaging to
separately resolve the C,H4OH + Br(°Ps) and C;H4sOH + Br(*Py;) photodissociation channels,
allowing us to account for the 10.54 kcal/mol partitioned to the Br(*Py) co-fragment. Energy
and momentum conservation give the distribution of total internal energy, rotational and
vibrational, in the C,H,;OH radicals. Then, using 10.5 eV photoionization, we measured the
velocity distribution of the radicals that are stable to subsequent dissociation. The onset of
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dissociation reflects the significant amount of rotational energy imparted to the C,H,OH
photofragment. Instead of estimating the mean rotational energy with an impulsive model from
the equilibrium geometry of 2-bromoethanol, our model explicitly includes weighting over
geometries across the quantum wavefunction with zero, one, and two quanta in the harmonic
mode that most strongly alters the exit impact parameter. The model gives a nearly perfect
prediction of the measured velocity distribution of stable radicals near the dissociation onset
using a G4 prediction of the C-Br bond energy and the dissociation barrier for the OH + ethene
channel. The vibrational energy distribution of our radicals is shown below superimposed on the
theoretical transition states of Senosiain et al., J. Phys. Chem. A. 110, 6960 (2006).

Having fully characterized the vibrational energy distribution of this OH + ethene
radical intermediate, we turned to measuring the product branching. The data directly test the
ratios between microcanonical rates predicted from theory. We just concluded taking data at
the NSRRC on the ethenol + H, vinyl + H,0, acetaldehyde + H, and formaldehyde + CH3
product channels. They should allow us to directly determine the relative energies of the OH
+ ethene entrance channel, the isomerization barrier to the OCH,CHs radical, which leads to
the formaldehyde + CH3 and acetaldehyde + H product channels, and the barrier for direct
dissociation of the HOCH,CH, radical intermediate to ethenol + H. Senosiain et al. predict
that the barrier to ethenol + H is higher by 1.2 kcal/mol than the isomerization barrier. In
contrast other recent theoretical work by M. C. Lin et al (Chem. Phys. Lett. 408, 25 (2005))
predicts the barrier to isomerize to OCH,CHzs is higher, not lower, than the barrier for the
CH,CH,OH radical intermediate to dissociate to ethenol + H. They conclude that the ethenol
+ H product channel would be the only significant product channel to compete with the direct
abstraction reaction that forms H,O + C,H3z. Our ongoing experiments offer a direct
measurement of the product channel branching for this reaction.
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High-Resolution, Crossed-Molecular-Beam Studies of Collisional Energy Transfer.

David W. Chandler
Combustion Research Facility
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Email:chand@sandia.gov

Program Scope:

My research focuses on the chemical dynamics of gas phase molecular species. Chemical
dynamics is the detailed study of the motion of molecules and atoms on potential energy surfaces
in order to learn about the details of the surface as well as the dynamics of their interactions.
We have recently developed two molecular beam techniques for studying in greater detail the
velocity and quantum state dependence of elastic and inelastic energy transfer un greater detail.

The first utilizes velocity chirped molecular beam pulses in conjunction with time- and-space
resolved detection of the scattering products thereby improving the velocity resolution of the
scattering experiments. We are also developing a technique for the study of collisions of
electronically excited state molecules. We excite a molecule at the crossing of the molecular
beams (or atomic beams) in order to create an electronically excited state molecule in a particular
ro-vibrational state. Within the radiative lifetime (200 ns for NO(A)) the molecule undergoes
elastic, rotationally or vibrationally inelastic, or electronically nonadiabatic collisions producing
new quantum states of the molecule. Quantum-state-selective ionization of the product
molecules and projection of those ions onto an imaging detector allow us to observe, for the first
time, differential cross sections and alignment moments for electronically excited state species.

Progress Report:

Velocity chirped molecular beams:

In our laboratory, the techniques of velocity-chirped, crossed-molecular-beam scattering and
transient-electronic-state scattering were derivative from the crossed molecular beam scattering
experiments studies we have been carrying out on maximizing and detecting molecules that are
collisionally cooled in the laboratory reference frame. Although we have recently produced
measurable amounts of cold atoms and molecules, having tens of milli-Kelvin temperatures,
using a unique crossed molecular beam scattering technique we call Kinematic Cooling, we were
unable to isolate the cold samples for further studies due to secondary collisions. We believe
that these secondary collisions originate from collisions from a secondary effusive beam that is
produced as the molecular beam sources are closing. In order to eliminate these effusive “after
beams” and to isolate our kinematically cooled atoms, Kr, and molecules, ND3; and NO, we
installed choppers between the nozzle source and the scattering center. This has worked to
lengthen the observation time of the cold molecules and afforded us a method for chirping the
molecular beam pulses. The choppers are at a distance from the collision interaction volume,
therefore the chopped molecular beams spread in time as they travel to the scattering center due
to the velocity spread in the beam. Although the chopper was able to turn off the molecular beam
in about 5 microseconds at the position of the scattering volume they have of 30 to 40
microseconds long tails. These tails are velocity chirped. The velocity dispersion necessarily
leads to a narrowing of the instantaneous velocity distribution in the tail of the pulse: molecules
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in the tail of the pulse enter the collision volume with a much smaller range of velocities than the
molecules in the leading portion of the pulse. By observing scattering that only occurred during
a few ps time duration at the crossing of these “tails” the spread in the velocity distribution
associated with the observed scattering was cut by about a factor of 7 for each molecular beam.
A 40 m/s velocity spread was reduced to an approximately 7 m/s velocity spread. The impact of
this is seen in Fig. 1 on the NO + Ar scattering.

Figure 1: Scattering of NO(j=0.5) + Ar > NO(j=7.5) + Ar. Left panel is scattering observed with an unchirped
molecular beam (~40 m/s spreads), middle panel is scattering observed with chirped molecular beams (~7 m/s
spreads) revealing structure in the forward scattering direction, right panel is intensity profile around the middle
image showing structure around 20 degrees associated with forward scattering.

In the left panel of Fig. 1 is the scattering image taken with the full velocity distribution of the
molecular beams present at the scattering center. In this image a smooth forward scattered
differential cross section is observed in the forward, 0°, scattering direction. An intense spot is
observed at 90° due to the production of cold molecules that build up during the scattering of the
beams. In the middle panel of Fig. 1 is the image taken when to “chopped” tails of the molecular
beams overlap in the scattering volume. The beams are significantly weaker but structure is
evident in the forward scattering region of the differential cross section. This Fraunhofer
interference, first obsertved by Faubell, in the scattering is always predicted but rarely seen for
molecular systems. The right hand panel of Fig. 1 is an intensity profile around the middle image
quantifying the structure at low angle scattering. Fraunhofer scattering assumes that plane matter
waves are diffracting from a sharp-edged, hard, object. Recently theory by Lemeshko and
Friedrich has provided direct comparison to the scattering and alignment measurements we have
previously published with lower velocity resolution. Their calculated alignment moments show
oscillating behavior at low scattering angle. We were not able to determine alignment moments
at low angle due to interference with the parent molecular beams and the velocity spreads
inherent in our atomic and molecular beams. Our new experimental geometry will allow us to
measure more accurately the Fraunhofer scattering inherent in rotationally inelastic collisions.

Scattering experiments with electronically excited molecules:

When faced with the desire to scatter Kr atoms from Kr atoms to generate a millikelvin samples
of Kr atoms the problem become trying to detect the approximately 10° atoms/cc cold Kr atoms
in the scattering center that are interdispersed with approximately 10" atoms/cc hot supersonic
Kr atoms in the parent molecular beam. The solution shown in Figure 2 is to “tag” the Kr atoms
by exciting, via two-photon transition at 214.7 nm, the atoms into the 4s*4p°(*P3,,)5p[3/2] state *
which fluoresces primarily at 760 nm into the 4s?4p°(*Ps)5s[3/2],° metastable (45 second
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lifetime) excited state. Then by waiting a few microseconds before ionizing the excited state
atoms with a second 266-nm laser pulse one allows the faster supersonic atoms to leave the
scattering / ionization volume leaving only cold Kr atoms (and Kr atoms moving along the laser
beam axis) to be detected. Figure 2 shows a series of images of Kr with various time delays
between the 214-nm and the 266-nm laser beam pulses.

Figure 2: Images of Kr atoms following Kr / Kr scattering. The Kr is tagged and put into a long-lived metastable
state (see text). This metastable state is subsequently ionized a short time later. The left most image has a time
delay of 400 nsec between lasers. Middle image has time delay of 1 microsecond between laser pulses and the right
most image has a 3 microsecond time delay between images.

Inspection of Fig. 2 shows three main features. At early times, left panel of Fig. 2, the parent
molecular beams are still within the laser volume and are observed at 0° and 180 ° (left and right
side of image). At this 400 ns delay and the 1 us delay (middle panel) an entire elastic scattering
sphere is observed as there is elastic scattering of the ground, pre tagging, and the electronically
excited metastable atoms, post tagging emanating from both atomic beams. Finally at the top of
the images is the sample of milli-Kelvin cold Kr atoms (red color coded spot at 270°). As the
time delay is increased the faster moving molecular beam and forward scattered atoms leave the
ionization volume of the 266nm beam but the cold molecules remain. This tagging technique
can be used for LIF tagging and measuring of flow velocities containing Kr if the quenching of
the metastable state is not too severe as there is a “two level” cycling transition associated with
this metastable state.

Inspired by the strength of these results, we undertook an investigation into excited-state
scattering in molecules. The observation of elastic scattering of Kr atoms in the above
experiments 400 ns after excitation implies that molecules in short-lived electronically excited
states can undergo sufficient collisions to generate angle-resolved scattering images from which
differential cross sections and alignment moments can be easily recovered. The NO(A) state
lifetime is about 200 ns, therefore if we excite NO(X) to the NO(A, j=0) state within scattering
volume and wait 400 ns then ~10% of the NO(A) will survive and some fraction of those
molecules will have a collision and change rotational states. After a 400 ns delay the NO(A, j=5)
molecules are selectively ionizing the by (1 + 1) REMPI through the NO(E) state at ~620 nm and
those ions are velocity-mapped lon Imaged. In Fig 3 are images of NO(A, J=7) from such an
experiment where one beam containing 5%NO in Ar intersects a beam containing Ne. The two
images on the left side of the figure were taken with different polarizations of the 620-nm light.
The images are different because the NO(A, j=7) molecules are aligned by the collision. (Note
that our scheme allows us to align the NO(A) molecule before the collision as well!) Because
there is absolutely no NO(A, j=7) in the parent molecular beam there is no beam spot to subtract
out as there was in the earlier NO(X) state scattering. Because of this we can measure the entire
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forward scattering differential cross section with no interference and are able to see structure, as
predicted, in the Fraunhofer scattering. This work is being done in collaboration with the group
of Ken McKendric and Matt Costen (Harriott-Watt Univeristy).

Figure 3: Differential cross section measurements of NO A(j=0) + Ar > NO A(j=7) + Ar where detection is via 1 +
1 REMPI Through the E state of NO.

Proposed Work:

Over the next funding period we plan on continuing our study of inelastic energy transfer in
electronically excited state molecules. The success of the present set of experiments opens the
door for several new avenues of investigation. Excitation of a molecule just below its
dissociation energy followed by collision induced dissociation and velocity map imaging of the
product fragments. Both NO, and C,H; are candidate molecules for this kind of study. This
study will provide both a direct measure of the entire P(E, E’) excitation curve of a dissociating
molecule and provide information on a process that is the microscopic reverse of a three body
recombination process. Very short (~10 us) molecular beam pulses will be utilized in these new
experiments in order for the beams to be highly chirped when scattering. This will significantly
improve in velocity resolution for crossed molecular beam experiments.
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Program Scope
In this research program we have developed and applied massively parallel three-dimensional di rect
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 o fpa rticular ph ysical subprocesses in turbulentc ombustion. The s imulations a ddress
fundamental science issues assoc iated with chemistry-turbulence in teractions th at underly all practical
combustion de vices: e xtinction a nd r eignition, flame pr opagation a nd s tructure, s tratified ¢ ombustion,
flame stabilization in autoignitive flows, flame-wall interactions, and reactive scalar mixing in turbulent
jet flames. In addition to the new understanding provided by these simulations, the data have been used
to develop and validate predictive models required in engineering simulations.
Recent Progress

With petascale computing the following turbulence-chemistry interactions were amenable to study by
DNS and form the basis of the target simulations performed in the pastyear — an autoignitive lifted
ethylene/air turbulent jet flame [ 19], a reactive turbulent hydrogen jet in crossflow [18], and stratified
combustion in turbulent methane/air slot jet flames. The D NS data were used to glean fundamental
insight into specific ‘turbulence-chemistry’ interactions and to develop and test RANS and LES models
for turbulent combustion [4,6,8,15,20,22,24,26]. The data were also used to aid in the interpretation of
measurements by relating scalar statistics obtained from lower-dimensional measurements to those of the
true t hree-dimensional q uantity[5,23].  Highlights of ou r a ccomplishments in the p asty eara re
summarized below, followed by a summary of future research directions.
Stabilization of liffed turbulent ethylene/air jet flames in heated coflow
Direct numerical simulation (DNS) of the near field of three-dimensional spatially-developing turbulent
ethylene [19] jet flames in highly-heated coflow was performed with a reduced mechanism to investigate
the stabilization mechanism. The DNS was performed at a jet Reynolds number of 10,000 with over 1.29
billion grid points. The results showed that auto-ignition in a fuel-lean mixture at the flame base is the
main source of stabilization of the lifted jet flame. This is verified by e mploying chemical e xplosive
mode (CEM) analysis [ 12,25] as a diagnostic to unambiguously identify the spatial and temporal
boundaries ignition, flame r egions a nd t he 1 ifted s tabilization po int in the D NS of the jet flame. A
chemical explosive mode (CEM) is the eigenmode associated with a positive eigenvalue of the Jacobian
of the chemical source term. A reactive mixture in the presence of a CEM is intrinsically explosive and
otherwise non-explosive, and can be correspondingly classified as unburned and burned, respectively. In
spatially non-homogeneous sy stems, the competition be tween C EM and loss ¢ an be a pproximately
quantified with a Damkdhler number, Da, the ratio of the chemical time scale to a diffusive loss time
scale, where the scalar dissipation rate is taken as a reciprocal time scale of diffusive loss. A mixture with
Da>> 1 indicates a dominant CEM that will likely result in actual ignition; otherwise ignition may be
suppressed as the CEM is strongly strained.

Figure la shows the time scales of CEM in a spanwise slice of the D NS data, with unburned highly
explosive mixtures shown in red and burned mixtures in blue. The transition layer between the burned
(red) and unburned (blue) mixtures in Fig. 1a is therefore a (partially) premixed flame front, as discussed
in [12,25]. H ighly expl osive mixtures precede the premixed flames. Consequently, this suggests t hat
auto-ignition may be a dominant flame stabilization mechanism in this flame. To further verify this point,
Fig. 1b shows the spatial distribution of the Damkohler number where a large positive Da, shown in red
hues, indicates that the CEM dominates transport such that the mixture is autoigniting. A large negative
Da, shown in bl ue hue s, i ndicates a fast r eacting bur ned m ixture, w hose ov erall pr ogression c an b e
limited by the slower transport. As such, the dark blue zones in Fig. 1b c ontain the diffusion flame
kernels, and ignition in portions of the high speed fuel rich central fuel jet is suppressed. Two strips of
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auto-igniting mixtures upstream of the lifted flame can be clearly seen in Fig. 1b resulting in islands of
ignited mixtures disconnected from the lifted flame. Therefore, this result confirms that auto-ignition is a
dominant factor, leading to the burned regions downstream of the stabilization points.

Figure 1c shows the controlling variables, temperature and species concentrations, in different regions of
the lifted jet flame as identified by the explosion index EI [12,25]. The figure is colored with the average
of selected variables, namely temperature (red), HO,(green), O (blue), CH; (yellow), OH (magenta), CO
(cyan), and CH;CHO (gray), weighted by the local Damkoéhler number on a logarithmic scale. It is seen
that while O and OH control the auto-igniting layers close to the heated coflow, temperature and HO,
control v arious i gnition zones ne ar the jet ¢ enter. F urthermore, C O and C H;CHO are t he con trolling
species in the post flame zones of premixed flames and the diffusion flame kernels downstream.

sign@.,)  10g, (max(L, -, _D. 1/s) sign(r,,.)  log, (max(1,|Da)) Weighted EI

15— 15
(a)

10 2 10
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Figure 1. Structure of the lifted ethylene jet flame in a he ated air coflow, obtained by CEMA (a) time
scales of CEM or the decaying mode evolved from a CEM. Red hues indicate unburned mixture (Aex,>0)
and blue indicates burned mixture (L., <0); (b) isocontour of Da, with red indicating auto-igniting zones
and blue indicating the diffusion flame zone; (c) controlling variables, temperature and species, identified
by explosion index [12,25], weighted locally by normalized Da. The white isocontour shows the partially

premixed flame fronts, where Acy, = 0, identified in (a).

In addition to auto-ignition, Lagrangian tracking of the flame base [19] revealed the passage of large-scale
flow structures and their correlation with the fluctuations of the flame base similar to lifted hydrogen/air
jet flames in [11]. It is observed that the present ethylene lifted flame base exhibits a cy clic ‘saw-tooth’
shaped movement marked by rapid movement upstream followed by a slower movement downstream.
This is a consequence of the lifted flame being stabilized by a balance between consecutive auto-ignition
events in hot fuel-lean mixtures and convection induced by the high speed jet and coflow velocities.
Reactive Transverse Fuel Jets-1n-Crossflow (JICF)

A reactive transverse fuel jet in cross-flow (JICF) configuration is studied using three-dimensional direct
numerical simulation (DNS) with detailed chemical kinetics in order to investigate the m echanism o f
flame stabilization in the near field of a fuel jet nozzle [18]. JICF configurations are used in practical
applications w here hi gh mixing rates are desirable between the jet and the crossflow fluids. Classical
applications of JICF c onfigurations a re f uel i njection noz zles a nd d ilution hol esi n g as t urbine
combustors. This study examines the case of a ni trogen-diluted hydrogen transverse jet exiting a nozzle
perpendicularly into a cross-flow of heated air. Improved understanding of the flame stabilization
mechanism act ing dow nstream of t he transverse fuel j et will enable the formulation of more r eliable
guidelines for de sign of fuel i njection noz zles c haracterized by m inimal flame hol ding be havior a nd
intrinsic flashback safety. Results show that the flame is stabilized on the downstream side of the fuel jet
at the location of the vortex shedding generated by the jet shear layer. The core of the heat release is
located near the trailing edge of the fuel jet, at approximately 4 nozzle diameters away from the wall, and
is ch aracterized byt he simultaneous oc currence o f1 ocally st oichiometric r eactants and 1 ow flow
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velocities in the mean. Instantaneously, upstream flame movement is observed through propagation into
the outer layers of jet vortices. Downstream of the stabilization region there is significant penetration of
small vortices into the flame, and hence combustion occurs in the thin and broken reaction zones regimes.

DNS of turbulent stratified methane-air slot jet flame

DNS of a turbulent stratified m ethane-air s lot jet flame was pe rformed with ar educed methane-air
mechanism to provide understanding of the stratified combustion regime. The benchmark simulation data
resulting from this study provides a unique test-bed for predictive engineering models in the challenging
partially-premixed regime. As the initial fuel-air stratification dissipates due to turbulent mixing, the
flames are subjected to steep, time varying equivalence ratio gradients. Locations where the equivalence
ratio gradients align normal to the flame exhibit greatly modified burning rates and flame propagation
speeds, Sq compared to the perfectly premixed case. Variation of the propagation speed with the flame
normal equivalence ratio gradient, indicates enhanced flame speeds when the products are richer than the
reactants, with the reverse also true. Studying this effect using computations of strained one-dimensional
counterflow flames in the presence of equivalence ratio gradients [17] revealed the thermo-chemical basis
for this ob servation. S pecifically, equivalence ratio gradients resulting in flames w ith richer, higher
temperature products lead to enhanced equilibrium concentrations of species such as the hydroxyl radical
in t he f lame’s ¢ arbon m onoxide-hydrogen r ecombination layer. D iffusion o f't hese h ighly r eactive
intermediate species towards the reactant side of the flame, as opposed to thermal diffusion, is the main
source of the increased reaction rate.

Future Plans

DNS Parameter Sudies: Effects of Momentum Ratio, Injection Angle, Nozze Shape, and Fuel on Flame
Sabilization in a Reactive Fuel Jet in Crossflow (JICF)

Extending our JICF research we plan to perform parametric studies to investigate the effects of varying
the momentum ratio between the transverse jet and the cross flow, the shape of the nozzle (i.e. circular,
square, or elliptical cross-sections), the angle of injection, and the thickness of the approaching cross-flow
boundary layer on the flow and reactive scalar mixing fields. We are especially interested in these effects
on flame anc horing m echanisms r elevant to stationary g as t urbines for pow er g eneration. A further
parameter we plan to vary is the fuel itself, e.g., ethylene, syngas (CO+H2 blend), or di-methyl ether,
could provide insight into how switching the fuel to the off-gas from a solid oxide fuel cell or operating
on biofuels could influence the combustion process, and especially flame anchoring and flashback.

Effect of Turbulent Velocity in Scalar Transport in Reactive Fuel Jets in Crossflow

To obtain a better understanding of the large-scale properties of the velocity, scalar mixing, and reaction
rates in the crossflowing fuel jet flame and their coupling, we propose to analyze scalar-velocity statistics
in the natural coordinate system of t he JICF, i.e. we will determine the jet centerline trajectory, the jet
width in terms of the jet centerline coordinate, and the velocity and scalar concentration decay in this jet
trajectory coordinate system. Averages and co-variances of various turbulence quantities including the
velocity, mixture fraction and progress v ariable terms w ill b e ex tracted along t he t rajectory-normal
coordinate as a function of downstream position. Specifically, the scalar flux components that represent
the unresolved terms in the Reynolds-averaged scalar transport equation will be obtained. Regions in the
JICF e xhibiting gradient d iffusion will be distinguished from t hose e xhibiting c ounter-gradient sc alar
diffusion. Modeling implications of gradient and counter-gradient scalar transport in reactive scalar
mixing in JICF will also be explored. Another quantity of direct relevance to models for s tratified
combustion is th e filtered de nsity function f or the mixture fraction a nd pa rtially premixed progress
variable c. We propose to extract these quantities from the DNS at several different LES filter s cales,
compare to traditional functional forms used for approximation, and explore modeling implications.
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I.  Program Scope

This research program examines the energetics and dynamics of transient neutral species
and collision complexes relevant to combustion phenomena. The experimental approach used in
these studies involves measurement of the photodetachment and dissociative photodetachment
(DPD) of negative ion precursors of important neutral combustion intermediates. This year we
have achieved an important technological advance in the experiments, with the successful
commissioning of a cryogenically cooled linear electrostatic ion trap that allows the preparation
of the precursor negative ions with well-characterized internal temperatures and also allows us to
use for the first time high-intensity low-duty-cycle ion sources in these high-repetition-rate
coincidence experiments. This development has allowed us to reexamine the DPD of cooled
HOCO at 388 nm, probing the stability of the HOCO free radical and the potential energy
surface that governs the OH + CO — H + CO, reaction without uncertainties resulting from
vibrationally excited HOCO™ in the beam.!?3*

Integration of the trap with the photoelectron-photofragment coincidence (PPC)
spectrometer is a major advance. Both the sensitivity and resolution of the new trap are higher
than the old single-pass configuration of the spectrometer. While we would have preferred to
have more published results to date, this important experimental advance has been worth the
effort in our view, and will allow us to now more accurately extend these studies to larger
oxygenated radicals and other systems, including the larger carboxyl radicals that were initiated
in the first year of the current grant. Our goal remains the determination of the energetics and
reaction dynamics of these important combustion intermediates, allowing more quantitative
evaluation of their roles in combustion and validation of theoretical approaches to predicting the
dynamics of combustion reactions. In the following sections, the experimental advances will be
reviewed, followed by the new results on the HOCO system and future plans.

Il.  Recent Progress
A. Cryogenically cooled linear electrostatic ion beam trap

The cryogenically cooled electrostatic ion beam trap (EIBT) is now fully functional,
allowing measurements, in coinc idence, of atomic and molecular neutral products along with
photodetached electrons from trapped, cooled ions bunched and synchronized with a Ti:Sapphire
regenerative amplifier. The trap consists of two electrostatic mirrors that reflect bunches of ions
along a central axis, analogous to an optical resonator.’ lons oscillating in the trap have well-
defined momenta, which makes it ideal for the PPC experiments. By storing ions from an
inherently colder low-repetition rate source in a cold, ultrahigh vacuum environment where they
can continue to cool radiatively, this method provides cooled ions but maintains the high duty
cycle required for coincidence experiments. Since the center of this type of trap is essentially
field free, a velocity map imaging electron detector is placed intracavity allowing detached
electrons to be collected in coincidence with the resultant neutral particles which continue along
the center-of-mass trajectory out of the trap. All products are collected on an event-by-event
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basis as before using time- and position-sensitive detectors for a full kinematic reconstruction of
the DPD event.® In fact, a range of masses can be trapped, and recording photoelectron spectra
in coincidence with the neutral products under these conditions allows for the simultaneous
acquisition and separation of photoelectron spectra for many different anions.

Currently 7 keV ion beams are trapped at a pressure of 7 x 10" torr, giving trapping /e
lifetimes well in excess of one second, although there is a trade-off between beam divergence
and trapping lifetime. With a ~1 V pk-pk RF waveform phase-locked to the master oscillator of
the laser system, the ions can be bunched to 50 — 200 ns width and synchronized to the laser with
an RMS jitter of ~10. This is essential, as the coincidence experiment requires photodetachment
of the ions when they are heading towards the multiparticle neutral detector. A small DC
repulsion and correction field in the center of the trap allows orthogonal extraction of electrons
to the intracavity electron detector. Calibration by O, photodetachment has shown an electron
kinetic energy (eKE) resolution of A(eKE)/eKE < 4%. Photoelectron images reveal a strong
Doppler shift for poor bunching and synchronization, allowing quick tuning of the system.

B. Probing the OH + CO —- HOCO — H + CO; reaction by photodetachment of HOCO™

In earlier studies we have used the photodetachment and DPD of HOCO™ to probe the
potential energy surface that governs the OH + CO — HOCO — H + CO; reaction, low lying
excited states of HOCO, novel resonance-mediated two-photon photodetachment processes and
recoil-frame photoelectron angular distributions for the DPD of HOCO™. As discussed above,
however, the energy partitioning in the DPD of HOCO to OH + CO in particular was either
inconsistent with the relatively well known thermochemistry of OH, CO, H and CO, or a result
of vibrationally excited anions. The H + CO; channel, in addition was seen in this earlier work to
be operative below the calculated barriers for dissociation,” consistent with a tunneling process
or vibrational excitation in the parent anions. It is in this context that we have revisited this
question with the cryogenic EIBT.

The new results show significant quantitative differences from earlier work primarily due
to the removal of hot bands from the photoelectron spectra for the product channels: HOCO+e™,
H+CO,+e™ and OH+CO+e". Additionally, as a result of the higher spectral resolution, these new
results further constrain the mechanism for the poorly understood H+CO, exit channel,
suggesting a new possible explanation for dissociation of
HOCO to H+CO, well below the calculated barrier to

HHO02
i ] dissociation from the cis-HOCO well.  Figure 1
- 1 summarizes the observed photoelectron spectra for each
! 1 product channel. As opposed to the earlier data, three
B Suable 4 distinct regions of the photoelectron spectrum now
4 1 become apparent, each corresponding to a specific
pl 1 process on the HOCO potential energy surface. The
5 D photoelectron spectrum obtained from events leading to
i ; ] stable HOCO neutrals is shown in Figure 1(b), with
s I 1 maximum predicted electron kinetic energies (eKES)
i L 1 shown for detachment of HOCO".  Clearly all
00 04 o8 12 18 28 photoelectrons in this spectrum fall below the predicted
Electron Kinetic Energy (eV) maxima, while the earlier results revealed photoelectrons
more than 0.2 eV beyond these limits, providing strong evidence for ion precursors with
Figure 1. Channel-resolved photoelectron significantly lower internal energy in this experiment.
Sopﬁcirééal:'fgg;;degééﬁéﬂggsﬁgpzs(eﬂt For dissociation to H+COp, shown in Figure 1(a), nearly
maximum predicted eKE for cis- (trans-) all photoelectrons occur above the maximum expected

isomers. The dotted line is maximum ekE for -~ eKE, consistent with earlier observations that all
dissociation through C-HCO.,.
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dissociation to H+CO, limit occurs below the calculated barrier for cis-HOCO — H + CO,. This
spectrum too shows an overall shift towards lower eKE of more than 0.2 eV due to the cooled
precursor anions. Finally, the photoelectron spectrum for dissociation to OH+CO in Figure 1(c)
exhibits significant narrowing and a shift of more than 0.5 eV from previous data.

One major outstanding question is the relative contribution of cis- and trans-isomers to
the overall dynamics on the HOCO surface. In the OH + CO channel the majority of the
photoelectrons detected lie above the calculated barrier from the cis-HOCO well but below that
for trans-HOCOQO, providing strong evidence that this process is dominated by dissociation from
trans-HOCO. In the case of detachment to stable HOCO, all photoelectrons occur below the
limits for either isomer. While the observed maximum eKE agrees well with the predicted
maximum eKE for detachment from cis-HOCO, Franck-Condon calculations and measurements
closer to the photodetachment threshold should help resolve this discrepancy.

More detailed dynamical information can be extracted from the coincidence spectra for
the H+CO; and OH+CO channels. Figure 2(a) shows the spectrum for dissociation to OH+CO
fragments, with a pair of diagonal lines representing the predicted total energy release (Evor =
eKE + KER) for cis- and trans-HOCO™ isomers. These results also lie below the predicted
maximum Eror as expected in the case of cold ions. This spectrum is dominated by a narrow
diagonal feature with FWHM of less than 0.1 eV. No vibrational excitation in either the OH or
CO products is observed, and the width of this peak approaches experimental resolution

implying low rotational excitation. Since the primary
geometric difference between the anion and neutral
species in either isomer is elongation of the central O-C
bond, this channel is likely driven primarily by the O-C
stretching mode.

Figure 2(b) shows the spectrum for dissociation to
H+CO,, truncated at KER < 0.2 eV to reduce the number
of false coincidences caused by the large disparity in
product masses. The diagonal lines in this spectrum
again represent the predicted maximum Eror for each
anion isomer, and again nearly all data falls below these
limits. In this channel the diagonal band is quite broad, >
0.5 eV, indicating a high level of internal excitation in the
CO, product. All dissociation is seen to occur above the
limits for both isomers, however there appears to be a
kink in the diagonal band in the range of 1.1 — 1.2 eV
which results in a horizontal feature towards low KER.
This feature correlates energetically with the energy of
the C,, HCO, isomer on the neutral surface, suggesting
the detachment of HOCO™ to HOCO is followed by
isomerization to HCO, prior to dissociation to H+CO5, an
alternative to direct tunneling through the dissociation
barrier from the cis-HOCO isomer. Once again, however,
the calculated barrier to this isomerization is much higher
and would also require a tunneling mechanism given the

calculated energetics.
_ The three mechanisms inferred here involve three
Figure 2. PPC spectra. (a) OH + CO + €™ (jstinct regions in the HOCO potential energy surface,
(b) H + CO, + €. Horizontal lines w0y act of which leads exclusively to stable HOCO.

represent barrier heights, while diagonal ... . .
lines represent maximum Eq values. However it is interesting to note that while the next
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highest region leads almost exclusively to H+CO,, the highest region leads almost exclusively to
OH+CO even though both channels are energetically allowed. Once the OH + CO channel
opens, it dominates the decomposition dynamics, inconsistent with the RRKM calculations
reported in conjunction with the six-dimensional quantum dynamics simulations of the DPD of
HOCO by Gray, Goldfield and co-workers.® Also, these simulations did not predict the
observed production of H + CO; at lower energies in the HOCO well. These new results resolve
experimental uncertainties and point anew to the need for a more refined global potential energy
surface for this fundamental combustion reaction.

I11. Future plans

We are now prepared to study the photodetachment and the two-photon DPD of HOCO
at 775 nm to better determine the electron affinity and examine the population of HOCO
isomers in the ion beam. Two-photon photodetachment opens up the possibility of examining
interference phenomena and controlling the product branching ratio. We are now in a position to
pursue completion of our studies of the carboxyl radicals and reaction complexes involving the
hydroxyl radical with polyatomic molecules starting with ionic complexes such as OH (CH3) <«
O (CH,4). We are also collaborating with the Sandia CRF on the examination of energy transfer
in complexes like CH30O, — Ar, where a detailed understanding is essential to explain pressure-
dependent phenomena in combustion. A project to develop a new multiparticle detector is also
well underway. Finally, the integration of the new trap with the PPC spectrometer opens up new
vistas. Low-duty cycle ion sources, coupled with accumulator traps will now be usable, including
laser-desorption ionization, electrospray, and even aerosol sources. In addition, with trapped
ions, experiments involving vibrational excitation and photoisomerization of the anion
precursors will now be feasible with new light sources in the laboratory. This is a time of
exciting opportunities for the use of negative ion precursors to study combustion phenomena.
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|. Project Scope

Clean-burning r enewable o xygenated bi o-derived fuels ar e po tentially important
replacements for c onventional ga soline and diesel fuels, w hich may r educe de pendence o n
imported petroleum and lower net greenhouse-gas e missions. Our current research focuses on
the chemistry of 13 simple methyl and ethyl esters chosen as surrogates for the long-chain esters
that are primary constituents of biodiesel fuels. P rincipal goals of these studies are: (1) show
how fue l-specific s tructural d ifferences including degree o funs aturation, linear vs branched
chain structures, and methoxy vs ethoxy f unctions affect f uel-destruction pa thways, ( 2)
understand the ¢ hemistry leading to p otential increases in the e missions o f hazardous a ir
pollutants including aldehydes and ketones inherent in the use of biodiesel fuels, and (3) define
the ke y ¢ hemical r eaction mechanisms r esponsible for o bserved reductions inpo lycyclic
aromatic hydrocarbons and particulate matter when o xygenated fuels are used as replacements
for conventional fuels. Experimental measurements of the composition ofreaction intermediates
for each ofthe 13 selected model compounds, performed with flame-sampling molecular-beam
synchrotron ph otoionization mass spe ctrometry, combined w ith ¢ omprehensive k inetic
modeling, are key steps toward predictive descriptions o f the combustion o f practical biodiesel
fuels.

I1. Recent Progress

A. Fue-Specific Influences on the Composition of Reaction Intermediates in Premixed
Flames of Three CsH100, Ester Isomers. Bin Yang, Terrill A. Cool, Charles K. W estbrook,
Nils Hansen, Katharina Kohse-Hoinghaus.

Measurements o f't he co mposition of r eaction intermediatesin low-pressure pr emixed
flames of three simple esters, the methyl butanoate (MB), methyl isobutanoate (MIB), and ethyl
propanoate ( EP) isomers o f CsH;9O,, en able further r efinement a nd validation o f a de tailed
chemical reaction mechanism originally d eveloped with modeling studies o f similar flames o f
methyl formate, methyl acet ate, e thyl formate, and ethyl a cetate [1]. P hotoionization mass
spectrometry (  PIMS), us ing monochromated synchrotronr adiation, reveals s ignificant
differences in the compositions o f key reaction intermediates between flames ofthe MB, MIB,
and EP isomers studied under identical flame conditions. D etailed k inetic modeling describes
how t hese d ifferences ar e r elated to m olecular structures 1 eading to uni que fuel de struction
pathways for each o fthese isomers. D espite t he s imple s tructures of t hese small es ters, t hey
contain structural functional groups expected to account for fuel-specific effects observed in the
combustion of practical bi odiesel f uels. The good agreementbe tweene xperimental
measurements and detailed reaction mechanisms applicable to these simple esters de monstrates
that m ajor features o feac h flame can be pr edicted with reasonable accuracy by b uilding a
hierarchical r eaction mechanism based on three factors: 1) unimolecular de composition o fthe
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fuel, e specially by c omplex bond fissions; 2) H -atom abstraction reactions followed by B-
scission of the resulting radicals leads to nearly all of the observed intermediate species detected
experimentally in each flame; 3) the rates ofthese H-atom abstraction reactions are effectively
the same for each distinct type o f'terminal alkyl radical group (i.e., methoxy, ethoxy, methyl,
ethyl, propyl) for ester fuels with comparable structural groups.

B. Absolute Cross-Sectionsfor Dissociative Photoionization of Some Small Esters. Juan
Wang, Bin Yang, Terrill A. Cool, Nils Hansen

Absolute ¢ ross-sections for molecular and dissociative p hotoionization ar e needed for
quantitative flame-sampling molecular beam PIMS studies ofthe flame chemistry of ester fuels.
Dissociative ionization o f several small esters has been extensively studied by several groups,
using a full range of experimental techniques. These studies have focused on the measurement of
appearance energies for photofragment ions, the structural identities o f these fragments and the
dynamic mechanisms r esponsible for t heir formation. D issociative ionization ¢ hannels o ften
arise f rom c omplex isomerization processesin competition with direct b ond scission of the
parent molecular ion.

Despite considerable interest in these intrinsic features of dissociative photoionization of
esters, ab solute ph otoionization cr oss-sections ha ve been r eported for only methyl a nd e thyl
acetate [2]. We have now completed measurements of absolute cross-sections for near-threshold
molecular and dissociative photoionization for 11 additional small esters (methyl formate, ethyl
formate, vi nyl a cetate, methyl pr opanoate, et hyl pr opanoate, m ethyl butanoate, m ethyl
isobutanoate, methyl propenoate, ethyl propenoate, methyl crotonate, methyl methacrylate) [3].
The cross-sections for these esters exhibit qualitative features similar to those found for simple
alkanes. Their total photoionization cross-sections rise gradually from threshold in a quasi-linear
fashion, w ith major c ontributions from numerous d issociative ionization channels. T he pa rent
ion cross-sections rise t o plateaus at photon e nergies co incident w ith t he o nset of d issociative
photoionization (typically < 0.5-0.8 eV above threshold), which extend to the 11.75 eV limit of
the present studies.

An extensive literature exploring isomerization/dissociation mechanisms is available for
six of these molecules. However, dissociative ionization of ethyl propanoate has received scant
attention and no previous observations o f dissociative ionization are available for four simple
monounsaturated e sters: m ethyl pr openoate, e thyl pr openoate, m ethyl crotonate, a ndmethyl
methacrylate. We have measured appearance energies and have made tentative identifications of
dissociative ph otoionization pr oducts for these five molecules, a Ithough de finitive s tudies o f
dissociation mechanisms with a variety of experimental techniques are clearly needed. Indeed,
the appe arance o f numerous pathways for dissociative photoionization at photon energies just
above the adiabatic ionization energies for these molecules makes them interesting candidates for
detailed studies of isomerization/dissociation mechanisms.

I11. FuturePlans
To date, we have completed experimental measurements and data analysis for 13 simple
ester fuels. Kinetic modeling is complete for 7 of these. During the next few months modeling

will be co mpleted for the r emaining 6 fuels (methyl cr otonate, et hyl pr openoate, methyl
methacrylate, methyl propenoate, vinyl acetate, and methyl propanoate).
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We pr opose to us e flame-sampling synchrotron PIMS to validate an d refine cur rent
kinetic models fort he ¢ ombustion o f di methoxymethane, C H;OCH,OCH3, a nd dimethyl
carbonate, C H;O(C=0)OCHs;. M easurements o f't he co mposition o fr eaction intermediates
reveal the influences of fuel destruction mechanisms. Detailed kinetic modeling, accounting for
these influences, ide ntifies these fuel-specific decomposition processes and yields rate constant
estimates for key reaction steps.

A pr imary go al o f't he pr oposed research is the study o f flames o fD MM, D MC and
blended DMM/ethane a nd DMC/ethane o xygenate/hydrocarbon flames. O ur approach may
permit the first measurements of the concentrations of several key radicals in the pool of reaction
intermediates. Two radicals, m ethoxy, C H30, a nd methoxy formyl, (C=O)OCH3, are pr ime
targets of the proposed studies. The unimolecular decompositions

(C=0)OCH3 — CO; + CHj3 (1)

(C=0)OCH; — CO + CH30 (2)
are important components of the fuel-destruction pathways for DMM and DMC and all methyl
esters. Ab initio studies of these reactions by Good and Francisco [4], Butler and coworkers [5],
and recent experimental measurements of Glaude et al. [6] for DMC show that reaction (1) is
strongly favored over reaction (2). T he proposed e xperimental and modeling s tudies should
provide qua ntitative de terminations o ft he influences o f't hese r eactions in the de struction o f
DMM and DMC.

The principal investigator also p lans to work with Nils Hansen of the Sandia CRF to
improve t he r esolution o ft he mass s pectrometer an d resolve pr esent un certainties in the
identification of reaction intermediates of key importance in determinations o f detailed reaction
pathways.
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Our research investigates the chemistry of vibrationally excited molecules. The properties and reactivity
of vibrationally energized molecules are central to processes occurring in environments as diverse as
combustion, atmospheric reactions, and plasmas and are at the heart of many chemical reactions. The goal
of our work is to unravel the behavior of vibrationally excited molecules and to exploit the resulting un-
derstanding to determine molecular properties and to control chemical processes. A unifying theme is the
preparation of a molecule in a specific vibrational state using one of several excitation techniques and the
subsequent photodissociation of that prepared molecule. Because the initial vibrational excitation often
alters the photodissociation process, we refer to our double-resonance photodissociation scheme as vibra-
tionally mediated photodissociation. In the first step, fundamental or overtone excitation prepares a vibra-
tionally excited molecule, and then a second photon, the photolysis photon, excites the molecule to an
electronically excited state from which it dissociates. Vibrationally mediated photodissociation provides
new vibrational spectroscopy, measures bond strengths with high accuracy, alters dissociation dynamics,
and reveals the properties of and couplings among electronically excited states.

We have used ion imaging to follow the adiabatic and nonadiabatic dissociation pathways in ammonia, to
make new measurements on the vibrationally mediated photodissociation of the hydrogen bonded dimer
of formic acid, and to study the influence of vibrational excitation on the dynamics at conical intersec-
tions in phenol. Phenol is particularly interesting because of well-characterized one-photon photodissocia-
tion dynamics and clear theoretical predictions about changes arising from vibrational excitation prior to
dissociation. We have begun measurements on the complex of phenol with CO to understand the influ-
ence of complexation on the competition between adiabatic and nonadiabatic dissociation and, in particu-
lar, its influence on the vibrationally mediated photodissociation. We are also obtaining our first results
on ammonia dimers with an eye toward understanding the vibrationally mediated photodissociation
dynamics of complexes.

The goals of these studies are to understand and prepare vibrations in the ground electronic state, to study
the vibrational structure of the electronically excited molecule, and to probe and control the dissociation
dynamics of the excited state.

Phenol

Phenol is one of several heteroaromatic molecules that have multiple conical intersections that are acces-
sible at different excitation energies. Our goal in studying phenol is to discover the influence that vibra-
tional excitation has on the passage through or around these crossings. We have performed both one-
photon and vibrationally mediated photodissociation ion-imaging experiments to extract the recoil energy
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distributions. The figure shows schematic diabatic potential curves for the ground (So) and first two ex-

cited states (‘nr* and no*). The development of the wave function of the system as it passes through

both intersections, ‘mn*-tno* (solid circle) and no*-Sy(dotted circle), determines the branching at the

second intersection to form either ground state phenoxyl by nonadiabatic dissociation or excited state
phenoxyl by adiabatic dissociation. Comparing the
recoil energy distributions of the fragments from
one-photon dissociation of phenol-ds with those from
vibrationally mediated photodissociation shows that
initial vibrational excitation strongly influences the
disposal of energy into relative translation. Dissocia-
tion of phenol-ds molecules initially excited in the O-
H stretching region produces significantly more
fragments with low recoil energies than does one-
photon dissociation at the same total energy. This
difference appears to come from the increased prob-
ability of adiabatic dissociation in which the initially
vibrationally excited molecule passes around the
conical intersection between the dissociative state
and the ground state to produce electronically excited
phenoxyl-ds radicals.

Phenol-CO Complexes

Our experience with phenol, ammonia, and formic acid dimers prepares the way for our studies of the
influence of an adduct on dissociation pathways and dynamics in vibrationally excited molecules. Be-
cause complexation can influence the course of a bimolecu-
lar reaction, our vibrationally mediated photodissociation
studies potentially provide insights that have consequences
beyond excited-state dissociation. We have begun studying
one-photon dissociation in complexes of phenol with CO
because we know that conical intersections are important in
the dissociation of phenol and that vibrational excitation in-
fluences the course of that dissociation. We are in the posi-
tion of studying both vibrational predissociation of the
ground-state complex and vibrationally mediated photodis-
sociation of the excited state complex. The figure shows
types of spectra that we have observed in the phenol-CO
complex. The top part of the figure is the (1+1') REMPI
spectrum obtained by observing the parent ion in an expan-
sion of phenol with CO in a mixture of He and Ar. The fea-
tures in the spectrum agree with a previous observation of
the transitions (J. Chem. Phys. 111, 1947 (1999)), and using
this spectrum we have optimized the conditions for the
production of the complex of phenol with only one CO mole-
cule. Production of higher clusters, such as phenol-(CO),, is
a competing channel that we have learned to diagnose and
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avoid. The lower part of the figure shows the infrared ion dip spectrum obtained by observing the deple-
tion of the (1+1") REMPI signal upon excitation of the O-H stretching vibration of the complex. We ob-
serve ion dip spectra of both the bare phenol and the phenol-CO complex shifted from each other by
about 30 cm™, in agreement with previous measurements (J. Phys. Chem. A 106, 10124 (2002)). These
two measurements set the stage for our next experiments. We intend to monitor the CO product of the
vibrational predissociation and of the vibrationally mediated photodissociation to explore the effects of
complexation on the dissociation dynamics.

Ammonia Dimers and Complexes

The detailed insights that have come from our studies of the influence of vibrational excitation on the ex-
cited state dynamics of ammonia suggest that the vibrationally mediated photodissociation of ammonia
dimers and complexes of ammonia with other small molecules could reveal novel behavior. Our two cen-
tral concerns are the influence of complexation on the dynamics at the conical intersection and the
changes that complexation produces in the vibrationally mediated photodissociation of ammonia. There
are detailed studies of the photodissociation of bare ammonia molecules, which provide a starting point
for our work. New studies of the vibrational predissociation of ammonia complexes with C,H,, and with
H.O by Reisler and coworkers (J. Phys. Chem. A 111, 7589 (2007) and J. Phys. Chem. A 113, 10174
(2009)) provide a similar starting point for understanding the ground-electronic state behavior in some of
the complexes we intend to investigate.

We have begun studying the ammonia dimer in order to master its characterization and to understand
ground-electronic state vibrational dynamics. Expansion of ammonia in He produces a collection of oli-
gomers. Exciting the N-H stretching vibration in an oligomer produces vibrationally and rotationally ex-
cited ammonia fragments that we detect by

(2+1) REMPI through the B state. The

figure shows the infrared excitation spec-

trum obtained by observing the enhanced

production of NHj; fragments with one

quantum of excitation in the umbrella vi-

bration (v;). These features are consistent

with the transitions observed in He drop-

lets (J. Phys. Chem. A 111, 7460 (2007)).

The dotted line in the figure shows the

region corresponding to the symmetric

stretching vibrations of the dimer. The ab-

sorption at lower energies likely comes

from larger clusters.

Future Directions
The variety of complexes available, including ones with different bonding motifs, offers a rich array of
possibilities in which to study the influence of an adduct and initial vibrational excitation. Our immediate

goal is to study complexes with ammonia as well as other bare and complexed molecules where we can
use vibrational excitation to influence the passage through conical intersections.
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I. Program Scope:

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

I1. Recent Progress:

Over the past few years, it has become clear that in order to successfully study the dynamics of
elementary radical reactions beyond simple atom + molecule systems using universal mass
spectrometric detection of products, it is desirable to greatly improve detection sensitivity over that
possible using conventional electron impact ionization methods. Casavecchia has employed “soft”
low energy electron impact ionization methods to study a range of interesting bimolecular
reactions.! Using continuous molecular beams and a continuous electron impact ionization source,
it is possible to substantially reduce fragmentation of desired product molecules while minimizing
contributions from interfering species. However, many of the polyatomic radicals important in
combustion (e.g., H, OH, C,H3, C¢Hs etc.) are best produced using pulsed photolytic sources. The
inherent mismatch in duty cycle between the continuous nature of electron impact ionizer detectors
and pulsed radical beams imposes severe limitations on the use of soft electron impact ionization
methods. Several groups have employed synchrotron radiation sources for single photon VUV
ionization of products from bimolecular reactions in crossed beam studies. At the National
Synchrotron Radiation Research Center in Taiwan, an apparatus employing tunable VUV (10%
photons/s) is currently used, demonstrating good signal to noise ratios in a number of crossed beam
studies.? However, the quasicontinuous nature of the synchrotron light source is again not well-
matched to the use of pulsed photolytic radical beams. Also, synchrotron light sources are not
widely available.

Hydrogen Rydberg tagging TOF spectroscopy (HRTOF) has been used with great success in
studies of the dynamics of elementary 3-atom® and 4-atom” systems. Several years ago, we
introduced a similar technique for detection of O atoms (ORTOF) produced from bimolecular
reactions.> However, for studies of the polyatomic radical reactions relevant to combustion, which
frequently have small cross sections, we found that small signals and high background levels made
studies extremely difficult or even impossible. The primary source of interfering signal was from
photodissociation of radicals or parent molecules by the residual UV light from VUV generation.

In order to substantially improve the sensitivity in Rydberg tagging experiments, and to greatly
expand the range of systems that can be studied using universal pulsed photoionization detection®
(previously limited to 7.9 eV using an F, excimer), during the current funding period we have
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devoted great effort to implementing new VUV light sources (8-
11 eV) on two different crossed beams machines in our
laboratory. The highest possible efficiency for VUV generation
using pulsed nanosecond lasers involves a method first proposed
by Smith and Alford” and then demonstrated experimentally by
Muller and coworkers.? It employs 4-wave mixing of collimated
(i.e., unfocussed) nanosecond pulses in a 1m long cell containing
mercury (Hg) vapor. This approach is most general and efficient
if three independent input laser beams are each tuned near Hg
resonances at the precise wavelengths where index matching may
be achieved.® Pulsed beams in the VUV at the millijoule level®
and continuous wave (CW) Lyman-o (121 nm)° have been
produced using variants of this approach.

For production of 130 nm light necessary for ORTOF, three
unfocussed input nanosecond pulses are simultaneously tuned
near a one photon, two photon, and Rydberg resonance (i.e., 255
nm + 404 nm + 777 nm) in a 1 meter long Hg heat pipe,
producing very intense 130 nm light (Fig. 1). The VUV is
spatially separated by off-axis transmission through a movable
MgF, lens and reflected into the interaction region using a
remotely-adjustable VUV mirror (Fig. 2). We have found that
this method leads to unprecedented signal levels with dramatic
reduction of background levels. Assuming 1 mJ/pulse at 30Hz in
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Fig. 1: Four-wave mixing scheme
of Smith and Alford (Ref. 7). Three
tunable pulsed lasers are
simultaneously tuned near one, two,
and three photon resonances in Hg.
Phase matching at any w; is
achieved by precisely tuning o,

the 130nm range, we produce VUV photon fluxes that are nearly identical to that using a

synchrotron source, i.e., 2 x 10" photons/s.

In our experiments, products are ionized in universal

TOF experiments by scanning the ionization laser over the range of arrival times for products at the
detector, maintained below 1 x 10™°Torr. Thus essentially all of the VUV photons are usable for

ionization,

193 nm

whereas

using pulsed radical

y {\/Iolecular Source

Radical Source
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Beam Dump
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MgF, Lens Rotatable detector

Fig. 2: Schematic of newly-configured Rydberg
Tagging Apparatus (not to scale). VUV (w4) produced
in 1Im long Hg cell passes beam dump whereas
fundamental beams (®,;, ®,, and ®z) are dumped.
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sources with continuous synchrotron ionization
methods, the duty cycle is at best only 1%.
This results in a dramatic increase in sensitivity
over that possible using pulsed beams with
synchrotron light sources.

In the following, we illustrate some recent
results on two different machines using high-
brightness VUV pulsed light sources employing
collimated beams.  For “universal” mass
spectrometric detection, we have studied
several reactions involving phenyl radicals. To
optimize and characterize the method for
ORTOF, we photolyzed N,O at 130 nm,
producing O(’P) + N, (A,B) which may be
probed by ORTOF



i) Crossed Beams Study of Phenyl Oxidation:

Phenyl radicals (CgHs) react with oxygen
molecules (O;) to form phenylperoxy radicals
(C¢HsOO).  These intermediates have been
calculated to decompose either through O-O
bond fission forming CgHsO + O, or through a
series of isomerization steps producing CsHs +
CO,, CsHs0 + CO or CgH40, + HY (Fig. 3).

In this study, the reaction of phenyl radicals
with molecular oxygen is investigated at a mean
collision energy of 64 kJ/mol using the crossed
molecular beams technique, employing
detection via pulsed single photon ionization at
9.9 eV. Here we monitor the formation of
phenoxy radicals (C¢HsO) from the C¢HsO + O
channel, providing insight into the lifetimes of
the C¢HsOO intermediates. The measured
distributions imply that the C¢HsOO lifetimes
(t) are at least comparable to their rotational
timescales, i.e. T > 1 ps (Fig. 4). Our lower limit
for t is at least 100 times longer than an upper
limit inferred from a previous crossed beams
experiment carried out at a higher collision energy
employing a pyrolytic phenyl radical source.**

i) A Study of the Electronically Metastable
Products from 130.2 nm N,O Photodissociation
Using Unfocussed Lasers for VUV Generation:

To optimize the production of 130.2 nm light
using collimated lasers, and to further characterize
the ORTOF method, we have reexamined the
photodissociation of N,O in the VUV. The
photodissociation of N,O in the vacuum
ultraviolet (VUV) leads primarily to production of
N, (X '2,) + O('Sg), together with minor

contributions from the Na(A °z,") + OCP;) and No(B°ITy) + O(*P;) channels.
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Fig. 3 Energetics of phenyl + O, reaction (Ref. 10).

0 25 50 75 100
Fig. 4: Product flux contour map for CgHsO from
CsHs + O, reaction at E.q; = 64 kd/mol.

Because radiative

transitions from O(*Sy) to the lower O(’P,) and O(‘D,) states are dipole forbidden, the radiative
lifetime of O(*Sy) is quite long (t = 0.84 s). Consequently, the chemistry and quenching of O(*So) is
important in a number of environments. In the present study, we found that the nascent metastable
O(*Sp) from the dominant N(X 'Z,") + O(*Sp) channel can be detected without further excitation by
impact on a microchannel plate. An inverted N,(X 12g+) vibrational distribution with very little

rotational excitation is consistent with dissociation from near-linear N,O geometries.

The Na(A

5.9 + OCPy) and Ny(B%y) + O(P;) channels are detected by two methods, oxygen Rydberg
tagging time-of-flight (ORTOF) spectroscopy and metastable N (A %) TOF spectroscopy.
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I11. Future Studies:

The dramatic increase in VUV intensities combined with decreased background levels will
facilitate high resolution measurements of the H + O, — OH + O(®P;) reaction using ORTOF. By
measuring the angular and velocity distributions of individual O(*P;) levels, the correlated OH
rovibrational energy distributions will be measured as a function of scattering angle. The results
will be compared to recent high-level calculations by Guo’s group.'*  Other key combustion
systems producing atomic products of interest include C;H3; + O, — C;H30 + O, OH (X, A) + H, —
H,0 + H (and isotopologues), as well as OH + CO — CO, + H.

To understand the dynamics of competing reaction pathways in polyatomic radical reactions,
the tunable high brightness pulsed VUV source (8-11eV) will be used to study a range of important
reactions including simple hydrocarbon free radicals (C,Hs, C,Hs, CsH7, C4Ho, etc.) with O, using
our rotatable source apparatus. To better understand the competing reaction channels producing
enols in combustion, bimolecular reactions of OH (X) with ethene and propene will be studied.
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Exploration and validation of chemical-kinetic mechanisms
Michael J. Davis

Chemistry Division
Argonne National Laboratory
Argonne, IL 60439
Email: davis@tcg.anl.gov

The main focus of the work is on the 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. The exploration is expedited by using the tools of DACE,* coupled
with methods for updating and exploring the response surface generated from sampling.
The tools used for generating these sensitivity maps can be applied to other types of
fitting and optimization problems. We arein the process of implementing several of
these procedures for fitting potential energy surfaces.

Recent Progress
Theoretical Validation of the methanol mechanism

This project is acollaboration with Stephen Klippenstein and Larry Harding at
Argonne, Rex Skodje (Colorado), and Alison Tomlin (Leeds). The validation procedure
is described in the figure. Global sensitivity analysis® was used to study the ignition
properties of methanol/air mixtures under constant volume conditions, using the
mechanism of Li et al.® The rate constants of all the reactions in the mechanism were
varied over their uncertainty ranges with Monte Carlo sampling. Thisleadsto a
distribution of ignition delay times. This distribution is analyzed by decomposing its
variance in terms of individual reactions leading to a set of first-order sengitivity
coefficients (the fraction of the total variance attributable to each reaction), and is plotted

in the upper left of the figure. Over 70% of the variance is attributable to CH;0H + HO,

= CH,0OH + H,0,. Therate constant for thisreaction was calculated (the next two
panels). The new rate constant is about an order of magnitude lower than that used in the
mechanism of Ref. 3. The use of this rate constant leads to two important results. The
overall uncertainty of the ignition delay times is decreased and the nominal ignition delay
timeisincreased significantly as demonstrated in the last panel of the figure.

When the updated uncertainty of the rate constant for the reaction CH;OH + HO,
= CH,OH + H,0, isused for anew set of set of calculations, the reaction CH;0OH + O,=

CH,OH + HO,, which has a small but noticeable variance fraction in the first panel of the
figure, becomes the reaction with the highest fractional variance. The rate constant for
this reaction was cal culated and its value was once again approximately afactor of ten
lower than in the original mechanism, once again increasing the ignition delay time.
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| dentification of the key reactions using Calculation of the energetics of
global sengitivity analysis CH,OH + HO,
Calculation of the rate constant The new rate constant leads to much

longer times for ignition.
| |

Global Sensitivity analysis of n-Butanol

The study of methanol ignition hasled usin two directions. Thefirst isthe study
of larger mechanisms. This project is a collaboration with Dingyu Zhou and Rex Skodije,
(Colorado). The mechanism of Ref. 4 was used to study ignition properties of n-butanol,
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in pure oxygen. The sensitivity indices are studied as a function of pressure, temperature
and stoichiometry. The figure shows results for stoichiometric mixtures of n-butanol and

oxygen with an initial temperature of 1200 K. Once again reactions with HO, have the
highest fractional variance, with CH;+ HO, being dominant near P = 1 bar and n-

C,HoOH + HO, at elevated pressure. The decomposition of H,O, also has significant
fractional variance at elevated pressure.

Global sengitivity surfaces for chemical-kinetic mechanisms. Generation and exploration

The second research direction involves two tasks. The first task extends the
theoretical validation procedure, by studying the ways in which the sensitivity indices
change with initial conditions. It involves the implementation/development of the tools
necessary to explore the physical and chemical space with global sensitivity analysis
using the DACE methodology.">® The second task is a more detailed investigation of the
procedures used in the methanol study, including improvements in the algorithms used to
generate the sengitivity indices.

The H,/O, mechanism was used to implement these two tasks because it is small
enough to investigate in great detail, and as the above plot of the n-butanol results
demongtrates, these reactions carry significant fractions of the variance for the ignition
properties of n-butanol. The x-axesin the plots of the previousfigure are labeled
“Reaction Index”, which indicates the sequence of the reactions in the mechanism and are
in approximate order of the numbers of carbon atoms in each reaction. These plots
demongtrate that most of the variance in the ignition delay timesis due to the primary

fuel, n-butanol, and the hydrogen and C,; species.

The H,/O, project is a collaboration with Skodje (Colorado) and Tomlin (L eeds)

and involves two publications, one in the publication list, and the other in preparation.”
There are two reactions which have the highest fractional variance over alarge range of
pressures, temperatures, and stoichiometry, as noted in the figure above. The surfaces

shown in the figure were generated for stoichiometric mixtures of H, and O,, and were
created using the Gaussian process model.* Theinitial sample was a maximin Latin

79



hypercube sample.® Points were added to the original sample based on domain
decomposition® and the error function estimate inherent in the Gaussian process
interpolator.® The surfacesin this figure show arather sharp transition from OH + O to H
+ H,0,, and at the present time we are investigating the correlation between this
transition and the well-studied explosion limits for this system.”

Future Plans

This research will be extended in three ways. We intend on using large numbers of
parallel processorsto extend the ignition work to larger mechanisms, including n-
heptane. We plan on extending the validation work to different combustion situations,
with the first being one-dimensional, steady, premixed flames. The third important way
thiswork will be extended is the fitting of potentia energy surfaces using the Gaussian
process model. Preliminary work, reported in last year’ s abstract, will be extended to the
formaldehyde potential surface. The potentia fitting work will include comparisons to
moving least-squares, in collaboration with Al Wagner. It will also include atoolkit of

techniques that have been developed elsewhere, such as multi-fidelity fitting.®
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Dynamics of Radical Reactionsin Biodiesel Combustion
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PROJECT SCOPE

The 1 gnition of di esel fuel depends oni somerization of pe roxy r adicals ( ROO®) vi aa
hydrogen shift reaction:

ROO* — QOOH (1)
Production of multiple OH radicals ( chain branching) in the c hemistry following reaction (1)
leads to autoignition. Processes such as reaction (2):

ROO°* —» Products + HOO 2)
compete w ith ¢ hain br anching.  Experimentalists f ace s everal di fficulties in gaining an
understanding of this chemistry, and no QOOH species has ever been detected by ex periment!
This has inspired many computational studies of these processes. Another limitation is that the
peroxy radicals studied to date have been almost exclusively those derived from alkanes.

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.! T he broader goal of this research is to carry out systematic computational
studies of the elementary kinetics of this chemistry for compounds that are models for biodiesel
ignition. T his i ncludes not onl y r eactions ( 1) and ( 2), but a Iso r eactions | eading t o ¢ hain
branching. In addition, the research will:

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

RECENT PROGRESS

To date, we have investigated reactions (1) and (2) in a variety of peroxy radicals containing
olefin and ester functional groups (see scheme 1). The size and asymmetry and number of the
species to be investigated will require using an efficient computational approach for determining
the pot ential en ergy s urface, i .e., de nsity functional t heory. We s tarted with the r ecently
developed M05-2X functional,” which has been optimized for kinetics and thermodynamics.> *
The 6 -31+G(d,p) ba sis s et w as e mployed, and c alculations w ere carried out w ith t he s pin-
unrestricted formalism. The GAUS SIANO09 s ystem of programs has be en used to de termine
structures, energies, and vibrational frequencies of reactants, products, and saddle points. The
nature of the saddle points has been determined by close inspection of saddle point structures and
animation of the imaginary vibrational frequency.
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Schemel. 1,5 H-shift and HO, elimination in peroxy radicals, including model
comnounds for studing combustion of fattv-acid methvl esters.

To investigate b asis s et ef fects, calculations were r epeated on t hese t hree m odel s ystems
using M05-2X/6-311G(2df,2p). Basis set effects were no more than 1.0 Kcal/mole on reaction
energies, andl esst hant haton a ctivation ba rriers. Relative energies w ere compared to
benchmark calculations published previously on ethyl, 1-propyl and 1-butyl peroxy radicals.” 6,
""The relative energies at M05-2X were in good agreement with the benchmark calculations for
the H -shift r eactions, w ith no obvi ous bias. T he M05-2X r elative energies t end to be 1 -3
kcal/mole higher than the benchmark values for HO, elimination reactions.

Figure 1 depicts the potential energy profiles for unimmolecular reactions of 1-pentylperoxy
with a C=C bond at either carbons 1, 2, 3, or 4. It can readily be seen that activation barriers for
HO; elimination are very highly correlated with thermodynamics, but those for 1,5 H-shift show
more variability. For the pent-3-ene-1-peroxy and pe n-2-ene-1-peroxy r adicals, t he hydrogen
atom being transferred is located on a sp? hybridized carbon atom. These C-H bonds are strong,
leading to very similar and significantly positive (+26 kcal/mole) reaction energies for their 1,5
H-shift reactions. By contrast, 1,5 H -shift reactions of pent-1-ene-1-peroxy and pen-4-ene-1-
peroxy radicals are both nearly thermoneutral. T he range of activation barriers for these four
reactions span arange ofonly 10 kcal/mole, and the activation barriers for these reactions in
pent-1-ene-1-peroxy and pen-4-ene-1-peroxy differ by 5 kcal/mole when their reaction energies
only vary by 1 kcal/mole. Clearly, the barriers to 1,5 H-shift reactions are strongly influenced by
factors other than thermochemistry.

To investigate the e ffects of different functional groups on the mechanism of reaction (1)
and (2), three species consisting of alkane, alkene and ester respectively were chosen as model
molecules (see molecule 3,6 a nd 10 i n Scheme 1). Figure 2 depicts the effect of these three
functional group on t he series of 1,5 H -shift r eactions. Comparing w ith the s aturated pe ntyl-
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peroxy radical, alkane group decreases the b arrier and reaction energy much more than ester

group.
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Figurel. Potential energy profiles (kcal/mole) for unimmolecular reactions of 1-

pentylperoxy with a C=C bond at either carbons 1, 2, 3, or 4.

Figure 2.

Potential energy profiles (kcal/mole) for 1,5 H-shift reactions of 1-alkylperoxy

(internal H-atom transfer from carbon 3) with alkyl, alkene and ester groups at carbon 4. The
structures of the three reaction products are shown to the right.
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FUTURE PLANS

High level ab initio computations such as the CBS-QB3 method will be performed to correct
the activation and reaction energies. Rate constants for the reactions of interest will be
investigated as a function of temperature and pressure using RRKM/Master Equation
calculations. For the H-shift processes, tunneling effect could play significant roles. Multi-
dimensional tunneling corrections to thermal rate constants will be computed and compared to
the Wigner and Eckart models. Calculations will be extended to the kinetics of QOOH and
*OOQOOH radicals RRKM/Master Equation calculations will be carried out to determine the
stable products of this chemistry.

PUBLICATIONS ACKNOWLEDGING BES SUPPORT 2009-PRESENT
F. Zhang and T. S. Dibble, Effects of ester and olefin functional groups on kinetics of
unimolecular reactions of peroxy radicals, in preparation.

REFERENCES

[1] R. Sumathi and W. H. Green, Oxygenate. Oxyalkyl and alkoxycarbonyl thermochemistry and
rates for hydrogen abstraction from oxygenates. Phys. Chem. Chem. Phys., 2003, 5, 3402-17.

[2] Y. Zhao and D. G. Truhlar. How Well Can New-Generation Density Functionals D escribe
the E nergetics of Bond-Dissociation R eactions P roducing R adicals? J. Phys. Chem. A, 2008,
112, 1095-99.

[31 Y. Zhao and D. G. Truhlar. Design of Density Functionals That Are Broadly Accurate for
Thermochemistry, T hermochemical K inetics, and N onbonded Interactions. J. Phys. Chem., A,
2005, 109, 5656 -67.

[4] Y.Zhao and D. G. T ruhlar. D ensity Functionals w ith B road A pplicability i n C hemistry.
Accts. Chem. Res., 2008, 41, 157-67.

[5] J.J. Wilke, W. D. Allen, and H. F. Schaefer 111, E stablishment of the C,Hs+O, reaction
mechanism: A combustion archetype. J. Chem. Phys., 2008, 128, 074308.

[6] J. K. Merle, C. J. Hayes, S. J. Zalyubovsky, B. G. Glover, T. A. Miller, and C. M. Hadad,
Theoretical Determinations of the Ambient Conformational Distribution and Unimolecular
Decomposition of n-Propylperoxy Radical. J. Phys. Chem. A., 2005, 109, 3637-3446.

[7] J. D. DeSain, C. A. Taatjes, J. A. Miller, S. J. Klippenstein and D. K. Hahn, Infrared

frequency-modulation probing of product formation in alkyl + O, reactions
Part IV. Reactions of propyl and butyl radicals with O,. Faraday Discuss. 2001, 119, 101-120.

84



Hydrocarbon Radical Thermochemistry:
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I.  Program Scope

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

development of a Quadrupole lon 14 | | | | ﬁh@ 1
Trap/Time-of-Flight tandem mass LI o HCO, ﬁﬁi ; }%ﬁg@%
spectrometer. e oo ff
Il. Recent Progress E g ¥
A. Energy-Resolved Collision-Induced 3 5

Dissociation g ° ¥

We continue work to measure gas- os f

phase acidities and other energetics of s S oW
oxygen-containing hydrocarbons and of i. ;
highly unsaturated hydrocarbons that are of 00 ‘;F&“ﬁf T e e e
interest in combustion kinetic systems. Energy (c.m.)/eV.

Energy-resolved collision induced dissociation Figure 1. Energy-resolved collision-induced dissociation of
is used to measure energetics of ionic systems ~ Peroxyformate anion.
that can be related to neutral hydrocarbon
molecules and radicals via thermochemical cycles.

In recent work [3], we have carried out experiments on the threshold collision-induced
dissociation of peroxyformate anion, HCOOO . Figure 1 shows preliminary cross section data
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for collision-induced dissocation with xenon as
the target gas. The primary product with the
lowest threshold energy is formate anion,
HCO, , with loss of O atom. The observed
threshold energy is much too low for the
products to be on the spin-conserved singlet
electronic surface. Therefore, efficient
conversion to the ground triplet state products
must be occurring along the dissociation path.
Figure 2 shows calculated energies of the singlet
and triplet surfaces. We identify a singlet-triplet
intersection that is below the asymptotic energy
of the products. That allows formation of the
ground state products with no excess barrier, so
the measured threshold energy is an upper limit
for the anion dissociation energy, D(HCOO -O
). The minor products at higher energy in Figure
1are OH and O,H . The formation of OH +
CO; is exothermic overall, but using density
functional theory calculations we find that the
OH and O,H product channels share a
common transition state with an energy above
that for the formate anion channel. The overall
potential energy surface and scheme for the
modeling the kinetic and competitive shifts
using RRKM theory is shown in Figure 3.

Using our measured threshold energy,
recent measurements of the gas-phase acidity of HCO3H and electron affinity of HCO3 [4], and
the known acidities and enthalpy of formation of formic acid, HCO,H, we can obtain the first
experimental value for the enthalpy of formation of the neutral peroxyformic acid, HCOsH.
These results also provide the enthalpy of formation for HC(O)OO, the neutral formyloxyl
radical. Preliminary values agree well with energies from computational chemistry.

Figure 2. Singlet and triplet potential energy surfaces for
dissocation of peroxyformate.

Figure 3. Scheme for dissociation of peroxyformate.

B. Instrumental Development

We are also continuing development of a Quadrupole lon Trap/Time-of-Flight tandem
mass spectrometer [5, 6] for future ion-molecule reaction kinetics and product velocity
distribution measurements. In recent work [7], we have developed a novel pulsed extraction
method. In conventional operation of a QIT/TOF instrument, the Quadrupole lon Trap itself is
used as the first acceleration stage for Wiley-McLaren spatial focusing of the ions (either at the
detector for linear time-of-flight or at an earlier point with energy refocusing for reflectron time-
of-flight). However, the differential acceleration of ions at different initial axial positions in the
trap causes a very wide energy spread in the extracted ion packet. The differential acceleration is
essential for Wiley-McLaren spatial re-focusing, but the energy spread is very undesirable for
using the ion packet for energy-resolved reactive collisions. We have characterized a short-pulse
extraction method that creates a narrow energy spread of ions in the packet. The extraction pulse
ends before any ions reach the exit aperture, giving them all the same total acceleration. That

86



precludes Wiley-McLaren spatial focusing, but instead
provides a well-defined energy with a narrow distribution.
Using ion trajectory simulations compared with experiment,
we have demonstrated that the short-pulse mode can also be
used to diagnose the size of the ion cloud in the ion trap prior
to extraction. Results comparing experimental and
simulations peak profiles for different ion cloud sizes (varied
by changing the ion fill times and number of ions in the trap)
are shown in Figure 4.

During this project year, we have also upgraded the
power supply and control system for the magnet on our
magnetic sector mass spectrometer on the guided ion beam
tandem mass spectrometer. This replaces obsolete 1970s era
electronics that came with a MAT double focusing mass
spectrometer that we cannibalized for the instrument nearly
20 years ago. With field control using a Hall effect sensor
and a stable power supply, we can now reliably tune to a
known mass (m/z) and stay there, which greatly simplifies
experimental protocols.

C. Franck-Condon Analysis Software
Continuing previous collaborations [8-10], we have
_ _ . _ further developed the PEscAL program for Franck-Condon
gg‘;’tr_%ut o e ot fight ﬂi?kdlgé?]g;ffc Jor simulations of photoelectron spectra and photodetachment
the ion cloud size in the quadrupole ion trap.  threshold spectra. The PESCAL code has been used by several
other groups, for example references [4, 11-16] since 2009.

I11. Future Work

Experimental work will continue on the ion thermochemistry experiments detailed above
and related work involving proton affinities in cationic systems. In the near term, we plan to
extend the work on peroxyformate anion to the similar peroxyacetate system. We are also further
developing our quadrupole ion trap/time-of-flight mass spectrometer apparatus with future
applications related to combustion systems.
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I. Program Scope

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

II. Recent Progress

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

Chirped-Pulse Millimeter-Wave (CPmmW) spectroscopy is the first truly broadband and high reso-
lution technique for spectroscopy in the millimeter wave region. We designed the technique in collaboration
with the Brooks Pate research group at the University of Virginia, based on their pioneering Chirped-Pulse
Fourier-Transform Microwave (CP-FTMW) spectrometer, which operates at frequencies up to 20 GHz. We
have built and tested a CPmmW spectrometer that operates in the 70-102 GHz frequency range. The
spectrometer can acquire up to 12 GHz of spectral bandwidth at better than 100 kHz resolution in a single
shot, and initial tests indicate significant advantage over existing millimeter-wave spectrometers in sensitivity
times spectral bandwidth. The slit jet apparatus that we are in the process of constructing will increase the
sensitivity of our CPmmW experiments by at least a factor of 100. The gas load of the slit jet will be 10
times of that of the regular axial jet that we currently use. Another factor of 10 or more in signal-to-noise
improvement will come from reduced Doppler profile in the slit configuration. In order to facilitate super-
sonic expansion and minimize collisional broadening in the molecular beam, the slit jet needs to operate at
2 mTorr or less background pressure. After modeling pumping of the expected 1 mbareL/pulse gas load,
we designed a custom vacuum chamber pumped by a 2100 L/ turbo-molecular pump, which should satisfy
the pumping requirements. This equipment has been ordered and is being assembled in our lab. The sensi-
tivity and accurate relative intensities of the CPmmW technique will translate into new classes of spectral
diagnostics that will enable us to attack new regimes of spectral congestion and dynamical complexity.

2. CH

An ongoing CPmmW project is the study of the C3H radical. CoH is a small but complicated molecule
due to a ferocious vibronic coupling between the X 2% and the A 211 states, which are separated by only
~ 3000 cm~!. C,H also presents the possibility of exhibiting bond-breaking isomerization along the same
/CCH coordinate as acetylene. Recent preliminary experiments in our group exploit the increased sensitivity
and bandwidth of the CPmmW technique to enable measurement of several molecular properties in CoH that
are sensitive reporters of geometry and electronic wavefunction mixing. These include the dipole moment
via the Stark effect, as well as the spin-spin splitting and the Fermi contact hyperfine interaction. We have
successfully generated CoH using discharge methods and have detected it via its ground-state rotational
spectrum. Excited vibrational states can be produced by a variety of methods, including photolysis and IR
excitation, and will then be probed by CPmmW spectroscopy.

In conjunction with our experimental investigation of CoH, we are working on a theoretical treatment.
As part of a collaboration with Prof. J. F. Stanton, we have used the Koéppel, Domcke, and Cederbaum
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Figure 1: Simulated photodetachment spectrum of CoH~. The calculation is performed using the KDC quasidiabatic model,
with parameters obtained at the EOMIP-CCSDT/ANOL1 level of theory. The horizontal axis is offset by the ~3 eV anion
photodetachment energy.

(KDC) quasidiabatic model to calculate the vibronic levels of CoH. The agreement with experiment at the
EOMIP-CCSDT/ANOL1 level is excellent, and we plan to use this model Hamiltonian to calculate vibronically
averaged properties of the bending levels of the X 2% state for comparison with CPmmW measurements.
The calculated photodetachment spectrum of CoH™ is shown in Fig. 1.

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

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

1. PUMP-DUMP-PROBE experiments on local-bender eigenstates

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

Recently we undertook PUMP-DUMP-PROBE laser experiments with the goal of observing Stark
mixing of the g/u paired local-bender eigenstates as evidence of their local mode character. The spectra
recorded contained previously unobserved K’ = 3 levels of the S; state, as well as new information about
Franck-Condon access to and from interesting vibrational states on both electronic surfaces. While no
Stark mixing has yet been observed in these laser experiments, the PUMP-DUMP-PROBE spectra have
emerged as a promising new way to detect and characterize large amplitude motion states. Using members
of a class of special vibrational eigenstates as launch states for the PROBE spectrum allows definitive and
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immediate identification of which upper states would be ideal PUMP states for extending access to ever
larger-amplitude-motion states.

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

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

Evidence continues to mount in favor of the S; cis assignment of these interloper levels. A three
dimensional discrete variable representation (DVR) calculation has been performed that reproduces the S;
vibrational level structure to within 2% for the fundamental vibrational levels, and can generate at least
qualitatively correct spectral intensities, although the comparison of intensities is complicated by many
factors. The calculation predicts cis-trans mixing as well as the unexpected spectral features, in agree-
ment with the proposed explanation of low barrier cis-trans isomerization. Furthermore, *CoHy LIF
spectra for one of the interloper bands shows isotope shifts that agree extremely well with the predicted
isotope shifts for its cis assignment, but which cannot be reconciled with any possible trans well assignment.

SEP intensity

T I T T T T I T T T T I T T T T
6400 6450 6500 6550

-1
Internal Energy/cm

Figure 2: SEP spectra of the N = 10 pure bending polyad of So C2Hz. From top to bottom, the S; PUMP states are 2132,
the 3 members of 32B2 from high to low energy, and 43. (The 2132 DF spectrum is shown as a dashed trace.) SEP spectra
from 43 and 2132 are expected to have the same relative intensity distribution within a polyad, yet the features near 6510 cm—!
are missing from the 43 spectrum. Since these features are present in spectra from PUMP states that are expected to light up
v{ = N and v = N — 2, e. g. 2132 and 32B2, it seems plausible that a mixing of 4% with the analogous 2'3'62 might interfere
destructively with the transition amplitude to those Sg states. Accordingly, the spectral features near 6390 cm—! that appear
only from 2132 and not from 32B2 are unaffected in the 43 spectrum.

3. Upper state mixing revealed in SEP spectra

Reduced dimension DVR calculations predict a three-state interaction involving one of the S; inter-
loper bands. According to the calculation, this cis interloper state engenders an indirect coupling between
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the trans 2'3'62 and 43 zero-order states, causing the eigenstates to lie substantially farther apart than
one might expect, and lending intensity to the cis 3'6! interloper band that appears between them. These
predictions agree quite well with experimental observations. The intrapolyad intensity patterns observed
in SEP spectra from the cis interloper were expected to reveal the character of the intensity-lending trans
state or states. Preliminary SEP spectra from the 42 state contain evidence of an unexpected interference
effect resulting from this proposed three-state coupling. Sy intrapolyad intensity distributions are, as a rule,
governed solely by the fractionation of the (single) bright state. However, as shown in Fig. 2, the intensity
distribution in the SEP spectrum observed from the 43 state deviates from the expected pattern, and seems
to contain an interfering combination of the bright state patterns seen in the 2'3% and the 32B? spectra.
This type of indirect effect can yield much information about state mixing, and is particularly interesting in
this case since its effects on the level structure cannot reasonably be accounted for by effective Hamiltonian
models that rely solely on polyads.

III. Future Work

We plan to continue to improve the sensitivity of our CPmmW spectrometer by taking advantage of
new millimeter-wave technology and by incorporating a slit-jet molecular beam chamber. These enhance-
ments will enable us to measure the populations of vibrationally-excited photolysis and pyrolysis products
and locate the acetylene local- bender states. Combining our S; DVR results with the survey capability of
CPmmW /DF spectra will guide us towards conclusive SEP expriments. We will record Stark effect spectra
of the Sy highly vibrationally excited levels, in order to measure the large predicted vibrationally-averaged
dipole moments of the local-bender barrier-proximal states.
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Scanning Tunneling Microscopy Studies of Chemical Reactions on Surfaces
George Flynn, Department of Chemistry, Columbia University
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Introduction:

Our work is focused on fundamental chemical events taking place on
carbon surfaces™* with the intent of shedding light on their role in mediating the
formation of polycyclic aromatic hydrocarbons (PAHs) from small molecular
precursors and the growth of soot particles.>” One of the exciting developmentsin
this area of research has been the discovery of techniques for preparing and
studying single graphite sheets or graphene®, a two-dimensional material whose
chemical reactivity is substantially greater than that of multi-sheet graphite.***

We use scanning tunneling microscopy (STM) to study the interfacial
structure and chemistry of graphene mainly because of its ability to investigate
surface structure and dynamics with molecular or even atomic resolution. In
addition we employ micro-Raman scattering to identify and distinguish among
single, double and triple layered graphene samples and to assess the amount of
electron or hole “doping” caused by surface adsorbates. Atomic force microscopy
(AFM) is also employed to determine the large scale “flatness’ of graphene on
different substrates.

The electronic and structural properties of graphene are quite unusual and
depend on both the size and shape of the graphene flakes, which are themselves
essentially giant PAHs. Furthermore, evidence is mounting (see below) that the
relative smoothness and hence chemistry of graphene samples is dependent on the
nature of the underlying substrate on which they are mounted. Graphene is an
interesting model system in which to study the kind of carbon chemistry that is
likely to shed light on the properties of soot-like materials.

In terms of chemical reactivity, the edges of large PAHs and the surfaces of
soot particles in the third stage of growth are analogous to the edges of pits, defect
sites and step edges on graphite and graphene. Exposure of well characterized,
defected graphite and graphene surfaces to oxygen or hydrocarbon fuels (e.g.
C,H,) in a controlled manner under ultra-high vacuum (UHV) conditions, thus,
provides an opportunity to investigate the fundamental chemical steps involved in
carbon chemistry and soot formation. Interest in soot is ultimately driven by the
environmental and health implications arising from its formation in combustion
reactions (particularly those involving heavier, diesel fuels containing catalytic
metal atoms™"), which are nearly ubiquitous throughout our society.*’

Resaults: “Ultra-flat” Graphene on Mica

The fabrication and characterization of high-quality ultraflat graphene
monolayers has been realized by making use of a mica support that provides
atomicaly flat terraces over large areas. The key to the success of these
experiments was the preparation of an atomically flat substrate for deposition of
single-layer graphene crystals. For this purpose mica, a material composed of
negatively charged aluminosilicate layers that are linked by single layers of
potassum ions, was chosen. Since cleavage takes place readily along the
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potassium layer, atomically smooth surfaces with lateral dimensions as large as
100 pum can be routinely produced.

Graphene monolayers were prepared by the standard method® of mechanical
exfoliation of kish graphiteon both mica and bulk SiO, substrates for comparative
studies. (Both the cleavage of mica and the transfer of graphene sheets to the
resulting mica surface were carried out in adry glove box to minimize the effects
of atmospheric water vapour on the samples) AFM topographic images for
regions surrounding the edges of graphene samples on both SIO, and mica
substrates were readily obtained. Histograms of the corresponding height
distribution over 200x200 nm? regions of the surfaces show significant variations
among the different substrates. For the bare SO, surface, the parameters
describing the height variation (o) and correlation length (1) are, respectively, o =
168 pm and | = 16 nm. For the graphene monolayer on SIO,, we find a
comparable (or dightly diminished) degree of roughness, with o = 154 pmand | =
22 nm, indicating that graphene monolayers largely follow the underlying
substrate morphology.

In sharp contrast to these results, our AFM images on the mica substrate
exhibit a much smoother landscape. For the bare mica surface, we obtain o = 34.3
pmand | =2 nm. (The low vaue of | can be attributed to residual AFM noise,
rather than to physically meaningful features.) Taking the measured value of o as
aguide, the surface of micais seen to be at least 5 times smoother than that of the
SiO, substrate. When placed on such a flat mica terrace, graphene monolayers
display an exceedingly flat structure, one quite different from that observed for
graphene/SiO,. Thisdifference can be seen qualitatively by smply comparing the
3D, dereographic presentations of the AFM topographic images. More
guantitatively, for graphene on mica, we obtain o = 24.1 pm and | = 2 nm. This
topography is at least 5 times smoother than that of graphene on SiO,. Since the
interlayer distance in bulk graphite is 340 pm, with an observed height variation
of only 24.1 pm, we can consider graphene on mica as having reached the limit of
atomic flatness with respect to ripples, i.e., a height variation substantialy less
than the diameter of an atom when probed with our lateral resolution of 7nm.
Present and Future Experimental Program

It should be possible to probe oxidation of both ultra-flat graphene on mica
and “bumpy” graphene on SO, in an ultra-high vacuum chamber at temperatures
ranging from 300-800 K. From our studies of the oxidation of graphene on SO,
carried out at atmospheric pressure, we know that single sheet graphene shows
evidence of oxidation at a lower temperature than double and triple sheet
samples’. We suspect that this is due to the locally bumpy nature of single sheet
graphene on SiO,. This idea can be tested by studying the oxidation of single
sheet graphene on mica. When the oxidation is carried out in an ultra-high
vacuum chamber, STM can be used to follow the atomic scale surface features
that are most reactive. The importance of defect structures can aso be assessed by
punching nanoscopic holes in graphene with the STM tip, followed by exposure
to O, gas. Our expectation is that anything, which breaks the aromatic symmetry
and hence interrupts the delocalization of electrons over the graphene sheet, will
also affect the chemical reactivity of this material. Similar experiments can be
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carried out using acetylene as the fuel. Earlier work on graphite surfaces from our
laboratory suggests that graphene or defected graphene will aso be reactive
toward hydrocarbons such as acetylene'.
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Program Scope

The primary objective of this project is the development and application of laser-based imaging
diagnostics for studying the interactions of fluid dynamics and chemical reactions in reacting flows.
Imaging diagnostics provide temporally and spatially resolved measurements of species, temperature, and
velocity distributions over a wide range of length scales. Multi-dimensional measurements are necessary
to determine spatial correlations, scalar and velocity gradients, flame orientation, curvature, and
connectivity. Current efforts in the Advanced Imaging Laboratory focus on planar laser-induced
fluorescence and Rayleigh scattering techniques for probing the detailed structure of both isolated flow-
flame interactions and turbulent flames. The investigation of flow-flame interactions is of fundamental
importance in understanding the coupling between transport and chemistry in turbulent flames. These
studies require the development of new imaging diagnostic techniques to measure key species in the
hydrocarbon-chemistry mechanism as well as to image rates of reaction and dissipation. Recent advances
in diagnostic capabilities enable us to probe the temporal evolution of turbulent flames as well.

Recent Progress

Effects of heat release on dissipation structures in turbulent jet flames

Ongoing comparisons of non-reacting turbulent flows and flames reveal the effects of heat release
on the morphology of fine-scale turublence structures in flames. High-resolution imaging of laser
Rayleigh scattering in turbulent CH4/H,/N; jet flames and non-reacting propane jets enabled us to isolate the
effects of flow shear and heat release on the dissipation field. Recent analysis quantified the effects of flame
heat release on distributions of the local curvature and angular orientation of dissipation structures. The
morphology of fine-scale turbulence structures within the reaction zone is indicative of significant
reductions in local turbulence levels. The damping of turbulence in the reaction zone also alters the fine-
scale turbulence structure in the outer regions of the jet flame. The reaction zone forms a viscous buffer
that shields the outer mixing layer from the highly turbulent flow near the jet centerline. Insights from
these experiments are being used in the development of turbulent combustion models, as described in the
following section.

Coupling imaging diagnostics and large eddy simulations

Experimental studies of turbulent jet flames and non-reacting jets are coupled with high-fidelity
LES calculations of J. Oefelein (Sandia) to evaluate how LES represents small-scale mixing and what the
effect of resolution is on the time evolving dissipation fields. Recently, we have focused on
understanding resolved-scale dynamics in simulations of turbulent non-reacting jets. The aim of these
passive scalar mixing studies is to establish a foundation for simulating turbulent mixing processes before
tackling the additional complexities of chemical reactions and heat release in turbulent flames. We have
assessed the effects of LES grid size on the evolution of the mixture fraction and dissipation fields in
turbulent axisymmetric jet flows. Figure 1 shows an example of comparisons between measured and
simulated radial profiles of mean dissipation using three different LES grids. The experimental data were
spatially filtered to match the resolution of the corresponding LES grids. The resolved-scale scalar
mixing contains significant errors on the coarser grids and systematically approaches the actual mean
distribution of dissipation as the grid is refined. This result highlights the compounding effect that errors
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Fig. 1. Measured (Exp.) and computed (LES) radial profiles of mean scalar dissipation in a non-reacting
propane jet with Re=14,500. Comparisons are shown at x/d = 10 for three LES grids, ranging from 1.3 to
82 million cells. Dissipation values are normalized by the corresponding centerline values for the 82 M cell
grid. The measurements are spatially filtered to match the resolution of the corresponding LES grids.

in the mixture fraction field have on the overall mixing characteristics of the LES. The primary errors are
most likely due to temporal damping and dispersion of the spatially evolving structures, which is an
artifact of transporting the filtered quantities in LES with different levels of resolution. Further analysis
of the temporal and spatial evolution of these errors is underway. We are also evaluating the effect of
Reynolds number on these errors using a wide range of jet flow conditions.

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

Efforts to develop a high-repetition rate imaging facility in the CRF’s Advanced Imaging
Laboratory are ongoing. This new capability will significantly enhance our research program by enabling
us to probe the complex time history of interactions between turbulent flows and flames. Measurements
of time history effects are particularly important for understanding intermittent phenomena, such as
localized extinction and re-ignition. Our efforts to build up this capability at Sandia have been enhanced
through collaborations with other laboratories that have invested in high-repetition rate imaging
equipment. In a collaboration with W. Meier (DLR Stuttgart, Germany), we used simultaneous particle
imaging velocimetry (PI1V) and crossed-plane OH-LIF measurements to probe the temporal evolution of
turbulent non-premixed jet flames with localized extinction. The crossed-plane configuration provided
insight into the 3-D structure of the flame and reduced biases from out-of-plane motion that are inherent
in 2-D planar high-speed measurements. Results demonstrated the importance of edge-flame propagation
as a re-ignition mechanism and revealed a wide range of local edge-flame propagation speeds.

Impact of turbulence on reaction rates in premixed flames

We initiated a study on the local perturbation of reaction rates by turbulence in premixed
counterflow flames in collaboration with A. Gomez (Yale Univ.). Work focused on the effects of
turbulence on CO to CO, conversion rates in stoichiometric and lean premixed CH,/O,/N, flames with a
turbulent Karlovitz number of approximately 5. The oxygen content of the different reactant mixtures
was adjusted to maintain similar laminar flame speeds and adiabatic flame temperatures. Simultaneous
OH-LIF and two-photon CO-LIF imaging measurements probed the CO oxidation via the
CO + OH = CO; + H reaction. Although the stoichiometric and lean flames ($=0.7, 0.58) occupied the
same position on the extended Borghi diagram, they exhibited very different behavior with regard to CO
oxidation. The stoichiometric flame was the least robust with the CO + OH reaction almost entirely
quenched. Results provide new evidence of turbulence affecting CO oxidation in premixed flames and
highlight inadequacies of current frameworks for representing regimes of turbulent premixed combustion.
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Future Plans

Recent comparisons of experiments and LES in non-reacting jets indicate the need for a thorough
examination of widely used modeling assumptions in LES and a more complete understanding of the
effects of grid resolution. A comparison of measurements and simulations near the jet exit will be used to
examine the evolution of filtered quantities from the nascent jet flow to the downstream positions already
investigated. High-repetition rate LIF imaging will be used to expand comparisons of experiments and
LES to the time domain. This new capability will enable us to assess the effects of temporal filtering on
the evolution of turbulence structures.

The continued development of a high-repetition rate imaging facility with simultaneous scalar
and velocity measurements remains an essential goal of our research plan. As new capabilities are added,
we will use them to study the dynamics of flow-flame interactions in turbulent premixed, non-premixed,
and stratified modes of combustion.

In collaboration with J. Chen (Sandia), we established
a joint experimental and computational capability for
investigating the coupling of transport and chemistry in
isolated flow-flame interactions using vortex-perturbed
counterflow flames. In the next phase of this work, we plan to
study extinction and re-ignition of oxygenated fuels, such as
dimethyl ether. We will test the ability of different chemical
mechanisms and transport models to capture the wide range of
thermochemical states involved in extinction and re-ignition.

We plan to conduct detailed studies of turbulent
stratified combustion in which premixed flames propagate into
inhomogeneous mixtures of fuel and oxidizer. Despite its
practical significance, stratified combustion has been studied
in much less detail than perfectly premixed or non-premixed  Fig. 2. Stratified premixed flame stabilized
combustion. These studies will be performed in collaboration  on the piloted coannular Darmstadt burner.
with experimental and computational groups from Technical ~ Composite image of simultaneous single-
University of Darmstadt, Cambridge University, and Sandia. ~ Shot LIF measurements of OH and acetone
Initial experiments are focused on methane-air flames in the  Used to mark the flame front and the flow
Darmstadt coannular stratified burner (Fig.2) and are Issuing from the outer slot, respectively.
conducted in collaboration with A. Dreizler (TU Darmstadt, Germany). The equivalence ratios and
velocities of the outer annular slots can be varied independently to change the stratification and flow
shear, respectively. We plan to study the effects of stratification and shear on the local flame structure.
We will also explore approaches for conditioning measurements on the degree of local stratification.

We plan to develop a new mixing diagnostic technique that could be used for measuring either
the local mixture stratification in the reactants and products of stratified premixed flames or the mixture
fraction in non-premixed flames. This approach uses a noble gas as a chemically inert tracer that can be
seeded into one of the flow streams. The tracer is detected using two-photon LIF imaging. We recently
demonstrated the feasibility of two-photon LIF imaging of krypton seeded into turbulent jet flames in
collaboration with N. Clemens (UT Austin). The combination of two-photon Kr LIF and laser Rayleigh
scattering could be used to determine mixture fraction and temperature. Most previous mixture fraction
imaging techniques have used combined measurements of chemically reactive species and temperature to
construct a conserved scalar. The advantage of this new approach is that the tracer gas remains
chemically inert in a wide range of conditions. Quantitative mixing measurements will require
knowledge of the temperature-dependent collisional quenching rates of krypton by major flame species.
Quenching measurements will be performed in collaboration with R. Farrow and T. Settersten (Sandia).
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MECHANISM AND DETAILED MODELING OF SOOT FORMATION

Principal Investigator: Michael Frenklach

Department of Mechanical Engineering

The University of California

Berkeley, CA 94720-1740

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

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

Recent Progress:

Graphene-Edge Surface Kinetics Model: Bay Capping Reactions (with X. You, R. Whitesides,
D. Zubarev, and W. A. Lester, Jr.)

Controlling formation of soot in modern combustion systems requires a good mechanistic understanding
of soot particle growth. One of the biggest unknowns, particle inception, received substantial attention
in recent years and its mechanistic picture steadily advances toward a unified theory. Another part of the
mechanism, surface growth, has transformed from an empirical rate law to a simple elementary-reaction
model to a complex, multi-step process. The complexity of the surface growth mechanism stems from
numerous possibilities of chemical transformations taking place at graphene edges, presumed to be the
building units of soot particles. Among them are game-changing processes: migrations of lone and
embedded five-member rings, which give rise to rapid lateral translation of five-member rings along
zigzag edges.

Last year, we reported a new detailed kinetic Monte-Carlo (KMC) model of graphene-edge growth
with a total of 42 surface transformations ([7] in the publication list). Evolving edge morphology and
growth rate were found to be affected by the rates of key reactions. One of the most interesting among
them is capping, addition of acetylene to an embedded five-member ring,

— +H
/©\—;©\+ CaHz / (R1)

The significance of this reaction step is several-fold. First, it pins down the five-member ring and
prevents it from migrating. As ring migration generally leads to smoother surfaces, this aspect of capping
works against it. Second, capping forms armchair-like sites that initiate zipper-type growth of new layers.
Finally, capping permanently embeds five-member rings into the growing graphene structure and hence
causes it to curve.

In [7], reaction R1 was assumed to have the rate coefficient of its zigzag-edge analog because no rate
data were available. The importance of reaction R1 called for a thorough examination of its kinetics.
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Capping an embedded five-member ring looks very similar to the acetylene-addition step of the primary
HACA sequence, the one that takes place on an armchair bay,

SN\ s, = X )\ +H (R2)

We hence set out to compare the rate coefficients of the two reactions and their influence on graphene-
edge growth. A graphene sheet becomes curved during ring-closure in capping an embedded five-
member ring on a zigzag edge, while it remains planar when capping a boat site on an armchair edge.

Re-evaluation of reaction R2 turned out to be important in its own right. The two prior theoretical
studies of this reaction were performed at semi-empirical levels of quantum theory, PM3 and AM1. In
the present study, we reexamine the kinetics of the complete system of reaction R2, performing
calculations at a higher level of theory, density functional theory (DFT) at the B3LYP/6-311G(d,p) level,

: O the same employed in recent studies of similar-size systems.

a 0.0‘ +CoHp === Q.Q +H To examine the effect of substrate size, we performed the
’I' calculations for reaction R2 using two substrates, 3- and 6-

. ring molecular structures, as shown in the figure on the left.

b OQO +CoHy == 060 +H The kinetics were examined using the MultiWell suite of
Q codes, covering temperatures from 1500 to 2500 K and

. 6 pressures from 0.1 to 10 atm, thus spanning conditions

c OQO L OQO from typical laboratory studies to practical combustion

'OQ +CoHy == 'OQ *H ' devices. No pressure dependence was found for the rate

coefficients of all three reaction systems.

The rate coefficients computed for the main reaction
channels, 1+C,H,->6+H and 1+C,H,~>7+H (systems a and ¢, 7+H
respectively) are displayed in the figure on the right. These 100 —
results show that the rate coefficient of the step generating
7+H of a is about twice that of c. The new rate coefficient
value for capping the five-member-ring bay is of the same
order of magnitude as its prior estimate, yet with a
substantially different activation energy. The calculated rate \_;" — this study
coefficient for capping the six-member-ring bay is one order =< oL ~. ---- Ref. [7]
magnitude lower than that used in prior KMC studies and is ~
close to an older evaluation. ~.

To examine the influence of the new kinetic data, we ‘ . T\\ .
performed detailed kinetic Monte Carlo simulations 0.4 045 05 055 06 065
changing the rate coefficients of the bay-capping reactions 1000/T (K1)
of the initial model [7]. The simulations track the evolution of a graphene structure in gaseous
environments typical of combustion. At each time step, a reaction event is selected stochastically from
a total of 42 surface transformations. Particular emphasis is given to incorporation of five-member rings
and resulting curvature and edge defects. To properly account for the evolving curvature, after
application of the KMC step, the molecular structure was optimized using the MM3 potential with the
TINKER molecular mechanics package.

The simulations were run on five different substrates: pyrene, coronene, pentacene, decacene, and
icosacene, at three constant temperatures 1500, 2000, 2500 K, and a constant gas-phase composition
with mole fractions of C,H,, H,, and H set to 0.1, 0.1, and 0.01, respectively. The replacement of the
three reactions rates produced, generally, similar effects on the growth rates for the five substrates
studied. Compared with the previous results [7], C-atom addition remained nearly the same at 1500 K,
but slowed down at 2000 and 2500 K, and especially at 2000 K, as can be seen in the figure below.

1o 6+H

(cm3 mol1s)
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1000? Coronene Performing KMC simulations with changing rates individually

1500 K revealed that the difference in the growth-rate pattern is
\ mainly due to the change in the rate of KMC reaction

—_ 2000 K

100
; 1+C,H,—>7+H, namely

£ _ _
5 ol o [ e +H
o 10¢ XN D0 Y N
5 | Among other computed measures, fs, the fraction of five-
2 ,——......l""—__—.— member rings, increased from 0.24 to 1.01 % at 0.004 s for
"1 —_ this study coronene growth at 2000 K because the number of six-
- Ref. [7] member rings was significantly decreased after lowering the
oA rate of R3.
0 0.001 0.002 0.003 0.004 0.005

Previous KMC studies [7] showed that the difference in
the growth rate and morphology of the evolving graphene
edge was due to competition among corner, interior, and embedded-ring nucleation events initiating
zipper-type growth. The mechanism of graphene-edge growth changes with temperature. At 1500 K,
graphene-edge growth is promoted by the stable five-member rings incorporated in the growing layer
that create interior nucleation sites. Embedded-ring nucleation via capping the embedded five-member
ring is also possible at this temperature. Since the new rates of the five-member-ring capping do not
change significantly, the growth rate and fis at 1500 K are not appreciably affected by these changes.
With the increase in temperature, the thermodynamic and kinetic stability of five-member rings
decreases. The increasingly frequent desorption of five-member rings leaves the structure composed of
predominantly six-member rings, which promotes the relative importance of boat-site cyclization,
reaction R3. Decreasing its rate tenfold has the most dramatic effect at 2000 K to reduce the growth
rate and to increase the value of fzs. At 2500 K, growth becomes much less frequent and five-member
rings are rarely incorporated into the structure. The reaction mechanism at this temperature is
dominated by corner nucleation via formation of six-member rings; and hence lowering the rate of R3,
which propagates edge growth, causes a smaller reduction in the overall growth rate.

At the same time, the change in the rate coefficients did not affect the phenomenon of curving
obtained for graphene-edge evolution in the previous study [7]. The molecular structure formed at
1500 K is significantly curved because of the high fraction of five-member rings in the structure. As
temperature rises, the embedded five-member rings are more likely to escape from the surface;
therefore, the resulting structure is less curved at 2000 K, and stays planar at 2500 K without much
growth.

Most recently ([9] in the publication list), with an improved code, we performed KMC simulations
for the conditions of Homann’s flames and compared our numerical predictions with the experimentally
determined H/C ratios of aromatic molecules as well as with recent numerical results of Kraft and co-
workers (Raj et al., Combust. Flame 156:896, 2009). The results show that our model tends to predict
species with lower hydrogen content than the experiments. Five-member ring incorporation, included
in our model but not in the Raj et al. model, leads to curved structures that have smaller edges relative
to un-curved species with the same number of carbon atoms and thus have fewer hydrogen atoms per
molecule. In contrast, the model of Raj et al. tends to produce species with higher hydrogen content
than those measured. Inclusion of surface “rounding” reactions in a more recent work by Raj, et al.
(Carbon 48:319, 2010) has improved this to some degree but does not achieve full agreement. The
disagreement between the experiment and the models for C/H ratios may be a result of overprediction
of curvature in our model and underprediction in the Raj et al. model. As suggested in [7], interlayer
effects may hinder curvature and thereby reduce the rate of curvature inducing reactions. Further
analysis is in progress.

Time (s)
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Local Electornic Structure and Stability of Polyaromatic Oxyradicals (with D. Yu. Zubarev, X. You,
J. McClean, and W. A. Lester, Jr.)

During the past two years, we turned our attention to soot oxidation. As the first step in this direction
we have examined thermodynamic stability of critical oxygenated intermediates. The initial analysis of
local electronic structure of a series of pentacene oxyradicals showed that the relative stability of linear
PAHSs can be explained by fragmentation of the delocalized n-electron system of the precursor molecule
and formation of locally aromatic fragments ([8] in the publication list). During the past year, we
investigated relative stability of oxyradicals of two-dimensional PAH substrates to establish the role of
the adjacent edges and the interior regions and identify the structural fragments responsible for the
structural relaxation and stabilization upon oxidation. The analysis is in progress.

Future Plans

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

Graphene Layer Evolution: We will continue exploration of the evolution of graphene sheets through
our newly-developed detailed KMC approach, by inclusion of additional reaction steps as they become
available and by extending the simulation conditions and constrains.
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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 com plexity is to
use a computer not only to numerically solve the kinetic model, but also to construct the kinetic model in
the first plac e. Our r esearch spans a wide range from quantum chemical calculations on individual
molecules an d ele mentary-step reaction s, through th e development of im proved rate/thermo estim ation
procedures, the creation of algorithm s and software for constructing and sol ving the sim ulations, the
invention of methods for m odel-reduction while maintaining error ¢ ontrol, th rough com parisons with
experiment. We are devel oping methods needed to make computer-construction of accurate com bustion
models practical, as w ell as tools to make it fea sible to hand le and solve t he resulting large kinetic
models, even in multidimensional reacting flows. Many of the parameters in the models are derived from
quantum che mistry, and the m odels are co mpared with experimental data measured in our lab or in
collaboration with others.

I1. Recent Progress

A. Methodology for Computer-Aided Kinetic Modeling

The main focus of our research continues to be the development of methodology for constructing,
reducing, and solving combustion simulations. With funding from NSF, we are integrating our extensible
open-source reaction-m echanism-generation software RMG ( http://rmg.sourceforge.net) with the
PrIMe database (http://primekinetics.org). In August 2009 we released RM G v.3.1, which builds kinetic
models valid over the user-specified ran ge of pressure and temperature. This automatically identifies and
computes the rates of che mically-activated and other formally-direct reactions. We have incorporated an
improved version of the approximate solution technique for the master equation suggested by NJB Green
[i] into RMG v 3.1, this allows more accurate computations of k(T,P) at reaso nable computational cost.
Our prior work used the Modified-Strong-Collision approximation, which is very efficient and robust, but
which introduces errors up to about a  factor of 3 in k(T,P) i n unfavorable cases; the user can choose
which method to use. This new version of the RMG software package has alr eady been d ownloaded by
dozens of users.

Motivated by practical fuel problems i n diesel engines, we are extending RMG so that it can
construct kinetic models for reactions in liquid phase, not just gas phase. With separate funding we have
recently reviewed methods for co mputing solvent effects [ii], and are cu rrently im plementing an
automatic method in RMG for automatically estimating the solvation energies of all the species on-the-fly
as the kinetic model is being constructed.

We continue to make progress in automated mechanism reduction, to facilitate the use of detailed
fuel chem istry m odels in reacting flow si mulations. We recently p ublished anew model-reduction
method, adaptively using principal orthogonal decom position to reduce the ch emical dimensionality.[9]
Our current work is focused on clarify ing the m athematical relationships be tween co mpeting m odel-
reduction m ethods, pr oviding an equal basis for co mparisons between differe nt methods, and (with
separate funding) im plementation of error-controlled adaptive chemistry model-reduction into practical
engine CFD simulators such as KIVA.

We have also developed a fast nu merical solution method [15] for simulations of McEnally and
Pfefferle’s doped m ethane 2-d diffusi on flam e experiments [iii], making it practical to m odel that
extensive series of experiments in chemical detail as discussed below.
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B. Quantum Calculations and Measurements of Individual Reaction Rates

We have dir ectly measur ed the rat e c oefficients of several re actions of the viny 1 radical using
laser flash photolysis.[8,10,14] Unexpectedly, our m easured rate coefficients for addition of vinyl radical
to different alkenes do no t follow the trend exp ected from Evan s-Polanyi rel ations or the Hammond
postulate. Similar findings have been previously reported based on quantum chemistry cal culations for
other addition reactions by Radom and by Marin. However, most existing la rge com bustion chemistry
models a ssume Evans -Polanyi or sim ilar rel ations t o esti mate th e rates of ad dition reactions and their
reverse beta-scission reactions. We ha ve performed high-level quantum calculations to understand this in
detail, and recently published our explanation of this phenomena in J. Phys. Chem . A.[14] Re actions
through the adduct com pete with direct H-abstraction reactions that yield resonantly -stabilized radicals;
next we plan to measure the branching ratio to allyl radical resulting from vinyl + propene.

We have co mputed the rates of many in tramolecular reactions of ROO and HOOQOO
species.[16] From these calculations have develope d more accurate r ate-estimation rules, a nd a bette r
method for handling the coupling between internal rotors which occurs in long-chain species with stable
ring conformers; this will allow us to build more accurate models for ignition and cool flame chemistry.

C. Applications: Large Kinetic Models and Engine Simulations

We have modeled McEnally & Pfefferl e’s measurements [iii] on aro matic formation in methane
diffusion flames doped by several isomers of hexadiene in detail.[15] The chemistry is fairly complicated,
for example the hexadienes form cyclic C5 species, and several of the important reactions required high-
level quantum chemistry and varia tional transition state theory . We have also published manuscripts on
the reaction CSHS + CH3 ,[13] which ultimately leads to benzene, and on the rates for C5 HS5 or C5H6
plus several C3 species (leading to styrene).[12]

Researchers at Shell and John Hey wood at MIT have discovered that the R+M/2 octan e test
procedure used in the USA does not ¢ orrectly rank the engine be havior of gasolines (i.e. so me gasolines
with low R+M/2 ratings are very resistant to knock in modern engines, and vi ce-versa.) We collaborated
with Hey wood to clarify the chem ical-kinetic orig in of the problem [iv], and are exploring how to
appropriately bring this information to the awareness of groups in charge of setting fuel quality standards.

With separate fundin g, we have used RMG to ¢ onstruct detailed m odels for combustion of 3 of
the 4 isomers of butanol, a biofuel which is sche duled to go int o commercial production by 2012. We
have validate d these models with a wide variety of experi mental data. Man uscripts desc ribing these
models have recently been submitted to Combustion & Flame and I&ECR.

I1l. Future Work

A. Methodology

We are co mpleting a manuscript comparing different methods for co mputing k(T,P), comparing
accuracy, com puter ti me (important for very large kinetic models), and robustness of the numerica l
methods.

As we become capable of accurately modeling more complicated fuels, we have begun to run into
computer memory proble ms during m echanism co nstruction (e ven if the fi nal model at the end of the
construction process is small ~ enough to handle easily ). We are developing im proved mechanism
construction algorithms to reduce peak memory requirements and to take advantage of the capabilities of
modern multicore computers.

We are also writing a m anuscript showing that sev eral different m odel-reduction methods have
the same mathematical structure, and so these methods can be compared in a general way.

We are working with Bozzelli, Marin, and the group from Nancy to reconcile discrepanci es in
procedures for automatically estim ating therm ochemistry, and plan to publish a unified group-
contribution database, highlighting any unresolved issues. As part of this work, we have recently
completed high level quan tum calculations of the th ermochemistry for 170 species im portant in propane
combustion. We are also developing new ways to compute the thermochemistry for intermediates formed
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from fused-ring fuel species. So far, most researchers have focused on C,H,O species, but we plan to add
methods for esti mating species containing N and S he teroatoms, as these species are important in some
fuels. We have begun to construct group values for C,H,N,O species [6].

B. Individual Reactions: Quantum Chemistry & Experiments

We have recently predicted product distributions fr om several r eactions of viny 1 radicals with
unsaturated s pecies.[8,14] We plan to t est thes e predictions by directly measuring the y ield of ally lic
radical products using flash photol ysis with long-pat h laser absorption spectroscopy, and t o use mass
spectrometry to measure the branching ratios to other prod uct channels. After co mpleting these
measurements, we plan to measure reactions of carbon yl radicals formed when alcohols are oxidized. We
are collaborating with Bob Field to develop new spectroscopic methods to more precisely quantify radical
yields.

We have recently collaborated with Stephen Klippenstein to com pute the reaction ally 1+ HO2
and the decomposition reactions of the resulting allyloxy radical, and submitted that work for presentation
at the Combustion Symposium.

C. Large Kinetic Models and Applications

We have initiated a collaboration with Charlie Westbrook and Rolf Reitz to develop a model for a
new type of two-fuel two-injector engine invented at Wisconsin, which has been dem onstrated to achieve
a very impressive 53% thermal efficiency.[v] The amount of each fuel is varied to maintain the engine
near its optimal efficiency over a broad range of op erating conditions. In one practical manifestation of
this new type of engine, it appears it would be helpful to add cetane i mprovers such as di-tertiary butyl
peroxide to gasoline, and we are developing a kinetic model for that unusual mixture.

With additi onal fundi ng from other sources, we ar e using t he com puter-aided m odeling t ools
developed by this project to cons truct many other fuel chemistry models. We are collaborating with Hai
Wang to develop a kinetic model for the co mbustion of isobutanol, the last butanol isom er. We are also
independently constructing a kinetic model for the combustion of 1-hydroxy 2-butene, another possible
biofuel, which is expected to be easier than butanol to make in high yield from genetically engineered
bacteria. We are also creating a detailed che mical kinetic model for JP-10, a sp ecialized fused-ring fuel
used in military and NASA applications.
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Quantum Dynamics of Elementary Combustion Reactions

Hua Guo (hguo@unm.edu)

Department of Chemistry and Chemical Biology, University of New Mexico

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

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

We have continued our exploration of the most important combustion reaction (H
+ 0, — HO + O), extending our earlier work by including rotational excitation of the O,
reactant.* It was found that the excited O, plays
an important role in this reaction and it yields a
better agreement with experiment (Fig. 1). In
another study, we have collaborated with M.
Alexander at Maryland to obtain accurate rate
constants for the reverse HO + O — H + O,
reaction.> This paper has attracted much
attention as one of 20 most downloaded paper at
J. Chem. Phys. in January 2010.

In the mean time, we have extended the
capability of our scattering codes to include tenend .

A : : : : Fig. 1 Temperature dependence of various
non-adiabatic coupllngs. Usmg this COde’ _We calculated rate constants, including the initial
have recently reported a thorough theoretical state (v=1, j=1) specified rate constant
study of the O(lD) + H, — OH + H reaction, obtarzngd u§ing the (fjuantum wave hpacke:

: : : method, the estimated quantum mechanica
which has_ three p_OSSIblG rea_ctlon_ pathways, thermal rate constant, the PST thermal rate
among which one is a non-adiabatic one. The  constant, and the GW-QCT rate constant
results, which include both differential and  averaged over all j levels of the ground state
integral cross sections. are in excellent vibrational manifold. The experimental rate

. . . g constantis also included for comparison.
agreement with experimental results of K. Liu
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and represent a significant improvement over
previous theoretical studies. A similar non-
adiabatic code has been developed for tetratomic
systems and applied to the photodissociation of
NHs.” It sheds light on the dramatic mode
selectivity observed by the Crim group.?

We plan to utilize this code to investigate
several other non-adiabatic scattering systems,
including the N(D) + H, — NH + H and H + O,
— HO + O reactions. To achieve this, we have
been collaborating with D. Xie at Nanking
University to generate the PESs for both the
ground and excited states of NH, and HO,. The
PESs for NH, has recently been published,® and
those for HO, are near completion. Preliminary
spectroscopic studies have indicated high quality
of the excited state PES. We have used the
ground state NH; PES to investigate the NH + H
exchange reaction.'?

To make our computer codes more e
efficient, we have recently published an extensive (i g asbroey, 20 + 20, - 40, + 0 (8186 and
study of the propagators commonly used in  *0+ %0, — *0,+ 0 (6+88) processes at collision
scattering calculations.'* Our results indicate that "'y °f0.0%V:
the Chebyshev propagator is significantly more accurate than and equally efficient as the
commonly used second-order differencing propagator, particularly when resonances are
important in scattering. This piece of work attracted much attention and was one of the 10
most downloaded J. Chem. Phys. papers in May 2009. Such accuracy and efficiency in
propagation allowed us to tackle challenging problems in quantum scattering, such as the
O + O, exchange reaction.’ Our recent results indicated that this reaction is highly non-
statistical as evidenced by the forward dominated differential cross section (Fig. 2),
raising questions about the RRKM treatment of the related ozone recombination
process.”® Our theoretical analysis of the reaction also provided an in-depth
understanding of a recent molecular beam experiment on this reaction.**

Finally, we note that we continued our investigations of highly excited vibrational
spectroscopy of polyatomic molecules.’> A review article on energy localization has
recently been published.'®

In the near future, we would like to expand the capacity of our state-to-state
quantum scattering codes to larger systems. One such system is the F + H,O reaction,'’*8
which is affected by strong non-adiabatic coupling.’® We have started developing codes
for such processes.
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Gas-Phase Molecular Dynamics: High Resolution Spectroscopy and Collision
Dynamics of Transient Species

Gregory E. Hall
Chemistry Department, Brookhaven National Laboratory
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Program Scope

This research is carried out as part of the Gas-Phase Molecular Dynamics program in the Chemistry
Department at Brookhaven National Laboratory. Chemical intermediates in the elementary gas-phase
reactions involved in combustion chemistry are investigated by high resolution spectroscopic tools.
Production, reaction, and energy transfer processes are investigated by transient, double resonance,
polarization and saturation spectroscopies, with an emphasis on technique development and connection
with theory as well as specific molecular properties.

Recent Progress

A. Double-resonance methods for spectroscopy and dynamics

A range of spectroscopic measurements have been performed using frequency-modulated near-infrared
probe lasers in combination with tunable ns lasers to acquire new, rotationally state-labeled spectra of
CH,. Using a counterpropagated, chopped or amplitude modulated saturation laser (instead of a tunable
ns laser) in combination with the frequency-modulated probe beam allows sub-Doppler saturation spectra
to be acquired on transient species. Spectroscopic applications of these methods to CH, and CN are
described in Trevor Sears’ abstract. Once the frequency-domain information is understood, one can
exploit the time-dependent signals to learn about energy-transfer collisions, depolarization Kinetics,
velocity-changing elastic collisions, and thereby pick apart in the time and frequency domain the
processes responsible for pressure broadening of molecular transitions and some of the collision processes
closely related to transport properties. Several applications of these types of measurements are
summarized below.

B. Dynamics of mixed-state collisions in the intersystem crossing of CH,

When applied to the electronically mixed singlet/triplet gateway states of CH,, double resonance
saturation recovery and saturation transfer measurements confirm the efficient collisional interconversion
within an orthogonal pair of mixed states inferred in our previous, less direct experiments.[1] A pulsed
optical depletion of the population in one eigenstate of mixed spin character leads rapidly to a
collisionally-induced depletion of its partner eigenstate on a timescale faster than normal rotational
energy transfer, prior to full rotational thermalization. We envision this process as a long-range
dephasing of the coherent two-level superposition states, driven by the differential interaction of the
collision partner with singlet and triplet van der Waals potentials. Even without an explicit spin-changing
interaction, a sequence of dephasing collisions can have the net result of transferring population between
the weakly coupled singlet and triplet surfaces. A systematic experimental study of these collisions
provides new insights into the mechanism of spin conversion in the small molecule limit with weak
coupling.

C. Saturation recovery double-resonance studies of energy transfer and depolarization
The combination of transient FM absorption spectroscopy and pulsed optical hole-burning offers a
precision tool for the study of collision dynamics. Originally implemented in our laboratory in order to
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Figure 1. Saturation recovery rates observed for
selected rotational states of singlet CH;
undergoing collisions with ketene and variable
amounts of Ar.

Figure 2. Transient Sub-Doppler hole-burning in
CN. A cut through the two-dimensional (time
and frequency) data set shows a spectrum at
fixed time during a square pulse of bleach light.
Color depth encodes transient saturation
intensity in response to the bleach laser
exposure. Red and blue spectra are duplicates
of the three strong hyperfine transitions with
opposite sign, separated by the 191 MHz FM
sideband frequency.

investigate the collisions of perturbed singlet/triplet
mixed states in CH,, we are finding surprises and useful
new information in the study of the simpler process of
rotational energy transfer for polyatomic molecules even
for scattering on a single electronic surface. The method
allows for simultaneous measurement of collision-
induced population recovery, following transient
bleaching, as well as the collisional loss of polarization.
Bleaching and recovery signals for a rotational state of
CH, depend on the relative polarization of collinear
bleach and probe lasers, providing both population and
alignment kinetics. The difference between the parallel
and perpendicular recovery signals decays faster than
the polarization-weighted population recovery signal.
These measurements can be related quantitatively to the
integral cross sections for rotationally inelastic
collisions and elastic depolarization. Surprisingly large
and non-monotonic variations in the integral cross
sections for inelastic collisions are observed among
rotational states of the same nuclear spin symmetry and
slowly varying energy. Figure 1 illustrates a few such
unexpected observations. The “trend” is qualitatively
consistent, perhaps fortuitously, with a simple
geometrical angular momentum transfer model of
rotational energy transfer proposed by McCaffery and
co-workers[2] to treat their NH,+H inelastic collision
data. Quantum scattering calculations are underway, in
collaboration with Alexander and Dagdigian, to
compare with the experimental energy transfer and
depolarization measurements.

D. Collision studies of sub-Doppler transient
hole-burning

Extending work described in Sears’ abstract on the
hyperfine-resolved saturation spectroscopy of CN
radicals, we are investigating the time- and frequency-
domain response of the polarized FM probe to rapid
switching in the intensity of a counterpropagating
bleach laser beam. Figure 2 illustrates the different
response to switching on and off the saturation beam at
the bottom and top of the sharp colored stripes,
respectively.  As the narrow-band bleach laser is
switched on, coherent transients are observed in the
form of damped Rabi oscillations (nhot visible at the
graphical resolution of Figure 2). The frequency of the

oscillations depends on the laser power, detuning, and transition moment, while inhomogeneous
geometrical effects and damping due to collisions affects the contrast of the oscillations. After a few
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hundred ns, a photo-stationary state is achieved, where the optical pumping and collisional relaxation
rates are comparable and the saturation spectrum is power and pressure-broadened, but stationary. When
the bleach beam is switched off, approximately exponential recoveries are observed, with rates linear in
the partial pressures of the sample constituents. No differential polarization effects have been observed in
the sub-Doppler recovery kinetics, consistent with the interpretation that it is unlikely for an elastic
depolarization event (M-changing, J conserving) to occur without a concurrent velocity change. Taken
alone, the sub-Doppler saturation recovery kinetics measurements are a blend of A-state and X-state
relaxation effects, including both elastic and inelastic contributions. The paragraph below discusses
ongoing work to isolate these contributions, using a conventional ns dye laser to saturate without velocity
selection, and with the use of both two-level and three-level double resonance schemes.

Future Work

A. Double-resonance studies of elastic and inelastic collisions
The simplicity of using the same tunable laser beam for saturation and probe in a counterpropagating
geometry for sub-Doppler spectroscopy leads to the kinetic complication in the two-level system that
relaxation in both upper and lower states will contribute to the observed kinetics. A three-level (V or A)
configuration removes this ambiguity, but would seem to require an additional high-resolution laser. The
normally annoying ‘crossover resonances’ that complicate spectral assignments in saturation spectroscopy
are indeed three-level sub-Doppler
resonances, and thus allow upper or lower
state relaxation kinetics to be measured
separately, as shown if Figure 3. When
pyruvonitrile (CH3;COCN) is used as the
photolytic precursor and collision partner,
two distinct saturation recovery times are
observed in the two-level sub-Doppler
signal, corresponding to a faster refilling
of the X state velocity hole and a slower
Figure 3. Sub-Doppler saturation recovery kinetics on a two- dissipation ~ of the velocity-selected

level (red) and three-level (blue) hyperfine resonances within  €Xcited state level. A crossover resonance
the R1(1/2) rotational line of CN A-X (1-0) band near 919 nm. measured only 30 MHz to the red of the

two-level resonance has bleach and probe

transitions  terminating in  different
velocity components of different A-state hyperfine levels, so the recovery kinetics is exclusively sensitive
to the rate of refilling in the X state. A single exponential recovery suffices for the cross-over kinetics.
We expect the primary difference is that the rotationally inelastic collisions are substantially less efficient
for A-state CN than for X-state CN with the polar collision partner CH3COCN, since the A-state dipole
moment is much smaller than in the X state. When nonpolar NCCN is used as a CN precursor and
collision partner, the two-level and three-level saturation recovery kinetics are slower and essentially
indistinguishable. A series of measurements with added Ar, He and N, buffer gases provide collisional
data for velocity-changing and rotationally inelastic collisions in these systems.

Experiments are currently in progress using a ns tunable laser to saturate all velocity components
of selected X-state rotational levels, to independently measure the inelastic contributions to the saturation
recovery. A measurement of the rates of sub-Doppler saturation recovery, compared to the recovery
following broad-band bleaching, permits independent determination of various elastic and inelastic
contributions relevant to phenomena such as pressure broadening or transport properties. No trace of
velocity preserving, elastic depolarization is observed, and rotationally elastic, velocity changing
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collisions make an increasingly minor contribution to the total rate of saturation recovery for collisions
with rare gases, and the photolytic CN precursors C;N, and CH;COCN. With minor variations, it may be
possible to resolve the relative inelastic rates for fine structure changing and conserving inelastic
collisions in CN (X, v=0) from saturation transfer measurements.

B. Surface studies using a laser comb-based Fourier transform instrument

We seek to exploit and share new opportunities and applications of frequency comb lasers with our
colleagues in condensed phase and interfacial chemistry. In addition to the ultra-high resolution offered
by applications of frequency combs to time and frequency standards, there can be applications of
frequency combs that offer broadband advantages of high speed and low noise spectral acquisition, for
instance in combination with FTIR. One approach to improving the sensitivity of FTIR measurements,
already demonstrated,[3] is to replace the conventional globar source by a laser-based comb. The comb
output passes through the sample, and into the interferometer. The light reaching the detector after the
interferometer contains the normal interference signal resulting from the travel of the moving mirror, but
the interferogram is now encoded as a radio frequency signal at the comb repetition frequency. Phase-
sensitive detection, similar to our frequency modulation laser experiments, yields in-phase and quadrature
interferograms, that are Fourier transforms of the absorption and dispersion spectra. The main advantage
comes from the fact that the detected signal is encoded at frequencies of 100-500 MHz frequency of the
comb spacing, where the 1/f and technical noise is substantially lower than at the tens of kHz normally
encountered in FT spectrometers. We are initiating a construction project to combine a near-infrared
frequency comb source with a commercial interferometer, attempting to improve sensitivity and
acquisition speed for near-infrared attenuated internal reflection measurements of aqueous/semiconductor
surface species of relevance to catalytic and photocatalytic water splitting.
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SCOPE OF THE PROGRAM

The goal of this program is to provide a ri gorous basis fo 1 the elucid ation of chemical
mechanisms of com bustion, com bining experime ntal measurements employing state of the art
combustion diagnostics with detaile d kinetic modeling. The ex perimental program concentrates on the
development and application of  combustion diag nostics for measurements of key che mical spe cies
concentrations. These measurements are carried out in low-pressure, one-dimensional laminar flames and
are designed to serve as benchmarks for the validation of combustion chemistry models. Comparison of
experimental data to m odels em ploying detailed chem ical kinetics is critical to determ ining im portant
chemical pathway s in co mbustion and in po llutant form ation in com bustion s ystems. As turbulent
combustion models become incre asingly sophisticated, accurate chemical mechanisms will play a larger
role in computations of realistic combustion systems. Verification of detailed ¢ hemistry models against a
range of precise measurements under thoroughly characterized steady conditions is necessary before such

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

PROGRESS REPORT
Molecular Beam Mass Spectrometry at the Advanced Light Source

In collaboration with T. ~ A. Cool of Cornell University, K. Kohse-Hoinghaus of Bielefeld
University, and P. R. Westmoreland of the University of Massac husetts, great progress has been made
measuring low-pressure fl ames using molecular-beam mass spe ctrometry (MBMS) with s ynchrotron
photoionization at the Advanced Light Source (ALS) of the Lawrence Berkeley National Laboratory. In
the pasty ear, different flam es fueled by larger hydrocarbons and ox ygenated species have been
characterized over a wide range of stoichiometries. The data is currently being processed for comparison

to detailed kinetic flame models.

Combustion Chemistry in Flames fueled by Oxygenates and Hydrocarbon

Fuel-consumption and initial steps of aromatic ring formation were studied in fuel-rich flames of
1,3-butadiene, 1-hexene, cy clohexane, methy Icyclopentane, and 3,  3-dimethyl-1-butene. These
experimental studies provide a broad database for flame modeling.

Fuel-Structure Dependence of Benzene Formation Processes in Premixed Flames Fueled by

CeH1, Isomers: The fuel-structure dependent significance of various benzene form ation pathway s was
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analyzed using data from rich ( ¢=1.7) fla mes fuele d by four C ¢H,, isom ers: 1-hexene, ¢ yclohexane,
methylcyclopentane, and 3,3-dim ethyl-1-butene. Isomer-resolving photoionization efficiency curves and
quantitative mole fraction profiles revealed the domina nt fuel destruction pathway s, the influence o f
different fuel consum ption processes on the for mation of commonly considered benzene pre cursors, and
the contribut ions of several routes to  wards benzen e form ation. While proparg yl and allyl radicals
dominate ben zene form ation in the co mbustion of 1- hexene (see below), cont ributions from reactions
involving i-C4Hs and C ;sHjs radicals were revealed in the flam es of 3,3-dim ethyl-1-butene and
methylcyclopentane, respectively. Close to the burner surface, successive dehydrogenation of the fuel was
found to be im portant for the cyclohexane flame and to some smaller extent for the methylcyclopentane
flame.

The Importance of Fuel Dissociation and the Propargyl + Allyl Reaction for the Formation
of Benzene in a 1-Hexene Flame: Fuel decomposition and benzene fo rmation processes in a pre mixed
laminar low-pressure flame of 1-hexene were inv  estigated by com paring quantitative mole fraction
profiles of fl ame species with kinetic modeling re sults from the grou p of P. R. Westm oreland. The
premixed flame, which was stabilized on a flat-fl ame burner under a reduced pressure o f 30 Torr was
analyzed by flam  e-sampling m olecular-beam time-of-flight mass spectro metry which utilizes
photoionization by tunable vacuum-ultraviolet synchrotron radiation. The model calculations included the
latest rate coefficients for 1-hexene decomposition (J.H. Kiefer et al., J. Phys. Chem. A 2009, 113, 13570)
and for the proparg yl (C ;H;3) +ally 1 (a-C;sHs) reaction (J.A. Miller et al., J. Phys. Ch em. A 2010,
doil0.1021/jp910604b]. The predicted m ole fractions as a function of distance from the burner were at
least in acceptable and often in very good agreem ent with t he e xperimentally observed profiles, thus
allowing an assessment of the im portance of various fuel decomposition reactions and benzene for mation
routes. The results clea  rly indicated that 1-hexe ne is dom inantly decomposed viau nimolecular
dissociation forming allyl (a-C;Hs) and n-propyl (n-C;H5). Minor fuel-decomposition pathways include
H-abstraction reactions producing various C¢Hi, radicals and su bsequent B-scission into C,, C3, and Cy4
intermediates. The reactio n path anal ysis also highl ighted an out standing contribution of the propargyl
(C5Hs;) + allyl (a-C3Hs) reaction to the formation of benzene. In this flame, benzene is dominantly formed
through H-assisted iso merization of fulvene, whic hitselfis  almost exclu sively produced by the
aforementioned C;H; + a-C;H; reaction.

Measurement of Aromatic Flame Species by Multi-Photon lonization: A new experiment has
been setup to detect aro matic flame constituents, such as benzene, toluene and sm  aller polycyclic
aromatic hydrocarbons (PAH’s) by flame-sampling m olecular-beam mass spectrometry (MBMS)
employing photoionization with UV light, either in resonant or non-resonant ionization processes.

Preliminary data has bee n taken for flames fuel ed by acety lene, allene, p ropyne, propene, and 1,3-
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butadiene. The data is currently being analyzed and, if possible, compared to literature data. The species
with the largest mass and a distinctive height profil e is currently found at m/z = 202, but ¢ xperimental

improvements are under way to extend the detectable mass range.

FUTURE DIRECTIONS

One key immediate t ask is the analy sis of the large body of ALS data accu mulated in the past
years, which may compel further or confirmatory measurements during subsequent beam cycles. We will
continue to explore isomer specific pathways of fuel-consumption and aromatic ring formation in flames
fueled by Cs-C; species. More work is needed on the deter mination of the absolute molar composition of
flames fueled by the isomeric C¢H,, species. The fuels will present the classes of long-chain alkenes, fully
saturated and methy l-substituted cycloalkanes, and branched alkenes. The co mbustion chemistry of these
fuels will be investigated in unprecedented detail us ing otherwise identical flame conditions. I mportant
fuel destructi on and aro matic ring formation pathway s will be elucidated. In this context, the flame
chemistry of the methyl-substituted derivative of ¢ yclohexane, methylcyclohexane, will also be studied.
In light of the recent findings regarding the fuel-consumption and benzene formation pathways in a fuel-
rich 1-hexene flam e, we deem it best to expand o ur studies to additional fuels with a si milar structural
feature, i.e. an allylic C-C bond. We therefore plan to study the combustion chemistry of flames fueled by
1-butene and 1-pentene.

Furthermore, we want to replace the existi ng linear time-of-flight set-up of the ALS flame
machine with a reflectron time-of-flight m ass spectrometer. This modification will lead to a significant
increase in mass resolution which is currently limited to m/Am = 400. A reflectron time-of-flight
spectrometer offers the appeal that a mass re solution of m/Am =~ 3000 ¢ an be obtain ed, and t hus,
unambiguous identifications of flame species of near-equal mass would be achievable.

These studies of fuel-consumption and aromatic ring formation employing synchrotron generated
VUYV photoionization will be co mplemented by t he multiphoton ionization experi ments in the laser
laboratory. R esonantly enhanced multiphoton ionization (REMPI) is an ionization techniq ue, where th e
ionization energy is transferred to the molecule with two or more photons. It can be used for flame studies
for the detection of aromatic speci s like benzen e, substituted benzenes, and pol ycyclic aro matic
hydrocarbons (PAH’s). It is known that a single wavelength near 269 nm can be used to efficiently ionize
polyaromatics up to about C,o-PAH’s, while for larger species a wavelength of 208 nm will be profitable.

Inrecent y ears, tightened regulations for e missions from inte rnal co mbustion engines have
stimulated a pronounced interest in non-conven tional oxyge nated fuels. The initiat ed studies of
oxygenated fuel chemistry will continue with experime ntal and modeling investigations of flames fueled

by cyclic ethers which, as contents in biomass derived fuels, are of considerable interest. Well suited as
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model fuels to learn more about the characteris  tic co mbustion chemistry of ¢ yclic ethers are

tetrahydrofuran (THF) and tetrahydropyran (THP).
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SPECTROSCOPY AND KINETICS OF COMBUSTION GASES
AT HIGH TEMPERATURES

Ronald K. Hanson and Craig T. Bowman
Department of Mechanical Engineering
Stanford University, Stanford, CA 94305-3032
rkhanson@stanford.edu, ctbowman@.stanford.edu

Program Scope

This program involves two complementary activities: (1) development and application of cw
laser absorption methods for the measurement of concentration time-histories and fundamental
spectroscopic parameters for species of interest in combustion; and (2) shock tube studies of
reaction Kinetics relevant to combustion.

Species currently being investigated in the spectroscopic portion of the research include H,O (at
2.5 um), CO; (at 2.7 um), OH (at 306 nm) and several species with strong deep UV absorption
features including CHjs (at 216 nm), HO, radical (at 225 nm), and H,O; (at 244 nm).

In parallel with these spectroscopic studies, kinetics research has advanced on several fronts. (1)
New shock tube methods have been applied to generate near-constant-volume measurements of
propane ignition delay times. (2) An OH laser absorption diagnostic has been applied to
investigate oxidation processes in dimethyl ether (DME) systems. (3) H,O and OH diagnostics
have been used to provide improved measurements of several hydroperoxyl radical rate
coefficients in the H,/O,/H,0,/HO, system, including those for the reactions OH + HO, = H,0
+ O, and OH + H,0, = H,0 + HO,. (4) The OH diagnostic has been used to measure the rate
coefficients for a series of reactions of the larger alkanes +OH and selected alkenes +OH.

Recent Kinetics Progress:

Propane Ignition Delay Times: Shock tube measurements of ignition delay times with high
activation energies are strongly sensitive to variations in reflected shock temperatures. At longer
shock tube test times, as are needed at low reaction temperatures, small gradual increases in
pressure (and simultaneous increases in temperature) that result from incident shock wave
attenuation and boundary layer growth can significantly shorten measured ignition delay times.
To obviate this pressure increase, we made use of a recently developed driver-insert method of
Hong et al. (2009) that allows generation of near-constant-volume test conditions for reflected-
shock measurements. Using this method, we measured propane ignition delay times in lean
mixtures (0.8% CsHg/ 8% O,/ Ar) at temperatures between 980 and 1400 K and nominal
pressures of 6, 24 and 60 atm, under both conventional shock tube operation (with post-shock
fractional pressure variation dPs/dt ~ 1-7 %/ms) and near-constant-volume operation (with dPs/dt
~ 0%/ms). The near-constant-volume ignition delay times provide a database for low-
temperature propane model development that is independent of non-ideal fluid flow and heat
transfer effects. Comparison of these near-constant-volume measurements with predictions using
the JetSurF v1.0 mechanism of Sirjean et al. (2009) (using CHEMKIN) shows good agreement at
all pressures; see Figure 1. Ignition delay times measured with finite dPs/dt were found to be
significantly shorter at the lowest temperatures and highest pressures studied. However, these
ignition times are successfully simulated using the same detailed mechanism when an
appropriate gasdynamic model (CHEMSHOCK) that accounts for changes in pressure and
temperature is used.
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DME Chemistry: The first high-temperature rate coefficient measurements of two dimethyl
ether (DME) reactions, (1) DME + Ar — CH30 + CH3 + Ar and (2) DME + OH — CH3;OCH; +
H,0, were measured in a shock tube by monitoring OH radicals. OH was measured with narrow-
linewidth laser absorption using the well-known R;(5) line of the A-X(0,0) transition at 306.7 nm.
OH radicals were formed by shock-heating mixtures of DME and O, in Ar. These mixtures take
advantage of the rapid decomposition of the product CH3O, forming H-atoms, which quickly
react with O, to form OH. In carefully chosen mixtures, OH concentration is primarily sensitive
to ky and the well-known rate coefficient of H + O, — OH + O. See Figures 2 and 3. The rate
coefficient k; is in the falloff regime at high temperatures, so it was measured at several
pressures from 0.6 — 11.5 atm and temperatures from 1349 — 1790 K. Uncertainty in the k;
measurements was estimated to be +35%. The rate coefficient measurements were then modeled
using RRKM theory, which describes the data quite well. Both the rate coefficient measurements
and RRKM model were fit from 1000 to 1800 K using the Troe falloff form: ki ..(T) = 4.38*10%
T exp(-42220 KIT) s, ki, = 7.52*10" exp(-21537 K/T) cm® mol™ s, and Feent = 0.454
exp(-T/2510). The rate coefficient k, was measured at pressures near 1.6 atm and temperatures of
923 — 1423 K. OH radicals were generated by the thermal decomposition of the OH precursor
tert-butyl hydroperoxide (TBHP), and k, was inferred from the observed decay of OH with an
estimated uncertainty of +40%. The high-temperature measurements were compared to several
rate coefficient evaluations and previous low-temperature measurements. The evaluation by
Curran et al. of k, = 6.32 x 10° * T? * exp(328/T [K]) (cm*/mol/s) was found to provide an
excellent fit to both the previous low-temperature measurements and this work.

Reactions in the H,/O,/H,0,/HO, System: The rate coefficient of reaction (3) OH + HO, —
H,O + O, can be inferred at high temperatures from measurements of the rate coefficient of its
reverse reaction (-3) H,O + O, = OH + HO,. We used laser absorption of both H,O and OH
(simultaneously) to study the reverse reaction (-3) in shock-heated H,O/O,/Ar mixtures over the
temperature range 1600 to 2200 K. Initial H,O concentrations were determined using tunable
diode laser absorption near 2.5 um, and OH concentration time-histories were measured using
UV ring-dye-laser absorption near 306.7 nm. Detailed kinetic analysis of the OH time-history
profiles yielded a value for the rate coefficient ks of (3.3 + 0.9) x 10" [cm®mol™s™] between
1600 and 2200 K; see Figure 4. This value is consistent with the extrapolation of the negative
temperature dependence seen in the measurements by Keyser (1988) at lower temperatures and
in the model of Gonzalez et al. (1992).

Similarly, the rate coefficients of the reactions (4) OH + H,O, = H,O + HO, and (5) H,O, + M
-> 20H + M were measured in shock-heated H,O./Ar mixtures using laser absorption
diagnostics for H,O and OH. Initial H,O, concentrations were determined by noting that there is
a direct correspondence between the measured change in H,O concentration (from reaction
initiation to completion) and the initial H,O, concentration. Based on simultaneous
measurements of the OH and H,O time-histories, ks was found to be 4.6x10" exp(—2630/T)
[cm®mol™s™] over the temperature range 1020 to 1460 K at 1.8 atm. These rate coefficient
values differ significantly at high temperature from those of Hippler et al. (1992, 1995).
Additional measurements of k, near 1 atm indicated no significant pressure dependence.
Similarly, ks was found to be 9.5x10™ exp(—21250/T) [cm®mol™s™] over the same temperature
and pressure range.
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Reactions of Alkanes and Alkenes with OH: Work has begun on measuring the overall rate
coefficients of a series of reactions of alkanes and alkenes with OH. As in previous studies in
our laboratory, tert-butyl hydroperoxide is used as a precursor for OH, and laser absorption at
306 nm is used to follow OH concentration time-histories during the pseudo-first-order removal
of OH in the presence of excess fuel. Current work for the alkane series is concentrated on
measurements of the rate coefficient for n-heptane+OH and, in particular, accurately determining
the initial n-heptane concentration using mid-IR laser absorption at 3.39 um. For the alkene
series, initial measurements of the rate coefficients for ethylene+OH, propene+OH, and
butadiene+OH have been performed and are currently being analyzed. Analysis will include
RRKM modeling of these reaction rate coefficients.

Spectroscopy: A new Coherent™ MIRA Ti-Sapphire laser system is being applied to study
deep-UV absorption features of several combustion species. This laser system allows
significantly improved operation (higher power and wider tuning range) over previous systems.
Using this laser high SNR time-histories of CH3; during ethane decomposition have been
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acquired; see Figures 5 and 6. These measurements demonstrate the relatively high fidelity of the
modified GRI-Mech v3.0 reaction mechanism for modeling ethane decomposition.
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Figure 5. Representative CH3 time-histories acquired Figure 6. CHjs absorption coefficient as a function of
using the MIRA Ti-sapphire laser system. wavelength measured using the MIRA Ti-Sapphire

laser system.
Future Plans

We plan to continue investigations of the high-temperature rate coefficients of alkanes+OH and
alkenes+OH. In particular, we will extend study to larger n-alkanes (i.e. n-dodecane) and to
cyclo-alkanes (e.g. methycycloalkane). We also plan to investigate decomposition pathways of
various methyl esters using a tunable diode laser CO, diagnostic, which provides a method to
characterize the bond breakage pathways in and adjacent to the ester group. The MIRA Ti-
Sapphire laser system will be used to investigate the reaction of CH3+HO:..
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Program Scope

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

Recent Progress

Decomposition pathways for Propane: The existence of roaming radica mechanismsfor the
decomposition of formaldehyde and acetaldehyde is now well established. An important question
for combustion modeling is do roaming pathways contribute significantly to the decomposition
of fuel molecules? Our calculations predict the existence of aroaming radical path for the
decomposition of propane. This pathway |eads to the formation of methane and ethylene with a
threshold dightly below that for CC bond cleavage. This year Stephen Klippenstein and | have
begun a collaborative theoretical/experimental effort (with Raghu Sivaramakrishnan and Joe
Michael) to determine the importance of roaming radical pathways in the thermal decomposition
of hydrocarbon fuels. Shock-tube measurements indicate that in the thermal decomposition of
propane the ratio of hydrogen atoms produced to propane molecules consumed is less than one
(approximately 0.9). The CC bond cleavage mechanism
is expected to give aratio or exactly one because each
propane molecule makes one ethyl and one methyl and
then each ethyl rapidly dissociates to an H atom plus
ethylene. That the observed ratio is 0.9 implies the
existence of a competing mechanism contributing
~10%. We have completed a thorough theoretical study
of possible decomposition pathways for propane. The
results are shown schematically in Figure 1. We have
characterized five pathways leading to carbenes along
with the two CH bond cleavage pathways and the
roaming radical path to CH,+C,H,. Transition state
theory calculations based on these results predict that,
under the conditions of the shock-tube experiments, the
carbene pathways contribute less than 0.02% relative to CC bond cleavage and the CH bond
cleavages|ess than 0.1%. Therefore none of these pathways can be the competing mechanism
and we tentatively conclude that the roaming mechanism contributes ~10% to the thermal

Figure 1
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decomposition of propane. Similar calculations are underway for iso-butane and neo-pentane
where the shock tube studies indicate roaming channel contributions of 22-25%.

Decomposition pathwaysfor Dimethyl Ether: In another theoretical/experimental
collaboration we have examined decomposition pathways for
dimethyl ether, again as an aid in the interpretation of shock tube
measurements. CASPT 2 calculations predict the existence of a
roaming methyl radical pathway lying 1.4 kcal/mol below the
CH,+CH,0 asymptote. Thisroaming methyl pathway leads to
CH,+H,CO viaavery shallow van der Waas minimum. In
Figure 2 we show a schematic including this pathway along with
the results of CCSD(T)/CBS calculations for possible competing
pathways. From these resultsit is clear that the only pathway that

Figure 2. will compete to a significant extent with CO bond cleavage is the
roaming radical path. Preliminary shock tube studies indicate that
the roaming methyl path contributes 20% to the total rate of decomposition.

CH,OH + HO,: Starting with the Li et al* mechanism for methane oxidation, global sensitivity
analyses by Rex Skodje (Colorado), Alison Tomlin (Leeds), and Mike Davis indicated that the
reaction of CH,OH with HO, contributes most strongly to uncertaintiesin calculated ignition
delays under certain conditions. No direct measurements of the rate of this reaction have been
reported and previous estimates differ by more than an order or magnitude. For this reason we
undertook a detailed theoretical analysis with the goal of reducing the uncertainty in the rate
coefficients for reactions (1) and (2).

CH,OH + HO, — CH,OH + HOOH (1)
CH,OH + HO, = CH,O + HOOH )

Rovibrational properties of the saddle points were determined using CASPT 2/aug-cc-pvtz
calculations and final relative energies with CCSD(T) cal culations extrapol ated to the complete
basis set (CBS) limit at the CASPT2 geometries. The results are shown schematically in Figure
3. A total of five unique saddle points were found for reaction (1) and two for reaction (2). These
saddle points are related to each other viainternal rotations. The transition state structures shown
in Figure 3 correspond to the lowest energy rotamers and horizontal lines depict the energies of
the higher rotamers. These results were then used by Stephen Klippenstein to obtain trandtion
state theory estimates of the rate coefficients. The results of these calculations are shown in
Figure 4. From this plot it can be seen that reaction (1) is dominant at al temperatures. The rate
of reaction (2) comes within afactor of four of reaction (1) only at the highest temperatures. The
current predictions are approximately a factor of ten below the rate used in the original model
and exhibit atemperature dependence similar to that in the original model. The current results
are in best agreement with the earlier estimate of Miller? although the predicted temperature
dependence is significantly stronger.

A similar study of the reaction of CH,OH with O, has also been completed. The present

predictions for the rate of this reaction are aso approximately one order of magnitude below the
rate used in the original model.
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Figure 3. Figure 4.

FuturePlans

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

As noted above we also plan to continue our studies of roaming radical pathwaysin saturated
hydrocarbons, ethers and peroxides. These studieswill involve a collaborative effort with Ahren
Jasper, Richard Dawes (Sandia) and Al Wagner using reduced dimensional, IMLS, potential
energy surfaces to study roaming radical reactions. Our first two target molecules will be
propane and dimethyl ether.
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Sciences, Division of Chemical Sciences, Geosciences and Biosciences, U.S. Department of
Energy, under Contract DE-AC02-06CH11357.
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1. Scope of Project.

Short-lived reactive radicals and intermediate reaction complexes play central roles in
combustion, interstellar and atmospheric chemistry. Due to their transient nature, such
molecules are challenging to study experimentally, and our knowledge of their structure,
properties and reactivity is consequently quite limited. To expand this knowledge, we
develop new theoretical methods for reliable computer-based prediction of the properties
of such species [9]. We apply our methods, as well as existing theoretical approaches, to
study prototype radical reactions, often in collaboration with experimental efforts. These
studies help to deepen understanding of the role of reactive intermediates in diverse areas
of chemistry. They also sometimes reveal frontiers where new theoretical developments
are needed in order to permit better calculations in the future.

2. Summary of Recent Major Accomplishments.

2.1 Improved density functionals.

We have systematically optimized a new density functional called ®B97 that includes
100% exact exchange at long range, thereby eliminating long-range self-interaction error
[4]. Tests show that ®B97, and an additional functional, ®B97X [4], which includes a
fraction of short-range exact exchange also, statistically out-perform widely used density
functionals such as B3LYP [4]. Intermolecular interactions can be further improved by
including atom-atom dispersion corrections, yielding wB97X-D [16]. Even greater
reductions in self-interaction may be possible by using different separators [5,27]. Or, at
additional computational expense, one can also include 2nd order non-local correlation
[8], leading to a double-hybrid functional of the same family, termed wB97X-2 [32],
which is probably our most accurate to date.

2.2 Excited states of large molecules without self-interaction errors.
For excited states, we recently developed the quasidegenerate scaled opposite spin (SOS)
doubles correction to single excitation Cl. SOS-CIS(DO0) [10] has a number of desirable
properties. The cost scales only 4" order with molecular size, versus 5™ order for
conventional perturbation methods such as CIS(D). It is self-interaction free, and charge-
transfer excited states are correctly described. We have formulated and implemented the
analytical gradient [22] to enable the exploration of excited state potential energy
surfaces of molecules in the 20-50 atom regime. Numerical tests of accuracy [30]
suggest that it generally out-performs TDDFT with B3LYP and is comparable to more
computationally expensive methods such as CC2. We have also co-developed a double
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spin-flip (SF) approach (with Anna Krylov) that can treat excited states where up to 4
electrons are strongly correlated [19], and extended this approach to define a restricted
active space (RAS) SF method [31] that can be applied to quite large molecules.

2.3 Optimizing orbitals with low-order perturbation theory.

Second order Moller-Plesset (MP2) theory can perform very poorly for radicals because
of spin-contamination. For instance, the conjugated radical, phenalenyl, C13H9, (),
exhibits <§*> > 2.0 rather than 0.75. This problem can be resolved by optimizing the
orbitals in the presence of 2" order electron correlation, an approach we call O2.
Furthermore, O2 potential energy curves that are smoother than standard MP2 [24]. MP2
forces and dipole moments are discontinuous when orbitals change from restricted to
unrestricted, while O2 is continuous. Indeed, the MP2 effective density matrices can be
non-n-representable (i.e. unphysical) while those for O2 are not [24]. This suggests that
orbital optimized double hybrid density functionals should be developed, as existing
double hybrids have the same weaknesses as MP2.

2.4 Pairing methods for strong electron correlations.

To treat large molecules that have strong electron correlations (e.g. singlet biradicaloids),
we have been developing generalized valence bond coupled cluster methods, which
systematically approximate CASSCF. Perfect pairing is the starting point: exact for one
pair, and extensive. The next well-defined level is the perfect quadruples model [20],
which is exact for two pairs and extensive. This is to be followed by a theory which
correctly correlates up to three pairs of electrons — perfect hextuples — which is
underway. As well as being a virtually exact approximation to CASSCF for
computational organic chemistry, PH should also not suffer from symmetry-breaking in
aromatics which we have shown arises due to neglect of 3-pairs correlations [1,17].

2.5 Valence bond methods for strong electron correlations.

Instead of approximating the CASSCF limit for treating strong correlations, another,
relatively unexplored possibility is to approximate the spin-coupled valence bond limit
(also exponentially expensive). We have made exciting recent progress on this problem,
yielding a new approximate valence bond method that can break any number of chemical
bonds with only a quadratic number of spin-coupling variables, maintaining extensivity,
and spin-purity [21]. It still remains to treat the remaining essentially dynamical
correlations, and we have started to develop a multireference density functional theory
framework [28] towards this goal — it requires the reference system to be partially
interacting rather than non-interacting as in Kohn-Sham DFT.

2.6 Fundamental studies of chemical bonding.

As a result of understanding the changes in chemical bonding with oxidation state in 4-
membered CuPCuP heterocycles [7], we have developed a simple and potentially broadly
useful method for computational evaluation of metal oxidation states [33]. We have also
gained insight into the origin of the generation of small amounts of electricity from the
oxidation of CO to CO2 on a Pt thin-film catalyst — a nonadiabatic effect we show is
associated with electron transfer from CO2(d0-) to the surface as the nascent product
linearizes after crossing the barrier to reaction between CO(ads) + O(ads) [25].
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3. Summary of Research Plans.

» Testing, and if necessary, further refining the new density functionals.

» Extensions of the coupled cluster pairing & CC-VB approaches to strong correlation
* Dynamic correlation corrections to coupled cluster pairing

» Density-functional approaches to augmenting the CC-VB method

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

NCCO Kinetics

We have successfully detected the NCCO radical using high-resolution
infrared absorption spectroscopy for the first time. NCCO is formed by the
photolysis of methyl cyanoformate or ethyl cyanoformate:

CH30C(O)CN  — NCCO + CH30 1)
CoHs0C(O)CN  — NCCO + CoH50 2)

A previous report attributed an emission feature at 2093 cm-1 to the v;
mode of NCCO.! Our initial detection attempts were therefore conducted to
search for transient absorption signals in the 2050-2110 cm-! range. Although
several signals were found, all were attributable either to CN or to highly
vibrationally excited states of CO. More recently, high level ab initio
calculations suggested that the strongest infrared band is the vy mode, located
near 1898 cm-1.2 Our subsequent searches have found several transitions,
including lines at 1887.42, 1887.72, 1888.11, 1888.76, and 1889.46 cm-1.
Identical signals were obtained using both different precursors, eliminating
the possibility that CH30CO (a possible minor photolysis channel from the
methyl precursor) is the source of the signals. We are therefore confident in
our assignment of NCCO as the spectral carrier of these signals.
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We have studied the kinetics of NCCO with molecular oxygen:

NCCO + 05 — NCC(0)00 (3a)
— NCO + COy (3b)
- 2C0O+NO (3¢)

We find a slow, pressure-dependent rate constant of
ks (298 K) = (5.2 £ 0.3) x 10-13 cm? molecule?! s -1 at 2 Torr pressure of Nz,

Our result i1s in good agreement with the one previous kinetic study which
used mass spectrometric detection.3 Channel (3a), the NCC(O)OO adduct,
which we cannot spectroscopically detect, appears to be the major product
channel in this reaction, but we have detected a significant yield into channel
(3b) by using isotopically labeled 1804 and detecting the mixed isotope
16012C180 product. We estimate the branching ratio @g, = 0.28 + 0.06 at 3.2
Torr total pressure. This is in qualitative agreement with a recent ab initio
calculation4 which predicted that both (3a) and (3b) may be present. Channel
(3c) 1s unimportant, with @3, < 0.03.

We have also studied the kinetics of NCCO with NO:

NCCO + NO — COy + NCN (42)
— NCO + NCO (4b)
— CO + NCNO (4¢)
— NCC(NO)O (4d)

This reaction also displays pressure-dependent kinetics:

k4 (298 K) = (3.2-27.1) X 10-13 cm3 molecule-! s-1 over the total pressure range
3.0-25.0 Torr. This result suggests that channel (4d) is important. In fact, we
only detect extremely small yields of CO and COj in this reaction, suggesting
that @44, @41, and @4, are all less than 0.02.

We have also calculated critical points on both the triplet and singlet
potential energy surfaces of this reaction. We find that all pathways to product
channels (4a), (4b), and (4c) involve high energy barriers, and are therefore
inaccessible at moderate temperatures. In summary, both experiment and
theory are in agreement that this reaction is dominated by collisional
stabilization of the NCC(NO)O adduct, channel (4d).

Work is in progress on the NCCO + NOy reaction. This reaction appears
to be substantially faster than NCCO+NO. One complication is that CN
produced in the photolysis reacts quickly with NOy, producing some of the
same products. We are investigating the possibility of using a hydrocarbon or
other reagent to quickly remove CN radicals without removing NCCO.
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HCNO Kinetics

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

0 + CoH, — HCCO +H 3 (5a)
— CH, + CO (5b)
HCCO + NO — HCNO + CO (6a)
— COy, + HCN (6b)

Earlier reports have summarized our results for several reactions involving
HCNO, including O+HCNO, OH+HCNO, CN+HCNO, and NCO+HCNO.

More recently, we have been performing experiments on the CI+HCNO
reaction:

Cl+HCNO - HCl+ (NCO) (7a)
— CCl + HNO (7b)
~ ClO + HCN (7¢)

Because we cannot directly detect Cl atoms, we are using a relative rate
experiment similar to that employed in our earlier study of the O+HCNO
reaction. We are using deuterated hydrocarbons as competitive reactants:

Cl + C2D6 i DC] + 02D5 (8)

We measure the yield of the DCI product as a function of [HCNO]/[C9Dg].
Knowledge of kg then allows determination of k;. Our preliminary results
indicate a slow rate constant for ky, with an upper limit of <2x10-13 ¢cm3
molecule-l s-1. Work in progress includes switching to CD,4 as a slower

competitive reactant in order to obtain a more precise estimate.

135



References

1. W. McNavage, W. Dailey, and J.-L. Dai, Can. J. Chem. 82, 925 (2004).

2. A.C. Simmonett, F.A. Evangelista, W.D. Allen, H.F. Schaefer III, J. Chem.
Phys. 127, 14306 (2007).

3. T. Imamura, N. Washida, Int. J. Chem. Kinet. 33, 440 (2001).

4.Y. Tang, R. Wang, B. Wang, J. Phys. Chem. 112, 5295 (2008).

Publications acknowledging DOE support (2006-present)

1. “Ab Initio Study of the HCCO+NOg Reaction”, J.P. Meyer and J.F.
Hershberger, Chem. Phys. 325, 545 (2006).

2. “Kinetics of the OH+HCNO Reaction”, W. Feng, J.P. Meyer, and J.F.
Hershberger, J. Phys. Chem. A 110, 4458 (2006).

3. “Kinetics of the CN+HCNO Reaction”, W. Feng and J.F. Hershberger, J. Phys.
Chem. A 110, 12184 (2006).

4. “Kinetics of the NCO+HCNO Reaction”, W. Feng and J.F. Hershberger, J.
Phys. Chem. A 111, 3831 (2007).

5. “Kinetics of the O+HCNO Reaction”, W. Feng and J.F. Hershberger, J. Phys.
Chem. A 111, 10654 (2007).

6. “Theoretical Study of the Reaction of O(3P) with HCNO”, W. Feng and J.F.
Hershberger, Chem. Phys. Lett. 457, 307 (2008).

7. “Kinetics of Reactions of CN with chlorinated Methanes”, V. Samant and J.F.
Hershberger, Chem. Phys. Lett. 460, 64 (2008).

8. “A Re-investigation of the Branching Ratio of the CN + O9 Reaction”, W. Feng
and J.F. Hershberger, J. Phys. Chem. A 113, 3523 (2009).

9. “Infrared Diode Laser Study of the Kinetics of the NCCO + O9 Reaction”, W.
Feng and J.F. Hershberger, Chem. Phys. Lett. 488, 140 (2010).

“Experimental and Theoretical Study of the Kinetics of the NCCO + NO
Reaction, W. Feng and J.F. Hershberger, manuscript in preparation.

136



Breakthrough Design and Implementation of

Electronic and Vibrational Many-Body Theories
So Hirata (principal investigator: DE-FG02-04ER15621)

Quantum Theory Project and The Center for Macromolecular Science and Engineering,
Departments of Chemistry and Physics, University of Florida, Gainesville, FL 32611
hirata@qtp.ufl.edu

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 con-
vergence with respect to various parameters of calculations can be demonstrated and which can thus be predic-
tive in the absence of experimental information.

The wide use of the hierarchical electronic and vibrational many-body methods has, however, been hin-
dered (1) by the immense cost of executing the calculations with these methods and, furthermore, the non-
physical rapid increase of the cost with increasing molecular size, (2) by the complexity and cost of developing
some of the high-rank members of these methods, and (3) by the slow convergence of electronic energies and
wave functions with respect to one-electron basis set sizes, which further drives up the cost of execution.

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

This year, we have made significant progress that primarily addresses the first difficulty and enables
these hierarchical electronic and vibrational many-body calculations of infinitely extended systems.

Recent Progress

Two complementary computational approaches® have been explored to speedup the systematic electron-
correlation calculations of solids. One is the delocalized orbital approach or the so-called crystal orbital (CO)
theory in which the periodic-symmetry-adapted orbitals are used as one-electron basis. The other is the local-
ized orbital approach in which the total energy of molecular clusters and crystals is approximated as the sum of
energies of overlapping dimers in embedding electrostatic fields.

The delocalized approach is inevitable for delocalized wave functions such as in metals and conjugated
polymers. Here, the Brillouin-zone (BZ) integration of correlation energy contributions incurs the largest com-
putational cost, which is proportional to cubic or higher power of the number of wave vector (k vector) sam-
pling points in the BZ. We have proposed several schemes to dramatically speedup this computational step by
introducing various downsampling approximations in the reciprocal space. These approximations are shown to
have a firm physical justification based on our knowledge of the long-range decay rate of chemical interactions.

The localized approach is well suited for molecular clusters and crystals. Our proposed method enables
routine applications of MP and CC methods to infinite one-, two-, and three-dimensional crystals. It can obtain
energies, lattice structures, and harmonic and anharmonic vibrational frequencies in the T" approximation (see
below) in a linear-scaling, size-extensive fashion. Corrections to basis-set superposition errors can also be
made. It has the additional advantages of being easily implemented and naturally parallel.

Formulas of the whole array of vibrational many-body methods have been derived for anharmonic lat-
tice vibrations (phonon) in solids. Size dependence of terms has been carefully analyzed to ensure that the
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methods are size-extensive. Some of these methods have been applied to the frequencies of the infrared- and/or
Raman-active vibrations of polyethylene and polyacetylene in the T" approximation (see below). This is first
such calculations that are based on ab initio electronic and ab initio vibrational methods.

Since the 30" Annual Combustion Research Meeting, 7 papers*™ have been published including 2 in-
vited articles.>® 3 book chapters’™ are also in press and 4 more papers2° are being reviewed. In total, 26 pub-
lications™™® (including 4 submitted) have resulted from this grant in 2008-10. In the same period, the PI has
been an invited speaker at 10 conferences (including the 30™ Combustion Meeting) and 8 university seminars.
In 2009, the Pl has been selected to receive the National Science Foundation’s CAREER Award and the
Camille Dreyfus Teacher-Scholar Award. The PI has also been invited to join the Editorial Advisory Boards of
Phys. Chem. Chem. Phys. and Theor. Chem. Acc. His students working on the DOE project have won an ACS
Graduate Student Award in Computational Chemistry and a Best Poster Prize.

Second-order many-body perturbation calculations on solid hydrogen fluoride.?® A linear-scaling,
local-basis MP2 method based on a truncated many-body expansion of energies has been applied to crystalline
hydrogen fluoride in three dimensions. The energies,
equilibrium lattice structures, and molecular dipole
moments of two structures (parallel and anti-parallel,

Fig. 1) have been determined, taking account of one-

and two-body Coulomb (electrostatic), exchange, and

correlation interactions exactly (within MP2/aug-cc-

pVDZ) and three-body and higher-order Coulomb in-

teractions approximately. Counterpoise corrections of

the basis-set superposition errors have also been made. Fig. 1. Parallel and anti-parallel structures of solid
Previous three experimental studies (neutron diffrac- hydrogen fluoride

tion, NMR, and infrared absorption) advocated three

different structures (parallel, anti-parallel, and disordered, respectively), whereas previous three computational
studies were split between the parallel and anti-parallel structures. Our calculations have shown that the anti-
parallel structure is considerably more stable than the parallel one and that, furthermore, the latter does not
have a potential minimum near the observed lattice constants, finally resolving the controversy. Our computed
lattice constants of the anti-parallel structure also agree with the observed within 0.3 A.

Modulo second-order many-body perturbation method for extended systems.”™ The cost of an
MP2 CO calculation on a one-dimensional extended system (e.g., polymer) exhibits the steep cubic depend-
ence on the number of wave vector (k vector) sampling points in the first BZ. Reducing this number (K) as
much as possible is the key to making MP2 routinely applicable to solids. The
validity and accuracy of various ways of drastically reducing K has been in-
vestigated. We have proposed the mod-n scheme in which the k vectors are
downsampled by a factor of n only in the MP2 step, holding fixed the number
of k vectors in the HF step. In one variant of this approximation, the correla-
tion energies of polyethylene and polyacetylene are recovered within 1% of
converged values at less than a tenth of usual computational cost. The quasi-
particle energy bands have also been reproduced quantitatively with the same
approximation. In the most drastic approximation, in which only one zone-
center k point (I" point) in the BZ is sampled (the T" approximation), the corre-
lation energies are recovered within 10% of the converged values with a
speedup by a factor of 80-100. The (angle-resolved) photoelectron spectra of
trans- and cis-polyacetylenes, polyethylene, and polydiacetylene have been
reproduced accurately or predicted by MP2 with this scheme (Fig. 2).

Fig. 2 Photoelectron spectra of Logarithn;5 second-order many-body _perturbation r_nethod for ex-
trans-polyacetylene. The grey tended systems.” We have proposed progressive downsampling of k vectors:
°“”..?,§}§_§‘125“§.T,2 rceudr\f:SFYeS: higher-lying unoccupied and lower-lying occupied Bloch orbitals are subject
MP2/6-31G*; black histogram: to downsampling by an e_xponentially increasin_g fa(_:tor (with base n), making
MP2/6-31G* density of states. the total number of orbitals grow only logarithmically with respect to the

number of basis functions per unit cell. Unlike the mod-n downsampling

8,12
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scheme proposed by us earlier,2* this log-n scheme reduces the scaling of the cost and thus achieves a greater
speedup as the unit cell size and/or the basis set size increases. Correct band indexing is found to be essential
for maintaining high accuracy. Also, each lattice sum contribution must be multiplied by an appropriate quad-
rature weight, which is a function of four bands involved. We have laid out algorithms for the band indexing
and quadrature weights. A combined log-n and mod-n scheme has been found to speedup the MP2/6-31G**
energy and energy band calculations of polyacetylene easily by a factor of 20-30.

Explicitly correlated second-order many-body perturbation method for extended systems.* A for-
malism of the explicitly correlated MP2 employing basis functions that depend explicitly on the electron-
electron distances (MP2-R12 or F12) has been derived and implemented for extended systems. The excitation
amplitudes on these functions have been held fixed at values that satisfy the first-order cusp condition. Neces-
sary many-electron integrals over Gaussian basis functions of a Slater-type geminal have been evaluated by
means of the resolution-of-the-identity approximation using a complementary auxiliary basis set. These inte-
grals and the correlation energy are shown to have the correct size dependence. The valence MP2 correlation
energy of polyethylene near the complete-basis-set limit has been obtained and shown to be considerably
greater in magnitude than the value obtainable from the conventional MP2 without the R12 treatment.

First-principles methods for anharmonic lattice vibrations.?*** Size-extensive generalizations of vi-
brational self-consistent field (VSCF), vibrational MP (VMP), and vibrational CC (VCC) methods have been
made to anharmonic lattice vibrations in solids. Copious terms in the formalisms of VSCF that have nonphysi-
cal size dependence are identified algebraically and eliminated, leading to compact and strictly size-extensive
equations. They have no contributions from cubic and odd-order force constants and alter only the transition
energies from a subset of quartic and even-order force constants. The second-order VMP and VCC are shown

to be size-extensive and account for

1800 2000 - anharmonic effects due to all odd- and
g % even-order force constants.
1400 g* 1600 ° We have applied a vibrational

truncated CI (VCI) method to the fre-
] oy quencies of the infrared- and/or Ra-
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tial energy surfaces in the normal co-
ordinates have been computed by the
CO theory at the HF and MP2 electronic structure levels. It is shown that accounting for both electron correla-
tion and anharmonicity is essential in achieving good agreement between the computed and observed frequen-
cies, especially for the in-phase C=C stretching mode in polyacetylene (Fig. 3). The VCI calculations have
also explained the appearance of the Fermi resonances involving the v, (k = 0) fundamental and vg (k = x) first
overtone.

Future Plans

We plan to further explore various novel sampling schemes in the reciprocal space not only to accelerate
the extended-system calculations with existing methods but also to design a new method. We have promising
preliminary data showing that the mod-n scheme can make CC singles and doubles (CCSD) routinely applica-
ble to polymers. We are also trying to formulate size-extensive CI for metallic extended systems.

The localized approach has proven extremely useful. With this scheme, we are applying MP2 to the
phonon dispersion and phonon density of states of proton-ordered phase of ice. We are hopeful that we can
resolve the controversy surrounding the two distinct “hydrogen-bond stretching” peaks in the inelastic neutron
scattering spectra of ice.

We are implementing the general vibrational many-body methods for solids, which go beyond the T ap-
proximation and thus can compute anharmonic phonon dispersion curves and phonon density of states that
include overtones and combinations. We plan to work out ab initio theory for anharmonic effects on lattice
structures and hence thermal expansion coefficients.

Fig. 3. Vibrational frequencies of polyethylene (left) and polyacetylene (right).
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Generalized Van Vleck Variant of Multireference Perturbation Theory

Mark R. Hoffmann
University of North Dakota
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Grand Forks, ND 58202-9024
Email: mhoffmann@chem.und.edu

I. Project Scope

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

I1. Recent Progress

A. Derivatives. In the present work, we show that, based on the fully variational Lagrangian functional
formalism developed by Helgaker and Jorgensen®, an alternative method for calculating the MRCISD
energy derivatives and nonadiabatic coupling matrix elements can be developed that does not impose any
restrictions on the choice of weights within the SA-MCSCF procedure. While the Lagrangian technique
is elegant, applicable to all computational methods, and realizes automatically the idea of Handy and
Schaefer’ leading to the simplest final expressions, this technique has received little attention in
calculating MRCISD derivatives. A previous use of the Helgaker-Jorgensen Lagrangian approach for the
MRCISD procedure was restricted to the simplest case of MOs optimized at the single state MCSCF
level'. We extend the Lagrangian technique to the case of using MOs optimized at the SA-MCSCF level
in a way in which restrictions on variations of the MCSCF CI coefficients are accounted for through the
Lagrangian multipliers (N.B. Thereby avoiding the necessity to introduce any state rotation operators
within the MCSCF space). In addition, we show that the task of determination of sets of redundant
orbital rotations, which is highly nontrivial in the general case, is simplified drastically and becomes
trivial if the MCSCF and MRCISD configuration spaces are generated using the recently developed
macroconfiguration approach’. One of the most important results of the present work is that we show
how the Lagrangian technique can directly be used for calculating the nonadiabatic coupling terms at the
MRCISD level; moreover, this result is also applicable to calculating such coupling terms at other levels
of theory.

The desired MRCISD nonadiabatic coupling term can be written as the total partial geometry derivative,
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To avoid the problem of calculating g%¢ = %G_A , we define the Lagrangian functional associated
with function (2), -
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where the set of the multipliers n’, (x):(qiﬁ, (x),n;ﬁ, (x),nfm, (x)) is related to restrictions on the
nonredundant, redundant, and MCSCF CI coefficients, respectively. Note that the Lagrangian depends on
the MCSCF CI matrix C,, (x) only through the restriction functions e(x, A(x)) [N.B. the geometry

dependence of the MRCISD vectors A% and A% has already been taken into account in Eq. (2)].

Using the Lagrangian approach formalism, it can be shown that the desired MRCISD nonadiabatic
coupling matrix elements subject to restrictions are equal to the explicit geometry partial derivatives of

the Lagrangian (3),
3 dg,, 0X,, . vl oe®  |oe Oe®
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if the Lagrangian multipliers n,, at x, satisfy appropriate equations. These equations involve only the

corresponding explicit partial derivatives and force all the parameters k(x) = {" A(X),r A(X),CMP (x)} to be
variational for the Lagrangian at the reference geometry.

B. Relativistic effects. Two types of relativistic corrections are considered in this work. One is the scalar
part that is taken into account by the Douglas—Kroll-Hess (DKH) transformation of the one-electron
Hamiltonian®’, which modifies the values of non-relativistic one-electron integrals but maintains their
structure so that non-relativistic programs can be applied directly. The other type of relativistic correction
is spin—orbit coupling (SOC), which can be obtained by the construction and diagonalization of a spin—
orbit (SO) Hamiltonian matrix. Obara—Saika recursive forms® for the spin—orbit and pVp-type integrals
are used. The SOCI Hamiltonian matrix is constructed based on a configuration-driven GUGA algorithm.

The SOC terms, as matrix elements of a spin-dependent CI Hamiltonian, can be evaluated using the
UGA’ or GUGA'” techniques. We are particularly interested in an uncontracted SOCI program, based on
a configuration-driven GUGA algorithm, and developed an approach that uses aspects of both.
Furthermore, the uncontracted SOCI program will serve as a basis for the implementation of uncontracted
SO-GVVPT2. Following the vector-recoupling and UGA techniques and the use of “real spherical” spin
functions'®"", the formalas for the SOC terms were derived for a configuration-driven SOCI program.

In SOCI, uncoupled L-S electronic states usually have different spin and space symmetries. Prior to this
work, the MCSCF program in the in-house electronic structure code (i.e., UNDMOL) was restricted to
only one irreducible representation for the optimization of molecular orbitals. It was necessary to extend
the MCSCF program so that multiple states of different symmetries could be considered simultaneously
with equal or different weights.
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The original macroconfiguration program is restricted to one irreducible representation with specified
total spin number. It needed to be modified to include all the symmetries defined by the user in an input
file. The indexing of CSFs must be treated carefully at the configuration level. In the macroconfiguration
program for MCSCF, the number of CSFs has a (25+1) degeneracy for each spin number S, while for
SOCI, the (25+1) degeneracy must be unfolded and one fictitious electron needs to be added for a system
with an odd number of electrons.

The configuration-driven CFGCI algorithm can be directly applied to an SOCI program. Besides the
SOC terms, no significant modifications are required until the final evaluation of non-relativistic
Hamiltonian matrix elements. Instead of one fixed S, several total spin numbers, as specified in an input
file, are considered. The viable configurations generated from a configuration, or modified, Distinct Row
Table (mDRT) are also relaxed to all allowed irreducible representations. The indexing and ordering of
CSFs are modified accordingly to allow all possible M values. In the case of systems with odd numbers
of electrons, the calculated Hamiltonian elements are either duplicated, if they are stored on disk, or used
twice in the evaluation of sigma vectors for the bifurcated sets of CSFs.

The SOC terms are evaluated with a new subroutine when there is exactly one orbital difference between
the bra and ket configuration pair. This subroutine is adapted from the one used for calculating two-
particle-two-hole (i.e. two orbital difference) coupling coefficients. Only the exchange products of
segment values are kept. Inside the subroutine, there is a loop over all allowed spins of the bra (Spa)
configuration that embeds a minor loop over three possible spins for the ket configuration (Syet= Spra,
Sprat1), subject to all other restrictions and user specifications on spins. All possible values of M and S
dependent pre-factors (i.e., the so-called A, B, C, D, and G functions) are pre-computed and stored in fast
memory. In the case of Sye= Spra - 1, an additional factor is multiplied with the product of segmented
values (Fij )N to avoid explicit use of C’, D*, and G~ functions.

C. NO dimer. The nitric oxide dimer (NO), poses both experimental and theoretical challenges and has
attracted much attention over the years. In its ground ( X lA]) state, the dimer has planar C,, symmetry

and is formed by the pairing of two 7* orbitals of NO, leading to a weak (Do = 710£10 cm™) but covalent
N-N bond. While the ground state properties of the dimer, including its equilibrium geometry, dipole
moment, and fundamental frequencies, are experimentally, but not theoretically, well characterized, there
are neither experimental electronic excitation energies nor reliable predictions of excited state properties
reported in the literature.

The lowest 8 electronic (1,21A1, 1'A,, 1°A,, 1'B,, 1°B,, 1,2} B,) states of the dimer, correlating with the
ground NO(X?IT) + NO(X’II) asymptote are purely valence. At the ground state equilibrium geometry,
they are grouped within 1 eV and separated by a gap of about 5-6 eV from the numerous states that
correlate with the higher lying asymptotes and involve the competitive 1 — n* and n* — Rydberg
excitations. Even the lowest energy states have significant multireference character, which can change
drastically with geometry. Consequently, accurate theoretical treatments must ensure a balanced
description of dynamic and nondynamic correlations at all geometries. Furthermore, quite large atomic
basis sets (at least at the aug-cc-pVTZ level) must be used to describe well energetically close valence
and Rydberg excitations.

Even in the case of the states correlating with the ground asymptote, there are many unsolved problems
(e.g., are the 1'B, and 2'A, states weakly bound and is the 1°B, state quasibound?), and there exist
essentially more problems related to states correlating with higher lying asymptotes. E.g., in previous
studies, the existence of the lowest excited asymptote NO(X’II) + NO(a'Il) (with a relative energy of 4.77
eV) has not been taken into account. As a result, the asymptotic energy of the eight triplet states (1,2°A,,
2,3°As, 2,3°By, 3,4°B,) correlating with this asymptote and their qualitative natures (e.g., at large NN
distances they must be valence and not Rydberg) have not been evaluated correctly. Some of these states
are of special interest, with some expected to be bound (e.g., 2°A, and 2°B,) or quasibound (2°A;). Our
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studies have used GVVPT2 to characterize all singlet and triplet states that correlate with the ground and
first excited asymptotes.
II1. Future Work

We expect continued progress in all three areas identified above. In regard to nonadiabatic coupling,
work will continue optimizing the computer code for MRCISD wavefunctions and to derive and develop
the corresponding algorithm for GVVPT2. We expect to make quick progress on the GVVPT2
nonadiabatic coupling, since there are many common elements with MRCISD. Spin-orbit coupling
matrix elements have been realized for MCSCF wavefunctions. With use of the in-house configuration-
driven UGA code, extension to MRCISD, for both true SOCI and primary space CI, will be pursued next.
The initial study of the (NO), potential energy surfaces for all singlet and triplet states that correlate to the
lowest two dissociation limits at the GVVPT2 level needs to be continued using more accurate methods
of electronic structure theory and specifically GVVPT3 and MRCISD, with Davidson-type corrections for
the effects of higher than double excitations. All three areas will allow the eventual study of dynamics on
the NO+NO surface, with inclusion of nuclear derivative and spin-orbit nonadiabatic coupling.
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I. Program Scope

The goal of this project is the development and validation of theoretical methods for obtaining
quantitative rate coefficients for elementary reactions and for elucidating reaction mechanisms. An
accurate and complete first principles theoretical description is the goal for small to moderate sized
systems, and more approximate methods are required for larger and more complex systems. We are
particularly focused on extending the applicability of the theoretical models to a broader range of
systems, including non-Born—Oppenheimer processes, which involve multiple, coupled electronic
states. This work relies upon a combination of quantum chemistry, transition state theory, master
equation, and molecular dynamics calculations. This program benefits considerably from interactions
with experimentalists at the CRF and elsewhere who provide data with which to test the theoretical
methods. In turn, theoretical insights gained using the validated models are useful for interpreting data
obtained under less straightforward experimental conditions.

1. Recent Progress
A. Theoretical Chemical Kinetics

For many chemical kinetics calculations, the dominant source of error is the treatment of
collisional energy transfer, which accounts for the activation and stabilization of the intermediate
complexes. In collaboration with J. A. Miller, direct molecular dynamics calculations were carried out
to compute energy transfer parameters for use in master equation calculations for the CH, 2 CH; + H
reaction in helium. A computationally efficient strategy (requiring only several hundreds of
trajectories) was developed and employed, and the resulting values of the exponential-down-model
energy transfer parameters (oo = 110 (77300 K)**' cm™) are in good agreement with previous
empirically adjusted values. The results of master equation calculations using the calculated values for
a, along with previous ab initio calculations of the properties of the reactants and the barrierless
kinetics, are in good agreement with experimental rates." This work provides a complete first-
principles characterization of the temperature and pressure dependent kinetics for this simple single-
well system.

In collaboration with S. J. Klippenstein and L. B. Harding, a theoretical study of the kinetics
of the CH;3 + HO; reaction was performed at temperatures and pressures relevant to combustion. The
predicted product branching ratio of 4:1 for the CH;0 + OH and CH, + O, products was found to be in
close agreement with revised values recently obtained in two modeling studies.” Earlier theoretical and
modeling studies predicted significantly more formation of CH;O + OH. This result has important
consequences for understanding ignition in hydrocarbon combustion at high pressures. Rate
coefficients for the CH;0 + OH reaction and for CH;OOH decomposition were also presented.

The effect of spin-orbit splitting on the barrierless association rates was quantified for six
hydrocarbon radical-halogen atom reactions (R + X, with R = methyl and allyl, X=F, Cl, and Br). For
five of the six reactions, spin-orbit splitting resulted in only a small (5-15%) perturbation to the
nonrelativisitic rate. For one reaction (allyl + Br), the effect was much larger, lowering the rate by a
factor of 2. For this reaction, spin-orbit splitting had a nonperturbative effect on the barrierless
kinetics, shifting the transition states to shorter fragment separations.

The decomposition of diacetyl was characterized theoretically in collaboration with shock tube
measurements of R. S. Tranter and J. H. Kiefer. The major product channel (diacetyl — 2 acetyl) is
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barrierless and was treated using Klippenstein’s direct variable reaction coordinate transition state
theory. Temperature and pressure dependent rates obtained from master equation calculations were in
close agreement with the experimental results. In the course of this study (and informed by other work
by Tranter, Kiefer, Harding, and Klippenstein), the rate for C,Hs + Kr — 2 CH; + Kr was revised, with
the new rate ~30% lower than the previously reported rate for 1200-1500 K and low pressures.

In another combined theoretical/experimental study with Tranter and Kiefer, the
decomposition pathways of dioxane were mapped out using single reference and multireference
quantum chemistry, and
the results are shown in
Fig. 1. Four low-energy
ring opening pathways
were found (SP1-SP4),
and three of these (SP1-
SP3) involve a concerted
H-atom transfer across the
ring as it opens. For each
of the concerted
pathways, related
stepwise pathways were
found with weakly-bound
diradical  intermediates
(not shown in Fig. 1). The
major immediate products of dioxane ring opening are CH,CHOCH,CH,OH and CH;CH,OCH,CHO,
which subsequently decompose at the central bond to radical and molecular products.

The reaction of propene with OH was studied theoretically in collaboration with C. A. Taatjes,
J. Zador, and J. A. Miller, and good agreement between the theoretical results and available
measurements was obtained. At temperatures above ~1200 K, H abstraction is the dominant processes,
giving allyl and propenyl radicals and water. Vinyl alcohol, formed via decomposition of the adduct,
was identified as a minor but measureable product.

Figure 1: Potential energy diagram for 1,4-dioxane decomposition

B. Non-Born-Oppenheimer Molecular Dynamics Simulations

In collaboration with D. G. Truhlar, the photodissociation of NH; was studied using a fitted
set of coupled potential energy surfaces and NBO molecular dynamics calculations. This system
features a conical intersection (CI) at extended N—H distances and planar geometries. Trends in the
production of excited state amino radicals as a function of initial state preparation were computed and
compared with the experimental results of Crim and co-workers." The experimental results suggest an
enhancement in the production of excited state products when the antisymmetric stretch of NHj is
excited, with the interpretation that excitation of the antisymmetric stretch causes the system to go
“around” the CI and thus inhibits electronic state quenching. The NBO MD trajectory results do not
support this interpretation. We find that the system is efficiently quenched via the seam of CIs when
either the antisymmetric or symmetric stretches are excited. The NBO MD calculations predict that the
production of excited state amino radicals depends on the total energy, and no state specificity is
observed. Detailed descriptions of the most accurate, well-validated multistate trajectory methods have
been given in a recent review.

I11. Future Work
A. Theoretical Chemical Kinetics

We will continue to use established theoretical kinetics techniques to make quantitative
predictions for important elementary combustion reactions. Several applications are underway,
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including a collaboration with S. J. Klippenstein and D. L. Osborn studying the phenyl + propargyl
reaction. We will also study the applicability of transition state theory for systems that are currently
not well described by statistical theories. For example, barrierless abstraction reactions pose
challenges to current theories. For these reactions variable reaction coordinate TST is appropriate for
characterizing the kinetics at low temperatures, but the assumptions involved in this approach are not
suitable at higher temperatures where the reacting fragments are significantly distorted from their
isolated geometries at the important dynamical bottlenecks. A two transition state approach will be
applied to study these systems.

We will continue to develop our trajectory-based method for studying energy transfer. We will
compute fully ab initio (i.e., parameter-free) rate coefficients for a series of saturated hydrocarbon
systems (vinyl, ethane, propane, etc.), as well as unsaturated molecules and radicals (C,Hs, ethylene,
etc). We will consider both atomic (He, Ar, Kr, etc.) and molecular (H,O, N,, etc.) bath gases. In
addition to providing improved theoretical kinetics for pressure dependent reactions involving these
species, the proposed systematic studies of energy transfer will be used to guide the development of
simple models and predictive rules for parameterizing collisional energy transfer models in master
equation calculations.

B. Non-Born-Oppenheimer Molecular Dynamics Simulations

A major component of future work will involve the application of our validated NBO
molecular dynamics (MD) methods to polyatomic systems, including: (1) The photodissociation of
vinyl halides, which will be useful for interpreting the experimental results of D. L. Osborn and co-
workers"™ and others. (2) Intersystem crossing in spin-orbit coupled systems formed from the addition
of oxygen atoms to hydrocarbons. (3) Direct NBO MD simulations of the photodissociation of HNCO
and of the H + NCO reaction. Upon photoexcitation to the S; state, HNCO may decay by one of
several pathways: adiabatically to form 'NH + CO, nonadiabatically to *NH + CO via a spin-forbidden
transition to the T, state, or nonadiabatically via a transition to the Sy state to form either H + NCO or
'NH + CO. This system has been well characterized experimentally’ and provides an excellent test
case for the validation and development of the NBO MD methods.

To complement our previous study of the energetic effect of spin-orbit coupling discussed
above, we will study the dynamical effect of spin-orbit coupling using NBO MD. Transition state
theory allows for the efficient computation of accurate rate coefficients as long as the so-called
“transmission coefficient” is close to unity or can be calculated. The transmission coefficient may
deviate from unity for three reasons: (1) tunneling through potential barriers, (2) single surface
recrossing at the dividing surface, and (3) electronically nonadiabatic surface switches. Methods exist
for reliably estimating the magnitudes of the first two effects, but only approximate methods exist for
treating the third. We will use direct NBO MD simulations to compute electronically nonadiabatic
transmission coefficients for the CH; + F, Cl, and Br reactions.

C. Quantum Chemistry

An important practical bottleneck for performing NBO MD simulations is the need for
inexpensive and accurate potential energy surfaces and their couplings. Two strategies will be pursued
for obtaining potential energy surfaces in the NBO MD simulations. Direct dynamics methods will be
developed based on single reference methods (DFT, MP2, etc) for spin-orbit coupled systems and
multireference methods (CASPT?2, etc) for valence coupled systems.

Semiautomated surface fitting strategies will also be implemented.” One project will involve
developing general strategies for automatically generating analytic potential energy surfaces
describing the six-dimensional interaction of two rigid fragments using IMLS. These potentials will
allow for barrierless kinetics calculations carried out using higher-level quantum chemistry methods as
well as more extensive explorations of transition state dividing surfaces.

Schemes for modeling the coupling between the electronic surfaces will also be developed.
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Probing the Reaction Dynamics of Hydrogen-Deficient Hydrocarbon Molecules and
Radical Intermediates via Crossed Molecular Beams

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

1. Program Scope

The major goals of this project are to explore experimentally in crossed molecular beams experi-
ments the reaction dynamics and potential energy surfaces (PESs) of hydrocarbon molecules and
their corresponding radical species which are relevant to combustion processes. The reactions are
initiated under single collision conditions by crossing two supersonic reactant beams containing
radicals and/or closed shell species under a well-defined collision energy and intersection angle.
By recording angular-resolved time of flight (T OF) spectra, we obtain information on t he reac-
tion products, intermediates involved, on bra nching ratios for c ompeting reaction channels, on
the energetics of the reaction(s), and on the underlying reaction mechanisms. These data are of
crucial importance t o und erstand the for mation of c arbonaceous na nostructures as well as of
polycyclic aromatic hydrocarbons and their hydrogen deficient precursors in combustion flames.

2. Recent Progress
2.1. Dynamics of Phenyl, CsHs(X?A,), Radical Reactions

We completed the crossed molecular beam studies o f phenyl radicals with C4Hg isomers: 1,3 -
butadiene, 1,2-butadiene, 1-butyne, and 2-butyne. Selected experiments were also conducted wi-
th (partially) deuterated reactants to pin down the position(s) of the atomic hydrogen versus deu-
tertum 1 oss p athway(s). El ectronic structure cal culations were conducted in collaboration with
Alexander Mebel (FIU).

2.2. Formation of the Phenyl, CsHs(X?A,), Radical under Single Collision Conditions

Besides the reactions of the phenyl radical - one of the most important transient species to initiate
the formation of PAHs — we also investigated the formation of this species under single collision
conditions via the reaction of dicarbon molecules plus 1,3-butadiene. This reaction represents a
potential, but hitherto unnoticed route to s ynthesize the first ar omatic C ring in h ydrocarbon
flames, where concentrations of dicarbon transient species are significant. Here, crossed molecu-
lar beams ex periments o f dicarbon molecules in their X 12g+ electronic ground state and in the
first electronically excited a’I1, state have been conducted with 1,3-butadiene and two partially
deuterated co unterparts (1,1,4,4 -D4-1,3-butadiene a nd 2,3 -D2-1,3-butadiene) at two co llision
energies of 12.7 and 33.7 kimol™”. Combining these scattering experiments with electronic struc-
ture and RRKM calculations on the singlet and triplet C¢Hg surfaces, our i nvestigation reveals
that t he ar omatic p henyl r adical i s f ormed p redominantly on t he triplet s urface v ia i ndirect
scattering dynamics through a long lived reaction intermediate. Initiated by a barrier-less additi-
on of triplet dicarbon to one of the terminal carbon atoms of 1,3-butadiene, the collision complex
undergoes trans - cis isomerization followed by ring closure and h ydrogen migration prior to
hydrogen at om el imination u Itimately f orming t he p henyl r adical. Th e | atter s tep em its t he
hydrogen atom almost perpendicularly to the rotational plane of the decomposing intermediate
and almost parallel to the total angular momentum vector. On the singlet surface, smaller contri-
butions of phenyl radical could not be excluded; experiments with partially deuterated 1,3-buta-
diene indicate the formation of the thermodynamically less stable acyclic H,CCHCCCCHj iso-
mer. This s tudy presents the very first ex perimental evidence — complimented by theoretical
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studies — that under single collision conditions an aromatic hydrocarbon molecule can be formed
in a bimolecular gas phase reaction via reaction of two acyclic molecules involving cyclization
processes at collision energies relevant to combustion flames.

2.3. lonization Potentials of Transient Hydrocarbon Species

We ha ve e xpanded our ¢ ollaboration with Musa Ahmed (LBNL) at the C hemical D ynamics
Beamline to investigate the ionization energies o f resonantly stabilized C4H; radicals utilizing
laser ablation of graphite in combination with seeding the ablated species in neat methylacetyle-
ne gas, which also acted as a reagent. Photoionization efficiency (PIE) curves were recorded of
photoionized isomers at the Advanced Light Source. The PIE curve suggests the formation of
four C4Hj; radicals: two acyclic structures 1-C4H3 and E/Z-n-C4H; and two cyclic isomers. This
study provides a novel interpretation of previous data on C4Hj radicals in hydrocarbon flames. -
Experiments were also conducted on the ionization energies of C;Hg and C;Hs isomers s ynthe-
sized in situ via laser ablation of carbon and reaction with seeded benzene molecules. This pro-
cess al sol eads m ostl ikelyt ot he f ormation o f m ultiple p henylpolyacetylene m olecules
[CsHs(C=C),-H], whose ionization energies are currently explored.

2.4. Development of a Supersonic Beam Source of Methylidyne Radicals (CH)

We generated a p ulsed supersonic beam of ground state methylidyne radicals via photolysis at
248 nm at30 H z of he lium-seeded bro moform (CH Br;) at s eeding fra ctions of 0.12 % b y
bubbling he lium gas (99.9999 %; Gaspro) ata pressure of 2.2 a tm through a s tainless s teel
bubbler which houses the bromoform at a temperature of 283 K and feeding this gas mixture into
a pulsed piezoelectric valve. The latter is operated at a repetition rate of 60 Hz, pulse widths of
80 us, and a voltage of m inus 400 V to 450 V . Here, by focusing 60 m J per pulse output of
excimer laser (Lambda Physik, COMPEX) with a 1 meter focus lens downstream of the nozzle
to an area of about4 mm by 0.7 mm, a few 10" radicals cm™ can be formed in the interaction
region of the scattering chamber. Although it is not feasible to eliminate CHBr,, CHBr, and CBr
in the supersonic beam, these molecules have — due to the heavy bromine atom — distinct center-
of-mass angles when reacting with the hydrocarbon molecules. Therefore, the dynamics can be
distinguished from those of the methylidyne reactions based on the distinct mass-to-charge ratios
and due t o different c enter-of-mass an gles an d h ence s cattering r anges o f the produc ts. T he
velocity and speed ratio of the radical beam can be determined on-axis in the TOF mode. Since
signal at m/z = 13 (CH") also originates from dissociative ionization of, for instance, non-photo-
lyzed brom oform, operating the electron impact ionizer in the soft ionization mode, here at 34
eV, for t he be am characterization 1s important. Th is t ranslates i nto a n arrow r ange o f p eak
velocities of 1680 — 1800 ms™ with speed ratios of 12 - 18. - We also utilized laser induced fluo-
rescence t o characterize the rotational and v ibrational m odes o f the m ethylidyne radical, CH
(X?I), in the interaction region o f the s cattering ch amber. M ethylidyne radicals are d etected
using A’A — XI1 transitions: (0,0) vibrational band for excitation near 431 nm and (0,1) band for
detection near 490 nm. The interference filter in front of the photomultiplier tube (PMT; Ando-
ver Corp.) is centered at 490 nm with a 10 nm bandwidth; this discriminates against scattered la-
ser light. Figure 1 shows the LIF spectrum of the methylidyne radical beam with a peak velocity
of about 1700 ms™ as characterized with the TOF technique. Sixteen detection laser shots were
averaged for each point. The spectrum was analyzed utilizing a LIFBASE database and spectral
simulation program for diatomic molecules by Jorge Luque. The best fit simulation suggests a
rotational temperature of 14 = 1 K in the vibrational ground state; less than 6 % of t he radicals
are in the first vibrationally excited state population.
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2.5. Crossed Beam Reactions of CH + C,H,, CD + C,H,, and CH + C,D»

One of our obj ectives in t his fundi ng pe riod is also t o i nvestigate t he u nimolecular d ecom-
position o f ch emically act ivated, r esonantly s tabilized f ree C sH3 radicals, am ong t hem t he
important propargyl isomer. This leads to the formation of combustion-relevant CsH, [cyclopro-
penylidene (c -C3H,), propargylene (HCCCH), vinylidene carbene (H,CCC)] and C;H isomers
[2-cyclopropyn-1-yl (c-CsH), 2-propynylidene (I-CsH)]. We accessed the CsH; potential energy
surface via bimolecular gas phase reactions of the methylidyne radical (CH; X?[1) with acetylene
(CHy; X 1Zlg+) at a co llision energy of about 16 kI mol™'. A preliminary analysis of the time-of-
flight (T OF) and laboratory angular distributions obtained at mass-to-charges of 38, 37, a nd 36
suggests the existence of three channels: the formation of the c-C;H, isomer, the s ynthesis of
HCCCH and/or H,CCC, and finally, the 1-C3H plus molecular hydrogen pathway. The atomic
hydrogen loss dominated the d ynamics with branching ratios of ¢c-CsH, to HCCCH/H,CCC of
about 1:4. T he molecular hy drogen c hannel was a minor component. Due to the pre sence of
ground state carbon atoms in the beam, so far only upper limits of about 25 % could be derived.
We also conducted the experiments of CD + C,H; and CH + C,D, to assign the position of the
hydrogen versus de uterium 1 oss and the d etection o fthe D, versus H, versus HD. T he data
analysis and fitting of these experiments is currently in progress.

2.6. Tunable VUV Light Generation

In order to utilize ionization techniques complementary to electron impact ionization, we have
started t o g enerate tunable v acuum ultraviolet (VUV) light (5 — 15 eV ) utilizing resonance
enhanced sum (2w, + ®;) and difference (2m; - m,) frequency nonlinear mixing. This will assist
to ionize molecules according to their ionization potentials. By accessing the different resonance
lines of kry pton, xenon, and mercury, VUV light may be generated in the wavelength range of
81 — 256 nm at fluxes from 10" — 10'® photons pulse™.
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3. Future Plans

We plan to continue with the studies of t he C3H; potential energy surface via the reaction of
ground state carbon atoms (C(3Pj)) with vinyl radicals (C,Hs; X*A’). Secondly, we aim to un-
tangle the reaction dynamics of phenyl radicals at 1ow collision energies utilizing a p hotolytic
phenyl radical source with selected hydrocarbon molecules accessing the CoHy (x = 8, 10) and
CioHx (x = 6, 8, 10) PESs and, hence, the formation of bicyclic aromatic (like) species holding
the indene and naphthalene carbon skeletons.
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DYNAMICAL ANALYSIS OF HIGHLY EXCITED MOLECULAR SPECTRA

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

kellman@uoregon.edu

PROGRAM SCOPE:

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

RECENT PROGRESS AND FUTURE PLANS: The progress described below is in
collaboration with postdoctoral associates Aniruddha Chakraborty (who completed his
work June, 2009), and continuing postdoctorals Vivian Tyng and George Barnes. Our
current research is pursuing two main directions:

CRITICAL POINTS BIFURCATION ANALYSIS OF EFFECTIVE
SPECTROSCOPIC HAMILTONIANS. The goal is to decipher the dynamical
information for increasingly complex molecular systems. Current progress has been in
three areas:

High-L bending dynamics of acetylene. This is a general analysis of the different types
of modes encountered in highly excited bending dynamics of acetylene, resulting in Ref.
3. In this paper, building on our earlier work for the L = 0 spectra of Field and
coworkers, the bending dynamics of acetylene with pure vibrational angular momentum
excitation and high quantum number L > 0 are analyzed through the method of critical
points bifurcation analysis to find new anharmonic modes born in bifurcations of the low-
energy normal modes. It is found that the local L, orthogonal O, precessional P, and
counter-rotator CR families persist for all L. In addition, for L > 8 there is a fifth family
of critical points which, unlike the previous families, has no fixed relative phase (“off
great circle” OGC). The concept of the minimum energy path in the polyad space is
developed. With restriction to L = 0 this is the local mode family L. This has an intuitive
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relation to the minimum energy path or reaction mode for acetylene-vinylidene
isomerization. With L > 0 included as a polyad number, the L = 0 minimum energy

path forms a trough-like channel in the minimum energy surface in the polyad space,
which consists of a complex mosaic of L, O, and OGC critical points. There is a
division of the complete set of critical points into layers, the minimum energy surface
forming the lowest.

High-L bending dynamics of acetylene: a phase diagram with tetracritical point, no

monodromy, and new spectral patterns. Critical points and bifurcations are
considered for the acetylene effective Hamiltonian in the polyad space of total bend and
vibrational angular momentum quantum numbers [Ny, L]. A “phase diagram” (below,

left) is constructed for the surface of minimum energy critical points. The phases denote
vibrational modes of different character, including new types of anharmonic modes born
in bifurcations from the ordinary normal modes. A tetracritical point is the outstanding
feature of the diagram. Patterns in the energy levels are considered, starting with
quantum monodromy. No monodromy is found, in contrast with other types of
bifurcating systems. Instead, patterns are predicted in the first and second derivatives of
the energy with respect to the quantum numbers, in close analogy with the theory of
phase transitions. The tetracritical point finds striking manifestation in these patterns.
This may be amenable to experimental test. Moreover, the minimum energy path,
analogous to the reaction path, has derivative patterns which can already be compared
with experiment. Agreement of theory and experiment is found within experimental
error (below right).

Future Plans: Bifurcation analysis of rotation-vibration dynamics through
molecular spectroscopic Hamiltonians (with Dr. Vivian Tyng). Our method to
connect experiment and theory has been to use the effective spectroscopic fitting
Hamiltonian. We analyze the dynamics of the effective Hamiltonian via a semiclassical
form of the effective Hamiltonian by subjecting it to bifurcation analysis using the
method of critical points. A great deal of progress using the critical points analysis has
been made on purely vibrational problems. However, to our knowledge no analysis using
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the tools of nonlinear dynamics has ever been performed on the effective Hamiltonian of
a real molecular rotation-vibration system, probably because of the greater complexity of
the problem. We have successfully tackled that problem in work being prepared for
publication. There are now available for analysis some high quality rotation-vibration
fitting Hamiltonians of real molecular data at relatively high levels of both vibrational
and rotational excitation. We are completing our first paper in this area, on CO,. Future
work is planned on C;H,, for which there is adequate experimental data and a good
spectroscopic fitting Hamiltonian.

POLYAD BREAKING GENERALIZED EFFECTIVE HAMILTONIANS.
Spectroscopic fitting Hamiltonians are enormously useful as a tool to analyze molecular
spectra. The fitting Hamiltonian is an effective quantum matrix Hamiltonian. Virtually
all spectroscopic fitting Hamiltonians to date invoke the “polyad approximation” of a
conserved total vibrational quantum number. However, at sufficiently high energy, the
polyad approximation must fail. Spectra of systems that break the polyad action, time-
dependent transport in these systems, and the representation of these phenomena with a
generalized effective fitting Hamiltonian are mostly unexplored areas. Recently we have
been working to construct effective spectroscopic Hamiltonians to encompass polyad
breakdown. We have done this in two steps. The first is for a model system of coupled
anharmonic oscillators. The second is for a much more realistic two-mode model of the
HO, complex important in the combustion reaction H+ O, 2 HO, - O + O.

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

It is noteworthy that these fits have been obtained using Hamiltonians constructed with
shift operators defined to have the simple action of harmonic raising and lowering
operators, even up to dissociation energy E = 1.0. This extends the practice of
spectroscopic fitting at low energy — it has not been necessary to use operators adapted to
the special characteristics of the anharmonic oscillator system, here coupled Morse
oscillators. In this sense we have performed a “fair” test of the effective Hamiltonian,
even though we knew the nature of the exact model system. The success of ordinary
harmonic raising and lowering operators bodes well for fitting real systems without the
need for too much prior knowledge.
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Polyad Breaking Effective Hamiltonian for Isomerization in HO,. We have
developed a two-dimensional model for the isomerization in the hydroperoxyl radical
HO,. The model takes a slice of the realistic potential surface obtained by H. Guo and
coworkers. Energy levels and wave functions are calculated with the help of a large DVR
basis. The potential encompasses the isomerization and dissociation channels of the
system. Effective spectroscopic fitting Hamiltonians with just a few polyad breaking
terms are capable of reproducing large scale vibrational structure above isomerization
barriers. (See below, lefthand and righthand columns for comparison of exact and best fit
results.) Insight into the dynamical nature of isomerization is also gained through
classical trajectories. It is seen that contrary to physical intuition the bend mode is not a
“reaction mode,” but rather isomerization requires excitation in both stretch and bending
modes. The dynamics reveals two “Farey trees” formed from the 2:1 and 3:1 resonances
building off of a prominent 5:2 (2:1+3:1) feature. The 3:1 tree is associated with
isomerization while the 2:1 tree leads to trapping and perhaps dissociation at higher
energies than those considered in this work.

Recent publications (in print, in press 2008-2010) related to DOE supported research:
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2. V. Tyng and M.E. Kellman, “Catastrophe Map and the Role of Individual Resonances in C,H, Bending Dynamics”,
J. Chem. Phys. 130, 144311, 1-14 (2009).

3. V. Tyng and M.E. Kellman “Critical Points Bifurcation Analysis of High-L Bending Dynamics in Acetylene”, J.
Chem. Phys. 131, 244111, 1-11 (2009).

4. V. Tyng and M.E. Kellman, “Spectral Intensity Patterns and Vibrational Phase Space Structure”, J. Phys. Chem. A
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PROJECT SCOPE

The goal of this project is to model turbulent reacting flow in a way that makes efficient use of
existing knowledge of chemical kinetics and heat, mass, and momentum transfer processes in
order to simulate turbulent combustion accurately and affordably. Recognizing that a combusting
flow is in essence a collection of flame states, it is natural to turn to flame models for guidance.
Indeed, this perspective motivated the development of the flamelet modeling approach [A] and
related methods, such as conditional moment closure [B]. In their simplest forms, these models
live on a 1D state-space coordinate, usually mixture fraction.

The approach taken in this project is to evolve the flame on a 1D physical-space coordinate, as in
counter-flow and related flame computations, but to broaden the scope of this formulation by
introducing a representation of all scales of turbulent motion on the 1D coordinate, thus obtaining
an economical multi-scale modeling capability. This is accomplished by introducing a map-
based representation of fluid motion. The familiar (in other contexts) numerical technique of
conservative Lagrangrian displacement of an entire flow field, i.e., a map of the entire flow onto
itself, has been recast into a map-based method that emulates turbulent motions in 1D (and also
has uses in higher-dimensional simulation, as noted below).

During this project, two map-based 1D formulations have been developed, the Linear-Eddy
Model (LEM), which predicts mixing under prescribed flow conditions but does not predict the
flow per se, and One-Dimensional Turbulence (ODT), a predictive simulation of turbulent flow
as well as mixing within it. Coupled arrays of LEM or ODT domains are used to perform 3D
simulations in which 3D motions are captured at coarse scales (larger than the separation of
adjacent domains) and motions at smaller scales are captured in 1D on the individual domains. If
LEM is used, flow information must be supplied, e.g. by a conventional 3D coarse-grained
simulation or by the 3D ODT method. ODT is a complete enough flow representation so that the
coupled array of ODT domains can in principle simulate 3D turbulent flow with no coarse-
grained advancement operation. Development and demonstration of a novel flow simulation
strategy, Autonomous Microscale Evolution (AME), based on this concept is a major goal of
planned future efforts.

RECENT PROGRESS

Both LEM and ODT provide significant demonstrated capabilities to simulate turbulence-
chemistry interactions and other relevant flame phenomena. Two developments offer new
opportunities to perform direct quantitative comparisons between these models and turbulent
combustion data. One is the increasing availability of directly comparable direct-numerical-
simulation (DNS) results. The other is the pending completion of a new algorithmic and physical
modeling framework for ODT that is directly analogous to turbulent round jet diffusion flames
(see Future Work).
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The ODT formulation currently used for combustion simulations is limited to planar geometry
and temporal advancement. There are no precisely analogous combustion experiments, but 3D
DNS results for planar temporal configurations are increasingly available. One such data set, for
a syngas (CO, H2, N2) diffusion flame in air [C], has been compared to an ODT simulation [8]
using the same kinetics (11 species, 21 reactions) as in the DNS. ODT parameters were set to
match the lateral spread of momentum and species. DNS and ODT conditional statistics of
temperature, species, and scalar dissipation were then compared.

The accuracy of the ODT results was comparable to current state-of-the-art turbulent combustion
modeling methods. Notably, ODT reproduced the extinction and re-ignition seen in the DNS. In
ODT, there was somewhat more extinction, after which re-ignition brought the ODT mixture-
fraction-conditioned mean temperature profile into good agreement with the DNS. Consistent
with this, the tails of ODT conditional probability density functions (PDFs) of scalar dissipation
are longer than the analogous DNS PDFs at early times, but are shorter at late times. It is unclear
at present whether this is related to the ODT representation of intermittency in turbulence or
whether it is a consequence of the choice of the subset of the DNS results used to set ODT
parameters. This will be investigated further.

ODT includes a representation of buoyant as well as shear forcing and hence is useful for
simulating buoyant stratified turbulent flows. One such case, corresponding to ocean mixing
conditions, is of particular interest because it develops thin interfaces analogous to flames in
turbulence. In the ocean, this occurs because heat and salt have different diffusivities (non-unity
Lewis number Le), such that stable salinity jumps form barriers between thermally driven
convective layers.

In addition to Le, this flow is described by the Prandtl number Pr, the Richardson number Ri
(normalized shear forcing), and Rayleigh number Ra (normalized vertical scale). ODT has been
used to explore the rich phenomenology of this four-parameter space, with emphasis on
comparison to a promising algebraic-Reynolds-stress closure model of oceanic vertical transport
[D, E]. ODT is consistent with this model for cases that both can address, but is more general in
that only ODT can address Le and Pr dependences, enabling parameter studies relevant to
convective transport in planets and stars.

The independent variables of the closure model are quantities that are not easily measured in the
ocean. In order to provide a link between the closure model and ocean mixing measurements,
ODT is being used to relate closure-model variables to measurable quantities.

A 3D ODT-based simulation method previously set up and validated for homogeneous turbulence
has been extended to channel flow. Initial results indicate that the method performs as expected,
with no artifacts arising from its extension to inhomogeneous wall-bounded flow.

FUTURE WORK

As noted in Recent Progress, one development enabling more direct ODT (and LEM, where
applicable) comparisons to turbulent combustion data is the availability of 3D DNS data. ODT
simulations corresponding to existing and anticipated DNS data sets will be performed. The
objectives of these comparisons are first, to validate ODT for various combustion regimes, and
second, to perform wider-ranging parameter studies than are affordable using 3D DNS. These
parameter studies will check whether inferences based on the DNS cases are valid under more
turbulent conditions or with more detailed kinetic mechanisms than can be run affordably in
DNS.

158



One DNS target case is a planar Bunsen methane-air flame in which the co-flow consists of
combustion products at an equivalence ratio not necessarily the same as in the reactant flow.
Another target case is a planar ethylene jet diffusion flame with soot kinetics and radiative
coupling. Also, comparison of DNS and LEM will be performed for an initially chemically
uniform but thermally non-uniform constant-volume configuration that idealizes a homogeneous-
charge compression-ignition (HCCI) regime. LEM has been compared [2] to 2D DNS of a
hydrogen-air HCCI regime [F], and will be compared to a planned 3D DNS study in which the
fuel is dimethyl ether.

Key ingredients for ODT simulations directly analogous to round jet diffusion flames (cylindrical
symmetry, spatial advancement, multi-step chemical kinetics, and radiation coupling) have been
developed individually but not previously combined in any one code. To enable this and allow
for other future extensions, an object-oriented ODT code is being written. It uses an adaptive
mesh to allow Lagrangian implementation of advection. This is needed for the cylindrical spatial
ODT formulation. One goal of this effort is to gain understanding of the apparent universality of
scalar dissipation spectra recently measured in turbulent round jet diffusion flames at the
Combustion Research Facility.

The new code will also serve as a suitable platform for future development of 3D ODT-based
combustion simulations. This approach can be implemented without requiring input from a
coarse-grained advancement procedure. Hence it is termed Autonomous Microscale Evolution
(AME).

The existing 3D ODT-based method that is discussed in Recent Progress is not autonomous in
this sense. It involves a coarse-grained pressure-projection step whose outcome is communicated
down-scale to the ODT-resolved flow field. AME is a pseudo-compressible formulation that
avoids this down-scale coupling.

Development of AME is ongoing. Near-term target applications include flame stabilization in
recirculating flows and internal-wave effects in stably stratified buoyant flows.

ODT will be used to investigate primary breakup of turbulent liquid jets. For this application,
immiscible fluid phases with interfacial surface tension will be incorporated into ODT. This
application is challenging due to the wide range of droplet sizes that are generated. An
experimental study of primary breakup [G] yielded results consistent with the interpretation that
breakup ceases when the flow residence time exceeds the time scale for formation of a droplet as
large as the jet width. This interpretation seems counterintuitive; ODT will be used to check the
validity of this versus other possible interpretations.

One effect of particle inertia in turbulent flow is clustering due the centrifuging effect of turbulent
eddies, which tends to expel particles from vortical regions, causing them to accumulate outside
those regions. In previous work [H], a simple representation of inertial-particle response to maps
(surrogate eddies) was formulated, involving particle slip relative to the map-induced
displacement of fluid, with slip magnitude proportional to Stokes number St. It was shown
mathematically that this formulation captures key features of the St dependence of particle
clustering for low St.

This result applies to suitably defined maps in any number of spatial dimensions. A given degree

of clustering implies far more collisions in 1D than in 3D, so for coalescence modeling, the slip-
modified map is applied to slabs in 3D space, with randomly chosen slab orientations (to
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represent isotropic turbulence), rather than to intervals on a line. Algorithmically, the method
evolves a list of particle locations, hence is grid-free and economical in 3D as well as in 1D. It
will be used to study the parameter dependences of the particle collision rate, focusing on
comparison to collision rates obtained by DNS [I, J]. This will be followed by investigation of
droplet coalescence coupled to other relevant processes, such as gravitational sedimentation and
condensational growth, under conditions relevant to rain formation in clouds.
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I. Program Scope

The goal of this program is to create first-principles petascale simulation tools for predict-
ing high-speed combustion and detonation (HSCD) phenomena, in particular, for predicting
the transitory regimes of rapid flame acceleration and deflagration-to-detonation transition
(DDT). Our immediate attention is on the problem of DDT arising in applications involving
hydrogen-oxygen mixtures. Hydrogen is emerging as an important fuel across a range of in-
dustries as a means of achieving energy independence and to reduce emissions. DDT and the
resulting detonation waves in gaseous fuels can have catastrophic consequences. Hydrogen
fuels are particularly sensitive to detonation, with autoignition times several orders of mag-
nitude less than that of a liquid hydrocarbon such as gasoline. The widespread commercial
use of hydrogen requires the development of new safety standards for gas handling, storage,
and transport [1].

The run distance to detonation in a turbulent flame accelerating in a long pipe is a critical
parameter used in safety assessments. Current theory is not capable of calculating the DDT
and run distance a priori. As a result, safety assessments rely on empirical correlations found
in DDT experiments carried out for various fuel compositions, ambient pressures, and tube
geometries. However, the experiments are challenging and the existing data are sparse. First-
principles numerical simulations of DDT are required for an in-depth understanding of the
phenomena, and can quantify the relative importance of the various controlling parameters
such as stoichiometry, ambient conditions, pipe geometry and surface roughness [2-4]. Such
an understanding will enable these simulations to be used as a predictive tool for future
design of safe hydrogen systems.
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II. Recent Progress

During the first six months of the project we implemented the high-speed combustion and
detonation (HSCD) code for predicting flame acceleration and DDT in H2-O2 mixtures.
HSCD is a distributed memory parallel adaptive mesh refinement (AMR) reactive flow
Navier-Stokes code [5,6] augmented with the appropriate eight-species equation of state
(EOS), coupled multi-species microscopic transport, and chemical kinetics suitable for hy-
drogen combustion [7-13].

A distinct feature of the HSCD code is a dynamic cell-by-cell AMR, based on a parallel
fully threaded tree (FTT) structure. In ordinary trees pointers are directed from parents
to children. In FTT, the pointers are inverted and directed from groups of children to
parents and parent’s siblings. This arrangement eliminates expensive tree searches which
are notoriously difficult to parallelize and it allows all operations, including mesh refinement
and de-refinement, to be performed in parallel. A space-filling curve approach is used in FTT
for domain decomposition. The mesh can be refined around shocks, discontinuities and in
regions containing large gradients of physical variables such as density, temperature, pressure,
chemical composition, vorticity, and so on. AMR is performed dynamically every fourth
timestep after which the cells are rebalanced across the domain decomposition boundaries
using a heuristic to minimize the maximum amount of work, the number of ghost cells, and
the number of MPT send /receive operations per MPI rank.

As each physical model is incorporated into the HSCD code, the implementation is being
verified against results obtained using Cantera[14]. Cantera is open-source suite of software
tools for reacting flow problems and has been used for calculation of thermodynamic and
transport properties, chemical equilibrium conditions, and chemical production rates. The
detailed chemical mechanism of O Conaire et al., containing 8 species and 19 reactions,
has been initially selected [8]. This mechanism has been previously validated against shock
tube ignition delay data for temperatures up to 2700 K and pressures up to 64 atm (over a
temperature range of 1650 to 1930 K)[15]. Reasonable temperature and pressure limits for
detonation post-shock conditions in hydrogen-oxygen mixtures are 700 to 2200K and 10 to
40 atm respectively.

We analyzed the computational requirements and upgraded the code for petascale sim-
ulations by converting the straight MPI parallel implementation of the code to the hybrid
OpenMP /MPI implementation and optimizing the indirect memory access patterns for bet-
ter utilization of the cashe. We successfully performed first test AMR simulations of strong
point explosion and shock propagation in 100 x 1.25 x 1.25 cm?® and 100 x 2.5 x 2.5 cm?® tubes
filled with stoichiometric 2H, — Oy mixture at atmospheric pressure and room temperature.

The simulations were carried out with spatial resolution of ~ 7 microns and spatial
dynamic range ~ 1.4 x 10° utilizing up to 3 x 10° computational cells on 32K cores of
Sun Linux Cluster Ranger at Texas Advanced Computational Center and 131K cores of
BG/P Intrepid at Argonne National Laboratory. Two papers describing this work have
been submitted to CLADE 2010 and Supercomputing 2010 conferences.
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I11. Future Work

During the second half of this year we will begin a systematic validation of component
processes by carrying reactive flow Navier-Stokes simulations of ignition and laminar flames,
flame acceleration and development of a boundary layers, shock ignition and ignition delays,
and comparing the results with the existing experimental data. We have begun evaluating
suitable test cases from the literature and compiling a validation database. During the
second year of the project we plan to carry out simulation of flame acceleration and DDT in
smooth tubes.

On the code development side, we plan further optimization of OpenMP/MPI program-
ming model and scaling the code to upcoming generation of manycore and GPU-accelerated
clusters. We also plan to implement comprehensive visualization and on-the-fly analysis ca-
pabilities for detecting and zooming in on the rapid transient processes such as non-steady
shock-flame flame interaction, auto-ignition of hot spots, and DDT taking place on very
small temporal and spatial scales.
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Program Scope

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

Recent Progress

Spin-Orbit Interactions and TST

In collaboration with Ahren Jasper (Sandia) and Larry Harding (Argonne) we have
studied the effect of the geometry dependence of the spin-orbit splitting on transition state theory
predictions for radical-radical recombination rate coefficients. The reactions of three halogen
atoms (F, Cl, and Br) with two hydrocarbon radicals (CH; and CH,CHCH,) were studied with
direct variable reaction coordinate transition state theory including explicit treatment of the
geometry dependent spin-orbit splitting. These systems exhibit a range of spin-orbit strengths
and a range of attractiveness along the minimum energy path. The simple neglect of the variation
in the spin-orbit splitting yields reasonably accurate rate coefficients for all but the CH,CHCH; +
Br reaction, where this neglect overestimates the rate coefficient by up to a factor of 2.

Soot Formation

In collaboration with Jim Miller (Sandia), Wes Allen (Georgia), and Larry Harding we
have employed ab initio transition state theory based master equation calculations to predict the
temperature and pressure dependent phenomenological kinetics for the reaction between the two
resonantly stabilized radicals, allyl and propargyl. Direct variable reaction coordinate transition
state theory is used to predict the microcanonical rate coefficients for the barrierless channels.
This study indicates that the formation of cyclic CsH; and CgHg species are suppressed by
elevated pressures. Overall, it suggests that the formation of five-membered rings from this
reaction is not as important as previously thought.
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Hydrocarbon Oxidation

In a joint study with Mike Davis (Argonne), Rex Skodje (Colorado), Alison Tomlin
(Leeds), and Larry Harding we have employed a combination of global uncertainty screening
and ab initio transition state theory to improve the appropriateness at high pressure of the
mechanism of Li et al. for the ignition of CH3;OH. The screening analysis suggests the
importance of first the CH30OH + HO; reaction and then the CH3OH + O, reaction. The revised
mechanism, incorporating the ab initio TST predictions for the kinetics of these two reactions,
yields ignition delays that are up to a factor of 4 greater than those from the original mechanism.

In collaboration with Hanna Reisler (USC) we have studied the D-atom products arising
from the predissociation of rovibrationally excited CD,CD,OH. The theoretical component of
the analysis, which builds on our earlier study of C,H4 + OH with Senosiain et al., indicates that
(i) the D-producing channels are minor compared to the OH + C,D,4 channel, constituting at most
a few percent; (ii) the branching ratio is more favorable towards these products when the reactant
radicals have low rotational energy; and (iii) the vinyl alcohol channel is strongly favored over
the acetaldehyde channel at all but the lowest excess energies.

Nitrogen Chemistry

In collaboration with Ed Law (Princeton) we have performed an ab initio TST based
master equation analysis of the decomposition kinetics of monomethyl hydrazine (CH3NHNH,).
The simple CN and NN fissions to produce NH; + CH;NH and CH3; + NHNH, dominate the
Kinetics, and so were studied with direct variable reaction coordinate transition state theory. The
comparison with experiment suggests the need for an improved understanding of some of the
secondary chemistry for the pyrolysis of this propellant.

Future Directions

We will continue our studies of aromatic ring formation, hydrocarbon oxidation, and NOy
chemistry. In collaboration with Talitha Selby (Wisconsin-Washington), Dave Osborn (Sandia),
and Ahren Jasper we are studying the kinetics of the reaction between phenyl and propargyl
radicals, which may be a key step in the formation of the second aromatic ring. This
collaboration involves the comparison of ab initio transition state theory based master equation
calculations with multiplexed photoionization based measurements of the product distributions.
Our work with Tranter (Argonne) on the self-reaction of phenyl radicals has suggested the
importance of benzyne radicals to the PAH growth process. Thus, we are initiating some studies
of the kinetics of these radicals. We have made preliminary theoretical predictions for the self-
reaction of 0-CgH4. In collaboration with Wang (USC) we have begun an analysis of the
reactions of ortho-benzyne with alkynes and alkenes. The reaction with C4H, may provide a
significant pathway to naphthalene.

We continue to collaborate with Jim Miller on various soot related reactions. This year
we plan to study the reaction of propargyl with OH, which may provide an important oxidative
loss channel for this key resonantly stabilized radical. We also intend to study the reaction of
vinyl radical with 1,3 butadiene, which may provide an important ring formation pathway in
ethylene flames. Both of these studies will involve complicated multiple well ab initio transition
state theory based master equation calculations. In collaboration with Jim Miller and Peter
Glarborg (Denmark) we plan to study the kinetics of NNH + O, and its effect on thermal de-
NOx.
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Our work on delineating the contribution from roaming radical pathways under

combustion conditions continues on various fronts. In a joint theory/experiment collaboration
with Larry Harding and Joe Michael (Argonne) we are now studying the decomposition of
various saturated alkanes, and of dimethyl ether. In these studies, a comparison of theoretical
predictions for molecular loss via tight transition states with experimental observations of radical
branching ratios provide quantitative estimates of the extent of any roaming contribution. A
collaboration with Ahren Jasper and Al Wagner (Argonne) will provide accurate ab initio
surfaces for reduced dimensional trajectory studies of roaming in various reactions, including
propane and dimethyl ether. We are also exploring a statistical theory based treatment of the
roaming radical contribution.
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Program Scope

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

Recent Progress

Propane Oxidation. Our initial efforts have focused on implementing the MET paradigm
for the combustion of propane. As a first step we have initiated a large-scale collaborative study
of the oxidation of propyl radical. This study involves a collaboration between Taatjes,
Klippenstein, and Bill Green (MIT). In the Taatjes lab, measurements of OH formation from
pulsed-photolytic Cl-initiated propane oxidation have been carried out as a function of
temperature (525 K to 763 K) at pressures of 10 bar. The formation of OH shows clear evidence
of formally direct OH production at these pressures, as seen in previous studies on cyclohexane
oxidation.

Meanwhile, Green and Klippenstein have performed a high level ab initio transition state
theory based master equation analysis of the kinetics of the second O, reaction in propyl
oxidation. The energies for the stationary points in both the CH,CH,CH,OOH + O, and
CH3CH(OOH)CH, + O, reactions have been obtained with an ~RQCISD(T)/CBS//B3LYP/6-
311++G(d,p) approach. For the barrierless channels in these two reactions, we have implemented
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direct CASPT2/cc-pvdz based variable reaction coordinate transition state theory treatments. Our
master equation calculations implement these VRC-TST treatments in combination with more
standard rigid-rotor harmonic oscillator based TST treatments for the isomerizations and
decompositions with well-defined barriers.

The phenomenological rate coefficients arising from these master equation studies of the
C3HsOOH + O, reactions and related studies for the CsH7 + O, reactions provide the core of a
mechanism developed by Green and Taatjes for the conditions of Taatjes’s high pressure Cl-
initiated propyl oxidation experiments. The remainder of the mechanism is obtained with
Green’s RMG automated mechanism generator. Work in progress is comparing the predicted and
observed time-dependent OH concentrations.

Propane Decomposition. At higher temperatures it is generally important to understand
the competition between thermal decomposition of the fuel and oxidation of the fuel radicals
generated via abstraction reactions of H, OH, and HO, with the fuel. As a first step in accurately
modeling this competition, Harding and Klippenstein have begun a theoretical study of the
decomposition of propane. This work leverages our related core BES work where, in a
collaboration with Michael, we are studying the contribution of the roaming radical pathways to
this decomposition. Michael’s shock tube studies have yielded the decomposition rate constants
at relatively low pressures of ~1 bar. Our ab initio transition state theory based master equation
calculations are providing meaningful extrapolations to high pressures, e.g., 100 bar.

Uncertainty Analysis and HO, chemistry. As described in MJD’s abstract, Davis, Rex
Skodje (Colorado), and Alison Tomlin (Leeds) have implemented a novel uncertainty screening
approach that provides a direct indication of where additional theoretical predictions and/or
experimental measurements would be most effective in reducing the uncertainty of the global
predictions of quantities such as the ignition delay. As part of the current high-pressure
combustion chemistry project, Davis and Skodje have been implementing this approach for the
ignition of propane at high pressures. Their results suggest the dominant importance of the C3Hg
+ HO; abstraction reaction at high pressures.

More generally, this uncertainty screening indicates the importance to ignition at high
pressure of improved kinetic estimates for reactions of the HO, radical. This importance arises
from (i) the increasing importance of the HO, radical as a chain propagator with increasing
pressure and (ii) the current lack of meaningful estimates for its kinetics. The latter shortcoming
is due to the great difficulty of making high temperature experimental kinetics measurements for
HO; due to its instability. Thus, we are currently studying theoretically the kinetics of a number
of reactions of the HO, radical.

For example, we are extending our earlier work on the kinetics of the CH; + HO, reaction
to larger alkyl radicals. Klippenstein and Harding have work now in progress for both ethyl and
propyl radicals. Preliminary direct VRC-TST calculations yield a rate of 2x10™** cm® molecule™
st for the ethyl + HO, reaction with primary formation of CH3;CH,O + OH. Also, in
collaboration with Green, we have predicted the kinetics of the allyl + HO, bimolecular reaction,
the thermal decomposition of C3HsOOH, and the unimolecular reaction of C3HsO. Direct
variable reaction coordinate transition state theory is used to characterize the barrierless
transition states for the allyl + HO, and C3HsO + OH reactions. The predicted rate coefficients
for allyl + HO, — C3HsOOH — products are in good agreement with experimental values. The
calculations for allyl + HO, — CsHg + O, underpredict the observed rate. The new rate
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coefficients suggest that the reaction of allyl + HO, will promote chain branching significantly
more than presumed in prior models.

High-Pressure Multiplexed Photoionization Mass Spectrometry (MPIMS) Reactor. A
Laboratory Directed Research and Development (LDRD) project at Sandia constructed a first
version of a high-pressure, high-temperature cell that has been interfaced with the existing
Sandia MPIMS kinetics machine (see DLO and CAT abstracts). The interrogation of high-
pressure reacting mixtures by MPIMS will facilitate unraveling isomer-specific pathways of
autoignition and molecular weight growth chemistry; for example, ketohydroperoxides have
recently been detected from butane oxidation in an atmospheric-pressure jet-stirred reactor by
Qi, Battin-Leclerc, and coworkers (Angew. Chem. Int. Ed., DOI: 10.1002/anie.200906850). The
initial testing of the Sandia high-pressure MPIMS cell will also be used to design a new machine
that will be optimized for high-pressure experiments.

Thermochemistry. The thermochemistry of gaseous substances is normally expressed
and tabulated as if these substances followed ideal gas behavior. However, real gases behave
approximately as ideal gases only in the limit of low pressure, with differences between the ideal
and real gas thermochemistry tending to grow exponentially as the pressure increases. Ruscic has
started exploratory investigations under the assumption that the essential nature of the departure
of real gas thermochemistry from its ideal counterpart can be successfully described by
combining the ideal-gas thermochemistry of the monomer, dimer, trimer, etc. The inverse of this
assumption is currently being explored within Active Thermochemical Tables by applying it to
test cases that involve the process of extracting ideal-gas vaporization enthalpies from actual
real-gas measurements under the assumption that the latter pertain to equilibrium mixtures of the
monomer, dimer, etc., each of which behaves as if it were an ideal gas.

Future Directions

We will continue working on the development of an accurate mechanism for the
combustion of propane at high-pressures over a range of temperatures. Miller will generate an
improved starting point for the core mechanism via updates to his current C1-C3 mechanism.
Another key aspect of this work will involve the implementation of the global uncertainty
screening of Davis for the Cl initiated oxidation experiments of Taatjes. This analysis will help
direct further experiments in delineating the processes that contribute to the chain branching
processes in the negative temperature coefficient regime. The modeling work will also be
extended to the consideration of various additional flame properties such as flame speeds and
species profiles. Klippenstein and Harding will study the propane + HO, abstraction reaction
with high level ab initio transition state theory.

Jasper and Miller will implement their first principles treatment of energy transfer for a
number of reactions of importance to propane combustion. Initially, they will study HO,, which,
as mentioned in the current progress section, is of key importance at high pressures. This study
will provide insight into the relative importance of the chain terminating reaction H + O, (+M)
— HO; (+M) as compared to the chain branching reaction H + O, — OH + O. The predicted
kinetics will be compared with available experimental results. We will also perform first
principles studies of energy transfer in the propane and propyl radical decompositions.

We will continue our work at implementing novel experimental and theoretical tools.
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Tranter has begun to develop a miniature high-repetition rate shock tube to provide well defined
high-temperature, high pressure conditions to investigate gas phase chemistry and particle
formation mechanisms. The shock tubes will act as reactors that can be coupled to multiple
analytical devices through a differentially pumped molecular beam sampling system (MBS) and
be compatible with the size and duty cycle requirements of experimental stations at the ALS and
APS. An orifice in the endwall of the shock tube will act as the first stage of the MBS. A fast-
acting piloted valve, based on a design by Combs et al. [Rev. Sci. Instrum., 75, 270 (2004)], will
be employed for the driver section at pressures up to 35 bar. This valve can be operated at
repetition rates of 6 Hz and achieves very high gas throughput. It will be coupled to a 6 mm bore
driven section equipped at multiple points with valves that permit rapid evacuation of the driven
section, a key to reducing cycle time. Consideration has also been given to the data acquisition
and control hardware and software that will be required and a new timing device has been
constructed that should permit timing information from several hundred experiments to be
acquired at the desired repetition rates.

Klippenstein and Harding will develop automated procedures for theoretically predicting
the kinetics at high pressure. Our initial focus in this area will involve treatments that consider all
torsional motions in simple abstraction reactions and that allow for consideration of all beta-bond
fissions from a given radical. Ruscic’s work on exploring the effects of high-pressure on
combustion thermochemistry will continue. Klippenstein and Harding will develop novel
approaches for treating the effects of vibrational anharmonicities on the rate constants. Jasper,
Harding, and Klippenstein will explore theoretical methods for treating the radical complex
mechanism. Our initial efforts will focus on the CH; + O, reaction, where interesting
experimental observations have been made.

Osborn has devised a novel experiment to probe the energy transfer process, via a half-
collision approach, using negative ion dissociative photodetachment. Utilizing a recently
upgraded apparatus in the laboratory of Robert Continetti (UC San Diego), we will form
negative ion complexes [ROOM]’, where R is a hydrocarbon free radical, and M is a bath gas
molecule, such as Ar, Xe, CO,, or H,O. By measuring the kinetic energy of the detached electron
in coincidence with the breakup of the remaining neutral cluster, we will measure energy
deposition into the fragments from an energy-selected parent cluster. This work will provide a
direct measure of the energy transfer function P(E,E’) as a function of the bath gas and the
number of bath gas atoms or molecules attached. In concert with the experiments, Jasper will use
trajectory simulations to compare with experimental results.

As the work on propane proceeds, including high-pressure MPIMS measurements, we
will begin similar studies related to the development an accurate mechanism for the high-
pressure combustion chemistry of butanols. First measurements of OH formation in high-
pressure Cl-initiated oxidation of n-butanol have been carried out in the Taatjes lab. The butanol
studies will include collaboration with the Princeton-led CEFRC, whose first target for
mechanism development is n-butanol.
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1 Scope of the project

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

2 Summary of recent major accomplishments

During the past year, we conducted several computational studies of open-shell and
electronically excited species. The common theme in these studies is interactions between
states of different character and intersections between the corresponding potential energy
surfaces (PESs). We also continued to develop computational methods for modeling elec-
tronic structure and spectroscopy of open-shell species. The DOE support is acknowledged
in seven publications[1, 2, 3, 4, 5, 6, 7]. The previous year DOE-supported publications are
8, 9, 10]. Some of the recent results are highlighted below.

2.1 Diazirine

Motivated by the experiments conducted in Prof. Hanna Reisler group, we investigated the
electronic structure of diazirine[2]. Our calculations of excitations energies and transition
probabilities identified the initial electronic state in Reisler’s experiments to be a valence
1A, (7* « onn) state, which is reached via the intermediate 1'B, (7* « n) state in a
two-photon process.
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Fig.1

2.2 Electronically excited and ionized states of 2-hydroxy-ethyl
radical

In collaboration with Prof. Hanna Reisler’s group, we investigated electronically excited
and ionized states of the CHoCH,OH radical[7]. Our calculations revealed that vertical ion-
ization from the ground-state conformers and saddle points leads to an unstable structure of
the open-chain CHyCHyOH™ cation (see Fig. 1). Consequently, adiabatic ionization ener-
gies (IEs) differ by more than 1 eV from vertical IE, and are therefore difficult to determine
experimentally.

1st order
SP

O—=mT

H,C——CH,

Figure 1: First ionization of
CH,CH,;OH. On the -cation PES
there is a first order saddle point in the

Franck-Condon region which connects
the CH3;CHOHT and CH,(OH)CHZ

AIE=6.21 and 7.37 eV.

neutral g.s.
H,C——C

\H

The ion isomerizes promptly either to the 1-hydroxyethyl ion, CHsCHOHT, or to the
cyclic oxirane ion, CHy(OH)CHg, and the Rydberg states are expected to display a simi-
lar behavior (see Fig. 2). The isomerization pathway depends on the dOCCH angle in the
ground state. The lowest valence state is repulsive and its dissociation along the CC, CO
and CH bonds, which leads to CHy, + CH,OH, CH,CH, 4+ OH, and H + CH,CHOH should
be prompt. The branching ratio among these channels depends sensitively on the dihedral
angles. Surface crossings among Rydberg and valence states and with the ground state are
likely to affect dissociation as well. We concluded that the proximity of several low-lying
excited electronic states, which can either dissociate directly or via isomerization and predis-
sociation pathways, would give rise to prompt dissociation leading to several simultaneous

dissociation channels.

2.3 Benzoxide diradical and its role in the benzene + O3P reaction

In collaboration with several experimental and theoretical groups, we investigated electronic
structure of benzoxide, an important combustion intermediate[5]. We characterized multiple
closely lying electronic states of the initial benzene + oxygen adduct (see Fig. 3). Using our
code for minimal minimum energy crossing points (MECP) within EOM-CC, we also located
and characterized the singlet-triplet MECP. Our results helped to reproduce experimental
branching ratios, yielding pressure-dependent rate expressions for the reaction channels,
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Figure 2: Relevant molecular orbitals
- ", n, involved in the lowest valence and Ryd-

berg transitions. Rydberg states’ PESs

are similar to that of the cation, while

the valence state is dissociative. The

relative state ordering depends sensi-
e e J tively on the conformation.

3s

including phenoxy + H, phenol, cyclopentadiene + CO, which are proposed for kinetic
modeling of benzene oxidation[5].

Figure 3: Frontier MOs of the C4gHgO adduct
at the 3A’-state geometry. In the open-shell
diradical state, the a’ m*-like orbital is al-
ways singly occupied, whereas different pop-
ulations of the a” or a’ lone pair orbitals give
rise to A’ and A” electronic states, respec-
tively. The lowest singlet states are of open-
shell character. The the closed-shell singlet
state, which gives rise to the phenol product,
is about 1 eV above the triplet state verti-
cally, however, the respective MECP is only
1.4 kcal/mol above the minimum.

2.4 Dyson orbitals and calculations of absolute and differential
cross sections for photodetachment and photoionization

We developed a computational method for calculating total and differential cross sections
for the photoionization and photdetachment experiments. As the first step, we benchmarked
and validated our approach for negative ion photodetachment[4]. The energy dependence of
the cross sections is reproduced well, however, the accuracy of absolute values varies. For F~,
C~, NH5, H™, the calculated cross sections are within the error bars from the experimental
values, whereas the errors for Li~ and OH™ are about 20%. The largest errors are observed
for O~ and O; for which the calculated cross sections differ from the experimental ones by
factors of 3 and 2, respectively. Calculated anisotropy parameters for atomic anions exhibit
too slow decrease, which suggests that the diffuseness of the computed Dyson orbitals is
underestimated. Moreover, in the asymptotic region, the orbitals exhibit artifactual oscilla-
tions probably due to the limitations of Gaussian basis sets. The analysis of the trends in the
experimental anisotropy parameters suggests that the interaction of the detached electron
with the core, which is neglected in the present model, is important.
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Current developments and future plans

Currently, we are pursuing modeling of dynamics of of CHyCH>OH using full-dimensional
PES to quantify branching ratios of different dissociation/isomerization channels. We are
benchmarking and validating our code for modeling absolute photoionization cross sections,
and improving our description of the free electron to achieve better accuracy.
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Scope of the Project

Combustion is a complex process involving short-lived radical species, highly excited states,
Kinetics, transport processes, heterogeneous chemistry on aerosols such as organic liquid
nanoparticles and soot, fluid dynamics, and energy transfer. Vacuum ultraviolet (VUV) light
from the Chemical Dynamics Beamline of the Advanced Light Source (ALS) provides a
powerful tool to selectively detect reaction products of carbon-based radical species (e.g. C;H,
CH, C3Hj3, CsHs ...) with other hydrocarbons and oxygen by photoionization mass spectrometry.
A multiplexed photoionization mass spectrometer apparatus at the ALS was jointly constructed
with David Osborn and Craig Taatjes of the Sandia Combustion Research Facility. Products
from key combustion reactions can now be detected and branching ratios estimated. In addition,
an aerosol apparatus coupled to photoionization mass spectrometry is used to study aerosol
heterogeneous chemistry. This endeavor explores aerosol particulate species chemistries, such
as in fuel sprays, their production in combustion, and impact on the environment.

C,H + 1-butyne

The gas phase reaction of ethynyl radical (C,H) with 1-butyne (CsHe) is studied at room
temperature (295 K) using a multiplexed photoionization mass spectrometer coupled to tunable
VUV synchrotron radiation [Soorkia et al., JPC A, 2010]. Ethynyl radicals are formed by 193
nm laser photolysis of CFsCCH. Two product channels are identified, i.e. CsHs and Cg¢Hs
corresponding to the CHs-loss and H-loss channels of the reaction, respectively. Photoionization
efficiency curves are used to analyze the isomeric composition of both product channels. The
CsH4 products are found to be exclusively linear isomers composed of ethynylallene and
methyldiacetylene in a 4:1 ratio. In contrast, the C¢Hs product channel includes two cyclic
isomers, fulvene 18(£5)% and 3,4-dimethylenecyclobut-1-ene (DMCB) 32(+8)%, as well as
three linear isomers, 2-ethynyl-1,3-butadiene 8(+5)%, 3,4-hexadiene-1-yne 28(x8)%, and 1,3-
hexadiyne 14(+5)%. Within experimental uncertainties, we do not observe appreciable amounts
of benzene and an upper limit of 10% is estimated for the yield of benzene. Diacetylene (C4H,)
formation via the C,Hs-loss channel is also thermodynamically possible but cannot be observed
due to experimental limitations. These results provide insight into the formation of small cyclic
molecules, especially CgHg isomers, in the reaction of C,H with unsaturated linear hydrocarbons,
which might play an important role in the early stages of molecular weight growth processes
leading to soot formation in combustion flames.

CH + pyrrole: formation of pyridine via a ring expansion reaction

The gas phase reaction of the ground state methylidyne radical CH (X°I1) with pyrrole (C4HsN)
has been studied in a slow flow tube reactor using multiplexed photoionization mass
spectrometry coupled to quasi-continuous tunable VUV synchrotron radiation at room
temperature (295 K) and 90 °C (363 K) [Soorkia et al., PCCP, 2010]. Laser photolysis of
bromoform (CHBr3) at 248 nm is used to produce CH radicals that are free to react with pyrrole
molecules in the gaseous mixture. A signal at m/z = 79 (CsHsN) is identified as the product of
the reaction, and the result is consistent with CH addition to pyrrole followed by H-elimination.
The photoionization efficiency curve unambiguously identifies m/z = 79 as pyridine. With
deuterated methylidyne radicals (CD), the product mass peak is shifted by +1 mass unit,
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consistent with the formation of CsH4DN and identified as deuterated pyridine (d-pyridine).
Within detection limits, there is no evidence that the intermediate addition complex undergoes
hydrogen scrambling. The results are consistent with a reaction mechanism that proceeds via the
direct CH (CD) cycloaddition or insertion into the five-member pyrrole ring, giving rise to ring
expansion, followed by H atom elimination from the nitrogen atom in the intermediate to form
the resonance stabilized pyridine (d-pyridine) molecule. The N-H bond in pyrrole is weaker than
any of the C-H bonds in pyrrole, providing a thermodynamic driving force for this selective
outcome and the lack of randomization of the H atoms in the adduct. The possible generality of
such ring expansion reactions in combustion will be important to characterize.

CH + propene

A key goal of this study is to examine whether the general trends learned from our earlier CH
studies of CH reactions with molecules like acetylene and ethene [Goulay et al., JACS, 2009]
can be extended to higher molecular weight systems, so that informed predictions can be made
about even larger molecular species. The major product branching ratios of the CH + propene
reaction are investigated at room temperature using the multiplexed photoionization mass
spectrometer coupled with tunable VUV synchrotron radiation. Preliminary results show that the
dominant product channel involves CH addition, followed by elimination of a H atom. Fitting
the photoionization efficiency (PIE) curve on the C4Hg product channel reveals the presence of 3
isomers that, because their absolute photoionization cross sections are known, allows
quantitative assignment of the branching fractions. The preliminary isomer contributions
corresponding to the best fit are 1,3-butadiene (70%), 1,2-butadiene (22%) and 1-butyne (8%).
We also investigated the CD + propene reaction to aid in unraveling the mechanism. The D:H
elimination ratio is measured to be 1:4. Analysis is ongoing and made somewhat complex by the
possibility of multiple addition complexes formed by either cycloaddition or insertion.

CH + benzene

The gas phase CH + benzene reaction has been investigated at room temperature. Benzene is
purportedly central to soot formation in many combustion systems and the fate of this reaction
impacts possible soot-forming pathways. The reaction is also of particular significance as the
addition of CH to benzene forms an intermediate of the formula C;H; that could implicate the
benzyl radical or cycloheptatrienyl radical. The high exothermicities of CH + hydrocarbon
reactions are interesting and informative high-energy probes of the relevant potential energy
surfaces. Photoionization mass spectra of the species involved in the CH + benzene reaction
reveals a dominant product on the C;Hg mass channel corresponding to CH addition followed by
H elimination. The PIE curve of this mass channel has a signal onset and general morphology
that is consistent with fulvenallene (c-CsH4-CCHy,). This product is a ring-contracted species that
has recently been predicted to be the dominant benzyl radical thermal decomposition product [da
Silva, et al., JPC A, 2010]. Further studies are currently underway to elucidate the mechanism of
the CH + benzene reaction.

CN + benzene and toluene

The room-temperature product branching of CN reactions with benzene and toluene is also
studied with vacuum ultraviolet photoionization at the Advanced Light Source [Trevitt et al.,
JPC A, 2010]. The only products observed are cyanobenzene and cyanotoluene. There is no
evidence for direct abstraction pathways, and neither is benzyl radical CsHsCH, detected. The
ortho, meta and para configurations for the reaction of CN with toluene were not resolvable in
the vacuum ultraviolet photoionization because of their similar ionization energies.
Corresponding Kinetic rate coefficient results suggest that both reactions proceed without an
energy barrier via addition complexes.
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Aerosol Chemistry — reactions of squalane with Cl in the absence/presence of oxygen

An important process in complex combustion reactions is heterogeneous reactions between
sprayed fuel droplets and reactive gas-phase radicals or molecules. Compared to the gas phase,
there are potentially more coupled reactions of reactants, products, and intermediates occurring
in the particle phase or gas-liquid phase. A simple atomic radical, Cl, is used to understand the
reaction mechanism initiated via a heterogeneous H abstraction reaction by a gas phase radical at
the surface of a sub-micron droplet of squalane. In the absence of O,, chlorinated reaction
products are formed and radical chain chemistry is observed; propagated by the R-+ Cl, — RCI +
ClI- reaction in the particle phase. Effective reactive uptake coefficients vary from 0.8 to 3.5,
corresponding to radical chain propagation lengths of 1.4 and 6.4, respectively. The magnitude
of the effective uptake coefficient is found to be approximately proportional to the [Cl,] in the
flow reactor. Molecular oxygen competes with molecular chlorine for reaction with R- and
replaces the chain propagation mechanism by a terminating reaction through the formation of
stable oxygenated products. Adding as much as 20% O, to the reaction effectively shuts off the
chain cycling reaction, producing oxygenated products and decreasing the uptake coefficient to a
diffusion-corrected value of 0.65+0.07. Additionally, the chemical evolution of the particle
follows a sequential oxidation mechanism. Under these conditions the CI initiated oxidation of
the particle is nearly identical to that found for the OH + squalane reaction albeit ~2.2 times
faster, due to the larger initial reactive uptake coefficient of Cl atoms compared to OH.

Aerosol Chemistry —reactivity of aerosols composed of unsaturated molecules

Oleic acid, linoleic acid, linolenic acid, and squalene, containing 1, 2, 3, and 6 C-C double
bonds, respectively, are utilized to explore the reactivity of droplets composed of unsaturated
molecules. These molecules are similar in structure to the long chain alkyl (methyl, ethyl, or
propyl) esters found in biodiesel and are reasonable model systems to begin to examine the
fundamental heterogeneous reactions between hydrocarbon droplets and gas phase radicals and
molecules. A closed shell molecule, Cl,, is found to react with these droplets despite the fact that
analogous reactions in the gas phase occur very slowly or not at all at room temperature. The
rates of these heterogeneous reactions are higher for the compounds containing more unsaturated
reaction sites. For example, squalene (6 C-C double bonds) reacts with Cl, more rapidly than
oleic acid (1 C-C double bond). From the chemical evolution of the particle phase, it is found
that one CI atom replaces one H atom for each reaction. Efforts are underway to construct a
detailed heterogeneous reaction mechanism.

Cl radicals are also used to probe the heterogeneous reactivity of gas phase radicals with C-C
double bonds in hydrocarbon droplets. These studies are designed to examine how hydrogen
abstraction reactions compete with radical addition when C-C double bonds are present. Very
large effective uptake coefficients are observed and depend upon [O;] in the reactor as well as
the number of unsaturated sites in the organic droplets. Effective uptake coefficients are 1.7 —
4.2, 14 — 47, and 50 — 130 for oleic acid, linolenic acid, and squalene, respectively, at [O,] from
0 to 20%. The effective uptake coefficient of Cl with squalene droplets increases from 50 to 95
when the chlorine molecule concentration increases from 4 ppm to 12 ppm in the absence of O..
Effective uptake coefficients much larger than 1 are clear indications of chain reaction chemistry,
which has the net effect of making the reaction rate 100 times faster than the CI atom collision
frequency. Efforts are currently underway to develop a detailed molecular explanation for these
heterogeneously initiated chain reactions.

Future plans

New studies will focus on additional gas phase radical-molecule reactions. In particular, we are
examining the trends of insertion reactions compared to cycloaddition reactions of the CH
radical. Products of the reaction of CH with cyclopentadiene (c-CsHsg) and indene (CgqHg) will be
investigated to determine the influence of resonance-stabilized intermediates on the final product
branching fractions of the reaction, in particular benzene and naphthalene, the smallest
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polycyclic aromatic hydrocarbons, PAHs, which are believed to be molecular precursors of soot
formation. Also, radical reaction/heterogeneous chemistry on carbonaceous soot particles has yet
to be explored at the level of detail that is now possible by using aerosol generation and
introduction instruments, flow tube reactors, and mass spectrometric detection tools. By
preparing fresh soot particles in a flame and immediately introducing them into a flow tube
system, we will study their reactivity and products with radicals, such as Cl atoms or C,H
radicals. The formation of larger PAH molecules that partition to the particle phase, produced by
the reaction of hydrocarbon radicals with naphthalene and higher aromatic ring compounds
derived from oil shales, will be investigated using the VUV photoionization aerosol mass
spectrometer. Since PAH molecules have low ionization energies, they are readily identified by
both their mass spectra and ionization energy. The oxidation of PAHs is a heterogeneous
process that competes with the formation of soot. Oxidation reactions take place on the surfaces
of soot particles and decrease the mass of PAHs and soot material through the formation of CO
and CO,. The main oxidation reactants are with OH radicals (under fuel-rich conditions) and O,
(under fuel-lean conditions). Experiments will be carried out to determine the mechanisms by
which these oxidants react with heterogeneous phase PAHs. These studies will shed light on
how different types of combustion particulate emissions also evolve in the atmosphere.
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I.  Program Scope

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

I1. Recent Progress

A. Quantum state distribution of the OH XIT products from collisional quenching of OH A’L* by

molecular partners in combustion environments

Collisional quenching of electronically excited OH A%Z* can occur through two types of processes:
non-reactive quenching that returns OH A" population to its ground X211 electronic state and reaction.
The outcomes for collisional quenching of OH A’Z* by H,/D, and N, partners have been studied
extensively in this laboratory. For these systems, both reactive®> and non-reactive®*® quenching
processes have been investigated experimentally. The OH A%Z* by H./D, system is emerging as a
benchmark system with new theoretical calculations of the potentials and dynamics as discussed below.

Recent work has expanded
experimental studies on the
outcomes of collisional guenching , N HO,A'A"
of OH A% to include quenching e . co
by O; and CO,. These systems HO A }!Um Ho XA |
are more complex than those _ 2w
previously studied since they
exhibit multiple low-lying
electronic states and/or reactive
channels that are depicted in
Fig. 1. We have examined the
OH XIT product state distribution OH XTI+ 0,Xs, OH XMl + CO,
from quenching of OH A*Z* by
O, and CO, as well as the
branching fraction for OH X1
production from  non-reactive
quenching.*

Comprehensive quantum state distributions have been measured for the OH X1 products from
quenching OH A%z (v'=0, N’=0) by O, and CO,. For both collision partners, OH products are formed

OHA’S +0,X's,” OH A'S" + CO,

HO, X*A"
o,b's’

Energy / em’

OH X1 + -
10000 o, ul__\x

HOOO X*A"

Fig. 1 Schematic energy level diagram illustrating possible non-reactive and
reactive quenching channels for OH AZ* with O, and CO,.
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predominantly in v"=0 with less population in v"=1 and none detected in v"=2. No fine-structure effects
are observed with either collision partner. With O, as the collision partner, the ground-state OH XI1
products are generated with a significant degree of rotational excitation, peaking at N” ~ 17 with ~4800
cm™ of rotational energy on average. Branching fraction measurements reveal that 40(1)% of the
products are OH X°IT (v"=0, 1). With CO, as the collision partner, OH XIT radicals are produced with a
more moderate degree of rotational excitation, peaking at N” ~ 5 with an average rotational energy of
~1800 cm™. In the case of quenching by CO,, 62(5)% of the products are identified as OH X?IT (v"=0,
1). For both systems, the balance may be found in higher OH XIT vibrational levels v">2 or more likely
reactive quenching channels.

These results differ from previous observations made using H,/D, and N, collision partners. In
particular, quenching by O, and CO, show markedly different branching for production of OH X?I1. For
H, and D,, only 12(5)% and 15(8)% of the quenched products are OH X1 with the balance being lost
through reaction.? For N, non-reactive quenching collisions dominate, with >88(3)% of the quenched
population accounted for as OH X211 and the balance thought most likely to be in yet higher undetected
rotational states of v”=0 and 1.%°

B. State-to-state vibrational energy transfer in OH A’Z* with N,
For OH A% + N, collisional quenching results in the nonradiative removal of population from the
A’L* state, principally through non-reactive transfer back to the ground X°IT state. In this system,
collisions also induce transfer of population to other rovibrational levels within the excited OH A*s*
electronic state, namely vibrational energy transfer (VET), with comparable efficiency as quenching.
Vibrational energy transfer from v'=0 to v'=1 in the
excited OH A?S" electronic state has been investigated at
low energies in the collisional region of a free-jet
expansion.’? High rotational levels of OH in its excited
A’Y* (v'=0) electronic state, the starting point for the state- 36000
to-state VET studies presented here, are populated by a
multi-step process illustrated in Fig. 2: A pump laser (blue
arrow) initially prepares OH A%Z* (v'=0, N'=0), which is
quenched by collision with N, producing highly
rotationally excited levels of OH in its ground X?IT (v"=0)
electronic state,® which is shown for reference in Fig. 2.
OH X211 (v'=0) population in high rotational levels is then
excited with a second UV laser (red arrow) to prepare OH 8000 1
in specific rotational levels (N'=14-22) of the excited A’*
(v'=0) state, which lie above the energetic threshold for OH 4000 1
AZE* (v'=1). =
Subsequent collisions with N, result in population of a 0l e

distribution of OH A’E* (v'=1) product rotational levels OH X2IT (v'=0, N") OQuenched Population

that is characterized through dispersed fluorescence ) ) o
spectra. The OH At (v'=1) products of VET are Fig. 2 Schematic energy level diagram depicting
characterized through dispersed fluorescence spectra, WO Step laser excitation scheme, guenched
. . population distribution and vibrational energy

Spectral simulations based on an assumed energy gap o 2t

. . P transfer (VET) process within the OH AX
relationship are used to extract the OH A"X" (v'=1) product g0
rotational distributions for each initially prepared level.
The majority of the OH A”Z* (v'=1, N') products are observed in the most near-resonant level of v'=1 with
population falling off rapidly in lower rotational levels. The near-resonant transfer involves a substantial
change in rotational quantum number which increases as the initial rotational level of OH A%Z* (v'=0) is
decreased. The efficiency of transfer from the initially prepared OH A%Z* (v'=0, N) level to v'=1 is

OH A’S'(v'=0, N)  OH A’S*(v'=1, N')

40000 A

il

1
w
N
o
o
o

!

Energy / cm’

12000 A
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assessed by comparing the intensity of emission from v'=0 and v'=1. This analysis reveals that the
fractional transfer changes by an order of magnitude over the range of initial rotational levels of OH A%z
(v'=0) investigated; a larger fraction is transferred to v'=1 for higher initial rotational levels. The
fractional transfer correlates inversely with the magnitude of the change in angular momentum between
initial and final states, which range from AN = 5-9, suggesting that angular momentum constraints control
the efficiency of VET at low collision energies.

C. Infrared spectrum and stability of the H,O-HO complex: Experiment and theory

Hydroxyl radicals (OH) form strong hydrogen bonds with water. Such interactions are found in the
gaseous environment of the atmosphere, the interface of liquid water and ice, and bulk regions of liquid
water, snow, and ice. Hydroxyl radicals are also important products of electron-driven processes in
water.®® The study of the binary H,O-HO complex provides insight on the interactions of OH with a
single water molecule and larger water networks found in the aforementioned systems. The experimental
and theoretical study in this laboratory utilized experimental gas-phase vibrational spectroscopy in the
OH radical stretching region and a two-dimensional vibrational approach to investigate the binary H,O-
HO complex,** the latter in collaboration with Anne McCoy (OSU). We also benefited from
collaboration with Joe Francisco (Purdue) on high-level ab initio calculations.

Binary H,O-HO complexes are produced by association of photolytically generated OH radicals with
H,O from dilute nitric acid and identified by infrared action spectroscopy. The spectra display two
distinct spectral bands: a dominant feature at 3490 cm?, assigned to the fundamental OH stretch of H,O-
HO, and a weaker feature at 3475 cm™, shifted by 78 and 93 cm™ to lower frequency of the OH stretch in
an isolated OH molecule. The shift in frequency of the 3490 cm™ band is consistent with the harmonic
shift calculated at the CCSD(T) level with very large basis sets and the shifts previously reported for the
H,0-HO complex in matrices. The rotational substructure in both bands is in accord with prior FTMW
studies of H,0-HO.**Y

In an effort to elucidate the assignment of the weaker band, we constructed a two-dimensional
potential incorporating both v,, the OH radical stretching mode, and vs, the H,O out-of-plane bending
mode. Adiabatic potentials incorporating OH stretch with v,=0 and 1 were generated as a function of the
angle out-of-plane. This study demonstrates the coupling between these two modes, which leads to
changes in the effective potential for the out-of-plane bending motion upon OH vibrational excitation, in
particular the height of the barrier to planarity. Based on these calculations, we assign both bands as
transitions within the nominally °A’ electronic surface. The 3475 cm™ band is likely a hot band
originating from a state with one quantum in the out-of-plane bend. The latter is calculated to be 13.7
cm™* lower in energy than the fundamental in the OH stretch with a comparable transition moment to the
v, fundamental transition.

Finally, using action spectroscopy to monitor the absorption of a photon by the H,O-HO complex
enables us to obtain an upper bound on the binding energy of the complex based on the OH product state
distribution. Analysis of the distribution arising from exciting the complex at 3491.3 cm™ yields an
experimental binding energy of D, < 5.14 kcal mol™. For comparison, the electronic binding energy D,
calculated at the CCSD(T) level of theory and the CBS limit is 5.6 kcal mol™. Interestingly, the H,O-HO
complex is predicted to have a larger electronic binding energy than those from the best calculations
available to date for the water dimer! Future work is aimed at experimental and theoretical studies of
partially and fully deuterated H,O-HO complexes to ascertain their OH/D radical stretching frequencies,
OH/D product state distributions, and binding energies.

I11. Ongoing Work

High-level theoretical calculations of potentials and dynamical outcomes are being carried out for
quenching in the benchmark OH A”L* + H, system by several groups. Bowman and coworkers have very
recently reported classical trajectory calculations of the post-quenching dynamics based on MRCIl/aVTZ
potentials, starting the trajectories at previously identified conical intersections.”®  Product state
distributions for the ground electronic state of OH and H-atom translational energy distributions for
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abstraction and insertion mechanisms have been calculated and compare favorably with our experimental
distributions. They find that the branching between reactive and non-reactive quenching agrees with
experiment only when using diabatic sampling. Stimulated by this theoretical breakthrough, we are
currently examining the reactive and non-reactive quenching outcomes for the OD A%Z* + H, system, so
far having measured the OD X°IT product state distribution and branching fraction, while Bowman and
coworkers are investigating the isotopic variants theoretically.
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Program Scope

This research program is directed at ex tending fundamental know ledge of atoms and molecules.
The approach combines the use of ab initio basis set methods and the quantum Monte Carlo (QMC)
method t o de scribe t he e lectronic s tructure a nd e nergetics of s ystems of pr imarily combustion
interest.

Recent Progress

Electronic structure and chemical activity of polyaromatic hydrocarbons for
combustion processes and energy storage

The significance of electronic s tructure s tudies of graphene and related s ystems comes from the
high relevance of the c hemistry of pol yaromatic h ydrocarbons (PAHs) for the m ost ¢ hallenging
fundamental issues, such as the design of novel semiconducting materials, and applied areas, such
as the thermodynamics of combustion and energy storage in batteries. With the increasing size of
PAHs of interest, the application of very accurate quantum chemical methods becomes prohibitively
expensive. This s ituation is mor e dr astically p ronounced i nt he s tudies of s ubstrates t hat a re
presently too large to use single-molecule electronic structure methods, but too small to be treated
as an infinite s ystem. T herefore the de velopment of s imple mode Is t hat ¢ apture the e ssential
features of PAH chemistry and that are readily transferable to large systems is desirable.

a) Local aromaticity and relative stability of oxy radicals of linear and rectangular PAHs

Attention here is drawn mostly to the oxidation of P AH substrates and the relationship be tween
local electronic structure of substrates and oxidation thermodynamics. The recent investigation of
the L ocal electronic s tructure o f linear P AHs as models of zigzag graphene edges by this group
showed that the relative stability of linear pentacene oxyradicals can be explained by fragmentation
of the delocalized pi-electron system of the precursor pentacene molecule and formation of locally
aromatic fragments. Linear PAHs provide less flexibility for rearrangement of pi-electron structure
compared to realistic tw o-dimensional s ystems. In the latter case, both the influence of adjacent
edges and interior r egions ne ed t o be a ccounted for. Local a romaticity a ppearsto b e ar obust

185



concept for as sessment of 1 ocal el ectronic s tructure and stability of P AHs. I n a ddition, local
aromaticity is closely related to structural properties of P AHs, including bond length in six-atom
rings, and is, therefore, is easily computable for systems of essentially any size.

In the present study, the relative stability of ox yradicals of two-dimensional PAH substrates w as
investigated to establish the role of adjacent edges and interior regions and to identify the structural
fragments responsible for the structural relaxation and stabilization upon oxidation.

b) Nature of diradical states of graphene at correlated levels of theory.

For larger PAHs, it is important to identify the nature of the ground state in view of the possibility
of there being multi-configurational open-shell states with energies close to the ground state. The
implications of spin-polarization for model systems also requires investigation. It is important here
to ¢ larify how 1 nterior a nd e xterior ( edge) r egions, and e xterior regions of di fferentt ypes
(zigzag/armchair) of a finite-size graphene patch contribute to spin-polarization so that it is clear
what kinds of effects are important in model studies.

A family of small graphene patches, i.e., rectangular PAHs, that display both zigzag and armchair
edges was investigated to establish their ground state electronic structure. Broken symmetry density
functional t heory (DFT) and plane wave D FT were us ed to characterize t he ons et of di radical
character via relative energies of open-shell and closed-shell singlet states. The perfect pairing (PP)
active space appr oximation of coupl ed cluster t heory w as al so used to characterize di radical
character on t he basis of promotion of electrons from occupied to uno ccupied molecular orbitals.
The role of zigzag and armchair edges in the formation of open-shell singlet states was clarified. In
particular, it w as f ound t hat el ongation of t he former r esults in increase of di radical ch aracter
whereas elongation of the latter leads to decrease of diradical character. Analysis of orbitals from PP
calculations s uggests t hat di radical s tates a re f ormally M obius a romatic mul ticonfigurational
systems.

C) Thermodynamics of soot oxidation: dissociation of OH bond in phenol at the QMC level.

The chemistry of phenol and the phenoxyl radical play fundamental roles in diverse scientific
domains. For example, benzene is the smallest cyclic aromatic hydrocarbon used to model the

small soot molecules that are produced by incomplete combustion processes and the phenoxyl
radical is a representative product of the oxidation reactions that initiate thermal decomposition of
soot. In biological contexts, conversion between the phenol and phenoxyl forms of tyrosine serves
as a one-electron redox reaction that mediates the reduction of ribonucleotides and the metabolism
of galactose. In light of the broad significance of phenol and the controversy over the value of

the O—H bond dissociation energy (BDE) that fomented in the literature a few years ago, we have
used the diffusion Monte Carlo (DMC) method to compute benchmark values for this BDE.

The hom olytic O-H bond BDE of phenol was determined from DMC calculations using single
determinant trial wave functions. The DMC method yields an<®l BDE of 87.0 + 0.3 kcal/mol

with restricted Hartree-Fock orbitals and 87.5 = 0.3 kcal/mol with restricted B3LYP K ohn-Sham
orbitals. These results are in good accord with the extrapolated B3P86 results of Costa Cabral and
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Canuto ( 88.3 kc al/mol) a nd t he recommended e xperimental va lue of B orges dos S antos a nd
Martinho Simdes (88.7 + 0.5 kcal/mol).

This study shows that the O—H BDE of the phenol molecule can be accurately obtained using single
determinant trial wave functions constructed from restricted HF and DFT orbitals. The results are
encouraging f ort he a pplication of t he ¢ urrent m ethodologyt o1 arger a romatic m olecules.
Exploration of possible improvements from multi-determinant trial wave functions on DMC BDEs
remains for future w ork. F urther i nvestigation is ne eded t o unde rstand why C CSD(T), w hichis
typically very accurate, over estimates the O—H BDE of phenol.

Future Plans

We shall ¢ ontinue e xploration of r eactions on graphene ed ges in ¢ ollaboration w ith Michael
Frenklach’s g roup. F ollowing DFT studies of the reaction systems, QMC computations will be
performed on the most critical reaction steps arising from the DFT analysis. F or e very reaction
system, the Frenklach group will determine a complete set of rate coefficients.
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I. Program Scope

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

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

During the last year we continued our numerical simulations of high-resolution two-photon-
induced laser-induced fluorescence (LIF) spectroscopy and ERE CARS spectroscopy of nitric oxide
(NO). We have incorporated an effective intermediate electronic level in our calculations to account for
the effects of the numerous intermediate electronic levels for the A*X*-X°IT two-photon resonances. We
also continued a detailed investigation of ERE CARS spectroscopy of nitric oxide, concentrating on a
DNI analysis of saturation effects in the ERE CARS process, and we have further developed a DNI model
for broadband Stokes, single-pulse ERE CARS measurements. During the last year we incorporated the
effects of AC Stark shifting in both the two-photon absorption code and, with even more striking results,
in the NO ERE CARS code. We have continued a detailed DNI analysis of the fs CARS process for gas-
phase N,. We have demonstrated the acquisition of single-shot fs CARS signals from flames using a
chirped pulse probe pulse following excitation of the Raman coherence using nearly Fourier-transform-
limited pump and Stokes pulses. We have developed analytical techniques and numerical codes for the
accurate determination of temperature from chirped-pulse probe fs CARS signals, and we continue to
work on improving and optimizing these codes. We have also continued our development and application
of injection-seeded optical parametric sources for high-resolution spectroscopy. In particular, we have
demonstrated the use of an optical parametric oscillator (OPO) system with pulsed dye amplification
(PDA) for the generation of pulsed, tunable, single-axial-mode laser radiation in the blue region of the
spectrum. This system was used NO PLIF imaging.
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II. Recent Progress

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

We continue to investigate the physics and explore the diagnostic potential of ERE CARS for
measurements of NO [P2, P5, P6, P8]. The primary motivation for the work is to determine whether ERE
CARS can be used to measure NO in high-pressure environments, where LIF measurements are very
difficult because of interfering LIF signals from species such as O,, H,O, and CO,. ERE CARS is
inherently more selective because of the requirement for both electronic and Raman resonance for signal
generation. We have completed a detailed investigation of saturation effects in narrowband, scanning NO
ERE CARS spectroscopy. The coupling of saturation effects for the Raman transition and the ultraviolet
probe transition is quite complex and was investigated in detail. The inclusion of the AC Stark effect in
the ERE CARS code was necessary to obtain good agreement between theory and experiment. In the
ERE CARS measurements, the energy of the probe level is shifted due the near resonant coupling of
single-photon transitions from the probe level to higher levels with the visible pump and Stokes laser
radiation. This interaction is depicted schematically in Fig. 1 and has now been incorporated in the ERE
CARS code, and we have obtained excellent agreement between experimental and calculated ERE CARS
spectra. We have also continued our development of a DNI model for single-shot, broadband Stokes ERE
CARS. The broadband Stokes laser is simulated using a multimode laser model with random phases for
the modes and Gaussian-distributed mode amplitudes. The temporal dependence of the resulting ERE
CARS signal is calculated using DNI methods, and the signal is then Fourier transformed to generate the
ERE CARS spectrum for comparison with experiment. The theoretical spectra are in good qualitative
agreement with experimental single-shot spectra. We have also incorporated the AC Stark effect in the
broadband Stokes ERE CARS code. At this point the effect of the ac Stark effect on the detection limit
for broadband Stokes ERE CARS is not clear. It may actually act to increase signals by sweeping
neighboring probe transitions into resonance with the probe laser during the ERE CARS interaction.

B. Femtosecond CARS Calculations

Fs CARS offers several major potential advantages compared with nanosecond (ns) CARS; i.e.,
CARS as usually performed with nanosecond pump and Stokes lasers. These potential advantages
include an elimination of collisional effects in the generation of the signal and the capability of
performing real-time temperature and species measurements at data rates of 1 kHz or greater as compared
to 10-50 Hz for ns CARS. During the past year single-laser-shot temperature measurements at a data rate
of 1 kHz were performed in a gas cells, in near-adiabatic laminar flames, in a driven laminar flame, and in
a turbulent Bunsen burner flame. room-pressure cell at temperatures of 300 K, 500K, 700K, and 900K.
The measurements were
performed using a laser system at
Wright-Patterson Air Force base
in collaboration with Drs. Sukesh
Roy and James R. Gord; a
schematic ~ diagram of the
experiment is shown in Fig. 2.
The single-laser-shot
measurements were performed by
using a chirped probe pulse to
map the time-dependent
frequency-spread decay of the
Raman  coherence into the
spectrum of the CARS signal
pulse. Temperature ~ was
determined from the spectral
shape of the chirped-probe-pulse
(CPP) fs CARS signal for probe

Figurel. Energy level diagram for the AC Stark shifting of the probe
level in NO ERE CARS.
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The physics of the CPP fs
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equations for the fs CARS process were formulated and manipulated into a form suitable for solution by
direct numerical integration (DNI). The temporal shapes of the pump, Stokes, and probe laser pulses are
specified as an input to the DNI calculations. Based on these numerical results, a much faster fitting code
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Figure 4. Histogram of single-shot temperatures determined
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was developed to generate synthetic CPP fs
CARS spectra. The parameters in the fitting
code were varied to obtain the best fit
theoretical  spectrum for a  given
experimental spectrum, and temperature was
determined as one of the best-fit parameters.
A histogram of 1000 single-laser-shot
measurements, recorded in 1 second) for the
®=0.5 flame is shown in Fig. 4. The
temperature  histogram  has  standard
deviation of less than 1%. Our results from
the past year indicate that the precision of
the single-pulse CPP fs CARS temperature
measurements is approximately a factor of
two better than for well-optimized single-
pulse ns CARS measurements.

C. Modeling of Two-Photon Resonances
and Six-Wave Mixing Processes

We are continuing our collaborative
efforts with Dr. Thomas B. Settersten at
Sandia’s Combustion Research facility on
six-wave mixing (6WM) spectroscopy and
polarization  spectroscopy of  atomic
hydrogen. The DNI computer code for the
calculation of 6WM and PS signals from
atomic hydrogen was significantly modified
to incorporate all of the different possible
photon mixing processes that can potentially
contribute to both the 6WM and PS signals.
The modeling of collisional processes in
atomic hydrogen has also been modified to
account for coherence transfer as well as



population transfer. However, the AC Stark effect has not yet been included in the model, and this is a
very significant effect and explains much of the disagreement between our previous model results and the
experimental data. The AC Stark shift of the upper level for the 243-nm two-photon transition will be
incorporated in the numerical model during the next year.

III. Future Work

We plan to pursue further theoretical and experimental investigations of the ERE CARS process
for species such as NO, OH, CH, and C,H,, especially at higher pressures where collisional narrowing
may result in significant improvement in the detection limits. The DNI code for single-pulse, broadband
Stokes ERE CARS has been developed and, now that the AC Stark effect has been incorporated, will be
used to further explore the physics of the single-pulse ERE CARS process. Further theoretical
investigations of the interaction of fs laser radiation with gas-phase resonances will be performed, and the
computer code to extract temperature from single-shot, chirped-probe fs CARS signals will be optimized.
Also, we will begin experimental fs CARS experiments in our laboratory after the delivery of a new
ultrafast laser system to our laboratory later this year. This laser system operates at 5 or 10 kHz with
pulse energies of >2.6 mJ and >1.05 mJ, respectively. This system is significantly more powerful and
capable than the system at WPAFB that has been used for CPP fs CARS measurements to date. Our
investigation of the physics of two-photon, two-color PS and 6WM for H-atom measurements will
continue in collaboration with Tom Settersten at Sandia; incorporation of the AC Stark effect in the
atomic hydrogen code is a high priority. We will continue to explore the physics of these processes using
our DNI code. We plan to develop the capability for simultaneous operation of injection-seeded
OPG/PDA and OPO/PDA systems. We will use the systems for two-color PS and 6WM measurements
of atomic hydrogen and atomic oxygen.
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Background

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

Recent Results

The recently acquired continuous wave infrared OPO laser has been integrated
into the experimental data acquisition procedures using Lab View and PXI data
acquisition modules. In an absorption experiment, amplitude fluctuations of the probe
beam are the largest source of noise in an experiment. In the present arrangement, laser
amplitude fluctuations from the source laser are suppressed using software differential
subtraction of Iy and | temporal profiles from balanced detectors directly following each
photolysis laser pulse. Previously, tuning the laser frequency to the peak of an absorption
feature was facilitated using box-car signal averaging over the widest box car gate of 20
usec. This procedure has been replaced by displaying the moving average of a signal
derived from recording separate lp and | profiles for 2 ms, calculating the integral of this
differential signal and normalized to the ArF photolysis laser intensity. The peak position
of a spectroscopic transition with an absorbance as low as 0.1% can be determined using
this method.

NH,(X?B;) + NH,(X?B;) Recombination. The NH radical is an important intermediate
in both the production of NOx in combustion processes and the removal of NOx from
combustion exhaust gases. The removal processes are based on the addition of NHj,
(HOCN); or (NH2),CO to the gas stream, resulting in the Thermal DeNOx, RAPRENOx
and NOxOUT treatment processes, respectively. A key reaction in these processes is the
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NH + NO reaction. The NH, radical also plays a key role in the pyrolysis of NH3 and
other environments where nitrogen chemistry is important. However, in spite of its
importance, the chemistry of the NH; radical, especially in reactions with other transient
species, has not been widely studied.

In a continuation of the study of the NH, + OH, it became necessary to extend the
number of species in the gas flow, as will be discussed in the next section. Thus, a study
of the self-recombination of the NH; radical, reaction 1, in a variety of third bodies is
being carried out to provide a larger data base to further the understanding of three body
effects on this reaction. To date, work has been conducted on reaction 1 in He, CO, and
H,0. Future work will also involve SF to see if these experiments can be extended over
a sufficient pressure range to experimentally estimate the high pressure limit for NH; +
NH.. Klippenstein et al. (S. J. Klippenstein et al. J. Phys. Chem. A 113, 10241 (2009))
have provide detailed theoretical and experimental guidance for many radical-radical and
radical-molecule reactions of interest to this program. In particular, they have calculate
the high pressure limit for reaction 1 using high level ab initio theoretical techniques to
describe the NH, + NH, PES and variational transition state theory to calculate rate
constants. At 293 K, only one product channel is energetically accessible:

NH, + NH, —M 5 NoH, AHo, = -267.5 ki mole™. (1)

In the present investigation, the NH, radical was created by the 193 nm photolysis
of NHjs dilute in CF,4 and the third body. Temporal concentration profiles of both NH3
and NH; were recorded simultaneously using time- and frequency-resolved absorption
spectroscopy. Unlike previous work, NHz was monitored on the v; 9Qs3(3) fundamental
transition, providing much larger signals to monitor the NH3 temporal concentration
profiles. The loss of NH3 was directly related to the production of NH; in order to
calculate the peak absorption cross section for the NH, transition used. Preliminary
analysis provides the relative three body efficiency for NH, self-recombination:
He<Ar<N,<CO,<H,0, with H,O about 10 times more efficient than He.

NH(X?B;) + OH(XII). Experiments have continued on the NH, + OH reaction system
in order to identify and measure the product branching ratios for this reaction. The OH
radical possess electronic angular momentum so that the singlet and triplet spin manifolds
now have A’ and A" electronic symmetry in planar geometry. There are several possible
product channels:

NH; + OH — NH; + O(P) AHo; = -495 k) mole™  (2a)
— H,0 + NH(XY) =-106 kJ mole™ (2b)

s H, + HNO(X'AN =-124 kJ mole™ (2c)

M_y NH,OH(X'A) = -258 kJ mole™, (2d)

As mentioned, Klippenstein et al. investigated reaction 2 both theoretically and
experimentally at high temperatures. Theoretically, at 300 K channel 2b was predicted to
have a rate constant of 1.6x10™* cm® molecules™ s™*. Preliminary experiments, reported
last year were in reasonable agreement with this total rate constant but the branching into
channel 2b was much smaller than the theoretical prediction. However, these
experiments used high concentrations of N,O to generate large concentrations of OH
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from the reaction O(*D) + H,O; thus, potential secondary reactions, OCP) + OH and NH;
and NO + NH and NH, could complicate the data interpretation. Initially, work was
directed to a study of the O(®P) + NH, reaction to verify the literature branching ratio.
This is the only other reaction producing NH. The data was not interpretable using a
simple straightforward mechanism. Unidentified secondary chemistry was contributing
to the kinetics and is under further investigation. Although not efficient, the
photodissociation of H,O at 193 nm provides a clean source of OH radicals without the
addition of any secondary chemistry. An example of the data collected using this OH
source is shown in Figure 1b. The addition of small quantities of N,O enhances the OH
radical concentratlon but keeps secondary concentrations of O( P) and NO < 1x10"
molecules cm™. An OH profile obtained under these conditions is shown in Figure 1d.
Both NH, and OH or other infrared absorbing species were monitored simultaneously.
The chemical model describing this system is more complicated than the sum of the
individual self-reaction mechanisms because of the large number of cross-reactions
between the two systems, and consists of over 80 reactions and 28 species. Under the
conditions of these experiments no NH was detectable although the predicted model
concentration peaked at 1x10™ (an absorbance of 0.5%) if the only product channel was
2b. The solid curves in panels b and d show the model predictions for the OH
concentration profile using the recent rate constant measurement for the OH + NyH,4
reaction, Ks. (Vaghjlanl Int. J. Chem. Kmet 33 354 (2001)) Better fits to the OH profile
are obtained if ks is reduced to ks=1.0x10™* cm® molecule™ s, as shown by the dashed
lines in the figures. This adjustment reduces the scatter in the data for kop and shows a
definite increase in kop with increasing pressure.

Publications 2008-present.

Determination of the rate constant for the NH,(X?B;) + NH,(X°B,) reaction at low
pressure and 293 K.

-Mi-Kyung Bahng and R. G. Macdonald

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

Determination of the rate constants for the radical-radical reactions NH,(X?B1) +
NH(3%2") and NH,(X?B;) + H(®S ) at 293 K.

-Mi-Kyung Bahng and R. G. Macdonald

J. Phys. Chem. A 113, 2415-2423 (2009).
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Fig. 1 Determination of k;° and k,c under conditions which minimize O(CP) and NO
formation. Panels a and b show NH; and OH temporal concentration profiles, respectively,
were OH is produced only from H,O photolysis. The model predictions are k{*° =
3.53x10™* cm® molecules™ s™ and kyc = 1.53x10™* cm® molecules™ s™ with ks = 3.8x10™*
cm® molecules™ s (— solid curve). A much better fit gives kop = 2.56x10™ cm?
molecules™ s if ks = 1.0x10™ cm * molecules™ s*(- - -dashed curve). The conditions of
the experiment: Prnis=3.86Xx107° Pcra=0.392, Pe=2.215, and Py20=4.52 Torr. Panels ¢
and d show the same except Pn2o = 0.12 Torr has been added in increase the OH signal.
The model predictions are k= 4.08x10™ cm® molecules™ s™, and koc = 1.16x10™"* cm?
molecules™ s™* with ks = 3.8x10™** cm® molecules™ s (— solid curve), and kyp = 2.02x10™
cm® molecules™ s if ks = 1.0x10™** cm® molecules™ s™(- - - dashed curve).
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Theoretical studies of chemical reactions related to the formation and growth
of polycyclic aromatic hydrocarbons and molecular properties of their key

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

Program Scope

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

Recent Progress

Reactions of phenyl radical with C4Hg isomers. G3(MP2,CC)//B3LYP/6-311G**
calculations were performed to investigate the potential energy surface and mechanism of the
reaction of phenyl radical with 1,2-butadiene followed by kinetic RRKM-ME calculations of the
reaction rate constants and product branching ratios at various temperatures and pressures. The
results showed that the reaction can proceed by direct hydrogen abstraction producing benzene
and C4Hs radicals or by addition of phenyl to different carbon atoms in CH,CCHCHj; followed by
isomerizations of CyoHi; adducts and their dissociation by H or CH3 losses. The H abstraction
channels were found to be kinetically preferable and to contribute 70-90% to the total product
yield in the 300-3000 K temperature range, with the products including C¢Hg + CH,CHCCH,
(~40%), C¢Hg + CH3CHCCH (5-31%), and CgHs + CH,CCCHg3 (24-20%.) The phenyl addition
channels were calculated to be responsible for 10-30% of the total product yield, with their
contribution decreasing as the temperature increases. The products of the addition channels
include collisionally stabilized CyioH1; adducts, 1-phenyl-2-buten-2-yl, 1-methyl-3H-inden-2-yl,
3-phenyl-2-buten-2-yl, and 2-phenyl-2-buten-1-yl / 2-phenyl-1-buten-3-yl, which are favored
under low temperature - high pressure conditions, as well as their dissociation products, indene +
CHjs, 1-phenyl-propyne + CHs, phenylallene + CH3, and 2-phenyl-1,3-butadiene + H, preferred at
higher temperatures. The maximal yield of indene, 7.5%, was found at 500 K and 7.6 Torr,
however, at the temperatures relevant to combustion, its branching ratio does not exceed 1%.
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Three-parameter modified Arrhenius expressions were generated for the total reaction rate
constants and rate constants for the most important product channels, which can be utilized in
future kinetic modeling of the formation mechanism of cyclopentafused polycyclic aromatic
hydrocarbons.

The computed PES of the CgHs + 1,2-butadiene reaction and molecular and energetic
parameters of its intermediates, transition states, and products were also used to interpret the
results of crossed molecular beam experiments by Ralf Kaiser’s group at the University of Hawaii
within the DOE Combustion Research Program. Based on the combined experimental
observations and theoretical data, the reaction, carried out under single collision at two collision
energies of 109 + 3 and 156 + 5 kJmol™, was found to follow indirect scattering dynamics via an
addition of the phenyl radical with its radical center to the sterically favorable C1 atom of the 1,2-
butadiene reactant. Under the experimental conditions, the initial reaction intermediate
decomposed via atomic hydrogen loss to form two CioHio isomers, 1-phenyl-3-methylallene and
1-phenyl-butyne-2, via tight exit transition states. The failure to observe in crossed beams the CHs;
loss and direct H abstraction products predicted by the RRKM calculations may be explained by
difficulties in experimental detection of C¢Hs/C4Hs fragments and possible deviations of the
reaction system from the statistical behavior at the high collision energies used.

In a similar way, Kaiser’s group studied the reactions of phenyl radical with 1-butyne and
2-butyne in a crossed molecular beams machine at collision energies of about 150 kJmol™.
Combining the crossed beams data with our electronic structure calculations on the CgHs +
HCCC;Hs and CgHs + CH3CCCHj3 PESs, we found that both reactions involve indirect scattering
dynamics and are initiated by additions of the phenyl radical with its radical center to the (ste-
rically more accessible) acetylenic carbon atoms of the reactants. With respect to the formation of
CioH10 isomers, the reaction intermediates fragmented through the ejection of hydrogen atoms
yielding 1-phenyl-3-methylallene and 1-phenyl-1-butyne (both from 1-butyne) as well as 1-
phenyl-1-methylallene (from 2-butyne); all decomposition pathways involved tight exit
transitions states. Meanwhile, we have studied theoretically all other possible pathways of the
reactions of phenyl radical with 1- and 2-butynes. The initial adduct of the CgHs + 1-butyne
reaction can lose not only a hydrogen atom but also the methyl group producing a CoHg isomer
phenylallene. The CHjs loss channel is energetically preferable as compared to the H elimination
pathways; according to our RRKM calculations, the branching ratios are 11.8 : 4.9 : 83.3 for the
formation of 1-phenyl-1-butyne, 1-phenyl-3-methyl-allene, and phenylallene, respectively, at the
collision energy of 150 kJ mol™. Phenyl radical can also add to the second acetylenic carbon in 1-
butyne linked to the C,Hs moiety producing another initial intermediate, which in turn can
decompose to phenylacetylene + C,Hs. Besides the addition channels, the reaction can also
proceed by direct H abstractions by the phenyl radical from C4Hg producing benzene in
conjunction with C4Hs isomers, CH;CHCCH, CH,CH,CCH, or CH3CH,CC products. The initial
intermediate formed in the C¢Hs + 2-butyne reaction can lose the CH3 group attached to the C
atom also linked to the phenyl moiety to form 1-phenyl-2-methylacetylene. RRKM calculations
suggested that the CH3; pathway dominates with a fraction above 99%. Also, one direct H
abstraction channel is possible leading to C¢Hgs + CH,CCCHjs. Statistical theories, such as TS and
RRKM-ME, can be applied to compute temperature and pressure dependent reaction rate
constants and relative product yields of the CgHs reaction with 1- and 2-butynes at thermal
conditions relevant to combustion and this will be a subject of our future theoretical work. The
electronic structure calculations predicted a greater variety of products in the reactions of phenyl
radical with 1- and 2-butynes than the C;oHjo isomers detected in the crossed molecular beams
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study. As for CgHs + 1,2-butadiene, this deviation may be attributed to several factors, such as
possible non-statistical behavior of the reactions at the high collision energy of 150 kJ mol™ and
experimental difficulties in detection of product pairs containing heavier fragments (CHs, C,Hs,
C4Hs).

Formation of the phenyl radical under single collision conditions in the reaction of C,
with 1,3-butadiene. Reactions of C, with C4Hg isomers such as 1,3-butadiene represent a potential
route to synthesize the first aromatic Cg ring in hydrocarbon flames where concentrations of
dicarbon transient species are significant. Ralf Kaiser’s group conducted crossed molecular beams
experiments of dicarbon molecules in their X'Z;" electronic ground state and in the first
electronically excited a’Il, state with 1,3-butadiene and two partially deuterated counterparts
(1,1,4,4-D4-1,3-butadiene and 2,3-D2-1,3-butadiene) at two collision energies of 12.7 and 33.7 kJ
mol™. These scattering experiments were combined with our electronic structure and RRKM
calculations on the singlet and triplet CgHgs surfaces and our joint experimental/theoretical
investigation revealed that the aromatic phenyl radical is formed predominantly on the triplet
surface via indirect scattering dynamics through a long-lived reaction intermediate. Initiated by a
barrierless addition of triplet dicarbon to one of the terminal carbon atoms of 1,3-butadiene, the
collision complex undergoes trans—cis isomerization followed by ring closure and hydrogen
migration prior to hydrogen atom elimination, ultimately forming the phenyl radical. On the
singlet surface, smaller contributions of phenyl radical could not be excluded; experiments with
partially deuterated 1,3-butadiene indicated the formation of the thermodynamically less stable
acyclic H,CCHCCCCH; isomer. This study presented the very first experimental evidence,
contemplated by theoretical studies, that under single collision conditions an aromatic
hydrocarbon molecule can be formed in a bimolecular gas-phase reaction via reaction of two
acyclic molecules involving cyclization processes at collision energies highly relevant to
combustion flames. Based on the results of our RRKM calculations, on the triplet surface, phenyl
is almost the exclusive reaction product with fractions of 98-99%, whereas on the singlet surface,
the computed product distribution included 32-21% of phenyl + H, 34-35% of propargyl +
propargyl, and 34-44% of various acyclic C¢Hs isomers + H.

lonization potential of C4H3 radicals. Ralf Kaiser and Musahid Ahmed investigated the
ionization potentials of resonantly stabilized C4H; radicals utilizing laser ablation of graphite in
combination with seeding the ablated species in neat methylacetylene gas, which also played a
role of a reagent. Photoionization efficiency (PIE) curves were recorded of photoionized isomers
at the Advanced Light Source. To assist in the interpretation and assignment of these
experimental measurements, our group conducted highly accurate CCSD(T)/CBS calculations of
vertical and adiabatic ionizations energies of various C4H3 isomers and Franck-Condon factors for
their ionization processes. The fit of the experimental PIE curve using the computed ionization
potentials and Franck-Condon factors suggested the formation of four C,H3 radicals: two acyclic
structures i-C4H; and E/Z-n-C4H; and two cyclic isomers. This study provided a novel
interpretation of previous data on C4H3radicals in hydrocarbon flames.

Future Plans

Our immediate focus will be on RRKM-ME calculations of temperature and pressure
dependent rate constants and product branching ratios for the reactions for which our studies of
PESs are now complete. This will include the CsHs + CsHs — C1oH190 — CioHg + H and CsHs +
CsHg — CioHiz — CoHg + CH3 / CyoHip + H reactions, unimolecular decomposition of 9-H-
fulvalenyl radical, reactions of phenyl radical with 1- and 2-butynes, and CgHs + O,. Meanwhile,
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we will continue theoretical calculations of PESs in our systematic survey of chemical reactions
potentially leading to the formation of indene and/or naphthalene in combustion flames, including
reactions of cyclopentadienyl radical with 2C,H, and C4H,4, phenyl radical with CsHg, C4H>, and
C4H,4 as well as oxidation of CsHs, unimolecular decomposition of pyranyl, and CioH7 (naphthyl
radical) + O,, with the eventual goal to predict their absolute rate constants and product branching
ratios under combustion conditions.
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FLASH PHOTOLYSIS-SHOCK TUBE STUDIES
Joe V. Michael

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

The scope of the program is to measure high-temperature thermal rate constants for
use in high-temperature combustion with the reflected shock tube technique. We have
adapted the OH multi-pass optical systeml'4 to detect CH; radicals at 214 nm and
continued Atomic Resonance Absorption Spectrometry (ARAS) studies for detecting H-
and/or D-atoms.>”’

During the past year, the reflected shock tube technique has been used to study the
thermal decompositions of CHsl and C3;Hg using a Zn resonance lamp and a 12-pass
optical system for detecting CHs-radical absorption at 214 nm. H- and D- atoms were
measured in two sets of studies, one aimed at characterizing contributions to the roaming
mechanism under thermal conditions and the other used to study the thermal
decompositions of single-ring aromatics.

CHj; Multi-Pass Absorption

Similar to our prior OH-radical absorption studies using a multi-pass cell, the CH3-
radical electronic absorption band at ~205 to 220 nm” was used in a white-cell
configuration to detect CHj. Specifically, absorption from a radio frequency driven
continuous wave Zn lamp (Imaging and Sensing Technology, with a strong resonance line
at 214 nm) was used in the present application. The White cell was constructed from two
flat fused silica windows (3.81 cm) mounted on the tube across from one another that
were coated so as to have near zero reflectance at 214 nm. The split and notched mirrors
were externally mounted and with this white cell configuration, up to 24 multiple passes
could be obtained, but the resulting signal was weak. We therefore used just 12 multiple
passes for the kinetics studies on the thermal decomposition of CH;I and Cs;Hs.

The thermal decomposition of CHsl, CH31 + M — CH3 + 1+ M, is a well characterized
reaction, and, at high temperatures (>1200 K), the rate constant is expected to be at its
low pressure limit (at P < 1 atm). A recent high temperature study by Yang et al.,” using
laser schlieren densitometry, reports rate constants in reasonable agreement with previous
I-atom ARAS studies from our laboratory by Kumaran et al.'” and by Takahashi et al."
The present experiments that span a T-range, 1137-1440 K are in good agreement with
the prior I-atom ARAS studies of Kumaran et al.'” and Takahashi et al.'' thereby
providing a cross-check on the CH3; multi-pass detection system and verifying the
absorption cross section used.

The 12-pass CHj; detection system has also been used to probe the dissociation of
propane, CsHg — CHj; + C;Hs. Experiments were performed at three reflected shock
densities ~ 2, 3, and 6 x 10'® molecules cm™ over the T-range 1202-1543 K. The CHj3-
absorption diagnostic allows dissociation experiments to be performed at lower-T and in
combination with the data obtained using the H-ARAS technique an extensive set of
measurements that span 1202-1819 K is obtained in the present work. The data are in
good agreement with the higher temperature laser-schlieren studies of Al-Alami and
Kiefer'” and the more recent CH; Laser absorption studies of Oehlschlaeger et al."
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Roaming Radical Mechanisms in Thermal Systems

The dissociation of a molecule by simple bond cleavage generally leads to two radical
fragments. However, as the radicals separate they can roam, sampling large volumes of
orientation space. This roaming occurs at large radical-radical separations (> 3 A). During
this roaming, the radicals may sample orientations where there is a barrierless path
leading to the abstraction of a radical from one radical to the other and thereby forming
two stable molecules. Most commonly, this abstraction involves the transfer of an H atom
from one radical to another.'*'> An example for this roaming process occurs in
acetaldehyde, CH;CHO.'*'” Acetaldehyde undergoes C-C bond fission giving CH; and
HCO. However, with a roaming mechanism, the CH; can abstract the H atom in HCO
thereby yielding two stable molecular products CH4 and CO. In order to unambiguously
determine the branching ratios leading to roaming products, we have performed thermal
experiments on a series of molecules under high temperature conditions with the ANL
flash photolysis shock tube. The high sensitivity H-atom ARAS detection technique used
with the shock tube provides an excellent diagnostic for quantitative measurements of the
roaming fraction. Figure 1 depicts the branching ratios measured for the roaming channel
in CH3CHO. Experiments have also been performed on propane, neo-pentane and iso-
butane at high temperatures (1200 — 1800 K). The roaming mechanism contributes only
10% to the total dissociation flux in propane. However larger contributions have been
observed in neo-pentane and iso-butane with the roaming channel contributing ~ 22-25%.

Thermal Decompositions of Aromatics

The combustion chemistry of mono and di-alkyl substituted aromatics such as toluene
and the xylenes are poorly understood because of a lack of consensus on the rate
constants for the primary dissociation channels'® and mechanistic pathways for the
primary radicals produced from these channels, i. e. the benzyl'*** and xylyl radicals.”’
Experiments using the H- and D-atom ARAS diagnostic with the completely protonated
and partially deuterated species have offered some insights on the contributions of
potential decomposition pathways suggested by theory.

The thermal decompositions of benzyl (C¢HsCH;) and benzyl,a,d-d, (C¢HsCD,) (using
bromides as a source of benzyls) have been studied at high temperatures with the
reflected shock tube technique using H- and D-atom ARAS. The experiments were
performed at high-T (1437-1801 K) at nominal pressures ~ 0.3-1.3 atm. The present
experiments utilizing the ultra-sensitive H- and D-atom ARAS technique reveal that there
are three unique channels that contribute to benzyl decomposition: H-atom removal from
the ring, H/D-atom removal from the side-chain, and a non-atom producing process
(postulated to be cyclopentadienyl + acetylene). The rate constants for the three channels
can be represented by,

Kiiring = 1.14 x 10'% exp(-32180 K/T) (1475-1801 K)
KivD.sidechain = 4.50 x 10" exp(-40650 K/T)  (1487-1789 K)
Knon-atom = 1.55 x 10° exp(-23470 K/T) (1437-1627 K)

The present study gives reliable determinations of rate constants for the three channels
that, when coupled with the postulated mechanistic interpretations for these processes,
should be useful in future theoretical and experimental characterizations of benzyl
decomposition.
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The thermal decomposition of toluene-ds (CsDsCHs) has also been studied at high
temperatures with the reflected shock tube technique using H- and D-atom ARAS. The
experiments were performed at high-T (1469-1859 K) and nominal pressures ~ 0.25-1.50
atm. The isotope effect is minimal, and since our prior benzyl decomposition study
confirms that the major benzyl decay channel is ring H-atom removal, the present H-
ARAS results therefore represent direct measurements of branching ratios and rate
constants for toluene decomposition. The branching ratios to benzyl + H vary from ~ 0.9
at lower-T (<1600 K) to = 0.75 at higher-T (>1700 K). The excellent agreement between
the present experiments and the theoretical predictions by Klippenstein et al. (Fig. 2) lead
us to conclude that the thermal decomposition of toluene is now well-characterized.

We also have completed work on determining contributions to the roaming
mechanism in dimethyl ether (DME) and obtaining rate constants for H + DME. We are
planning thermal decomposition studies using H/D/Br-atom ARAS on the xylylbromides.

This work was supported by the U. S. Department of Energy, Office of Basic Energy
Sciences, Division of Chemical Sciences, Geosciences, and Biosciences, under Contract
No. DE-AC02-06CH11357.
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Particle Diagnostics Development
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Sandia National Labs, MS 9055, P. O. Box 969, Livermore, CA 94551
hamiche@sandia.gov

I. Program Scope

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

I1. Recent Progress

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

A. Soot optical properties

Quantitative information about soot scattering and absorption cross sections is critically important
for developing optical measurement techniques for soot particles. The accuracy of these parameters
determines the reliability of techniques, such as extinction, scattering, laser-induced incandescence,
optical pyrometery, and photoacoustic methods. Because these techniques are often used under a variety
of conditions, from high-temperature combustors to low-temperature atmospheric conditions with probe
wavelengths ranging from X-rays to the infrared, accurate optical measurements also require a firm
understanding of the wavelength and temperature dependence of scattering and absorption cross sections.
Large uncertainties plague measured optical parameters, however, largely because such measurements
and their interpretation are complicated by the non-spherical morphology of soot, the variability of its fine
structure and composition as it ages, and the wide range of conditions under which measurement
techniques have been implemented. In order to address some of the questions associated with soot optical
parameters, we have coupled several techniques to investigate particle absorption and scattering
properties.® To gain information about the wavelength dependence of the emissivity of soot, we have used
LIl to measure the relative absorption cross section at 532 and 1064 nm of hot, uncoated soot produced in
a laminar diffusion flame. Combining this information with measurements of the transmittance at 532 and
1064 nm provides information about the scattering cross section.

The absorption cross section for a particle in the Rayleigh regime (i.e., #zD|m|<<A, where D is the
particle size, m is the refractive index, and A is the absorption wavelength) is generally expressed as

23
_nD E(m) ' (1)
A

Central to this expression is the dimensionless refractive-index function for absorption, which is given by

Oaps

205



E(m):_ln(mz—l): 6nk @)

m® +2 (nz—k2+2)2+4n2k2
for a complex index of refraction of m=n-ki. When the refractive index is wavelength independent, E(m)
is constant with respect to wavelength. Several studies have suggested, however, that the wavelength
dependence of oqys deviates from the 1/A-dependence given in Eq. (1), implying that E(m) is wavelength
dependent.*® Results of some of these studies are shown in Fig. 1 and demonstrate that uncertainty
surrounds even the sign of the slope of the wavelength dependence of E(m) for uncoated soot. These
differences lead to uncertainties as large as 500 K for temperatures of soot inferred by optical pyrometry.°

Figure 1. Wavelength dependence of the Figure 2. Fluence dependence of the peak LII
refractive-index function. The refractive-index signal. The peak of the LIl temporal profile is
function is calculated using Eqg. (2) with a value of shown as a function of fluence for laser
the index of refraction from Williams et al.’ wavelengths of 532 and 1064 nm (symbols). The
Chang and Charalampopoulos,® or Michelsen* for lines represent values measured at 1064 nm plotted
graphite. Values are also shown using equations against an equivalent fluence given by Eq. (3)
based on the work of Koyli and Faeth’ and using the ratios for E(m) derived from Fig. 1. Error
Snelling et al.2 bars are smaller than the size of the symbols.

Figure 2 shows the peaks of the LII temporal profiles from hot, uncoated soot at 532 and 1064 nm as a

function of laser fluence. The lines on the figure show the 1064-nm data plotted against the 1064-nm laser

fluence F(1064) modified by the relative absorption cross section for the two wavelengths, i.e.,

532) E(m).g, | 3)

1064)| E(m),,,

The result should reproduce the 532-nm data at fluences below 0.08 J/cm® The only wavelength

dependence that reproduces the data within experimental error is the relationship from Koyli and Faeth.’
Knowing the wavelength dependence of the absorption cross section, the transmittance measured

at both wavelengths can provide information about the scattering cross section. The single-scattering

albedo is defined as the ratio of the total scattering cross section to the sum of the scattering and

absorption cross sections (i.e., the extinction cross section) at a specific wavelength A, i.e.,

- 2 ) _ 4)

“2 7 m (1,)+ 022 (1)

F'(1064)=F (1064)(

where 02 is the total scattering cross section of a soot aggregate, and o is the absorption cross
section of the aggregate. The single-scattering albedo at A, can be derived from the measurements of the

transmittance at A, (T,,) relative to the transmittance at another wavelength A, (T,1) according to®

In(TAl) _ }"ZE(m)u ()"2)4 _ A’ZE(m))Ll
|n(TA2) )"lE(m))LZ }‘1 e AiE(m)AZ
where T'rpg accounts for the Rayleigh-Debye-Gans correction to the Mie scattering cross section for a
fractal aggregate of a given fractal dimension and radius of gyration.® Assuming a constant concentration
of particles C,yq across the sample path length I, the concentration-weighted aggregate absorption cross
section at A, can be expressed as

A2

Q)

OgC ol ==IN(T,,) (1~ ,,)- (6)
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Figure 3. Fluence dependence of the flame Figure 4. Fluence dependence of the absorption cross
transmitta.nce The symbols represent the section.  Concentration-weighted  absorption  cross
measured values. The error bars represent 1o sections are shown for (a) 532 nm and (b) 1064 nm. The

standard deviation about the mean of 3-6 symbols were derived using Eq. (6). The lines show
measured values predictions based on values of the thermal-expansion

coefficient for polycrystalline graphite (7087)*° and for
expansion along the c-axis of single-crystal graphite.'
Results are also shown for a fit to the data using the
thermal expansion coefficient as an adjustable parameter.

Figure 3 shows the measured transmittance, and Fig. 4 shows the inferred concentration-weighted
absorption cross section at 532 and 1064 nm as a function of fluence. These results suggest that the
absorption cross section increases with increasing fluence. Using fluence-dependent temperature temporal
profiles, we have estimated the increase in absorption cross section expected for an increase in particle
size as the density decreases with increasing temperature. The values inferred from the data lie in between
values predicted based on thermal expansion coefficients measured for polycrystalline graphite’® and
perpendicular to the basal plane of single-crystal graphite' and are consistent with the swelling of the
particle with increasing temperature. Figure 4 also shows results for a fit to the 532- and 1064-nm cross
sections simultaneously using the thermal expansion coefficient as an adjustable parameter. The fits were
performed for fluences <0.1 J/cm® at 532 nm and <0.2 J/cm? at 1064 nm and extrapolated to higher
fluences in the figure.

I11. Future Work

Current work builds on these results and extends them to combustion-generated particles with
inorganic and organic coatings representative of particles found in exhaust plumes. In order to simulate
exhaust-plume particulates, we have modified our flow-tube system to allow controlled deposition of a
coating with low volatility on flame-generated soot. The thickness of the coating can be varied, and the
particles collected for analysis by transmission electron microscopy (TEM) and near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy. Coatings investigated to date have been selected for
diagnostic development for diesel exhaust and include sulfuric acid, heptamethylnonane, and oleic acid.
These experiments are currently limited by our inability to determine the mass loading of particle
coatings. Developing an understanding of the cause and magnitude of the effects of coatings will require
characterization of the particle coatings. Coating the particles increases the mean aggregate size as
measured by a scanning mobility particle sizer (SMPS), but measurements of mobility diameter provided
by the SMPS do not provide a quantitative measure of the volatile coating fraction either by volume or by
mass. In order to measure the volatile fraction, we will build a chamber that includes a temperature-
controlled oscillating crystal microbalance for differential mass measurements on coated and
evaporatively dried particles.
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We have also recently started a project led by Prof. Angela Viola to develop a validated
predictive multiscale model to describe the chemical composition of soot nanoparticles in premixed and
diffusion flames. This project closely couples experimental investigations of soot precursors and incipient
particle characteristics with the development of a predictive model for the chemical composition of soot
nanoparticles. The co-investigators on the project are Profs. Angela Violi (University of Michigan) and
Bernhard Schlegel (Wayne State University) for model development and Drs. Hope Michelsen (Sandia),
Nils Hansen (Sandia), and Kevin Wilson (LBNL ALS) for experimental investigations.

Experimental and modeling studies will be carried out for several low- and atmospheric-pressure
flames fueled by the hydrocarbons of interest. A new counter-flow burner and sampling probe will be
designed and built for this project. Polycyclic aromatic hydrocarbons (PAHs) and small soot particles will
be extracted from the counter-flow flames via a microprobe. The flames will vary from lean to rich
conditions in order to cover a wide range of practical conditions. The composition of incipient particles
will be measured using the aerosol mass spectrometer developed by Kevin Wilson and coworkers at the
ALS. The corresponding particle size distributions will be measured using an SMPS. Angela Violi and
coworkers will use the experimental results in the development and validation of a predictive multiscale
soot model.
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Chemical Kinetics and Combustion Modeling
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MS 9055, Livermore, CA, 94551-0969
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Program Scope

The goal of this project is to gain qualitative insight into how pollutants are formed in combustion
systems and to develop quantitative mathematical models to predict their formation and destruction
rates. The approach is an integrated one, combining theory, modeling, and collaboration with
experimentalists to gain as clear a picture as possible of the processes in question. My efforts and
those of my collaborators are focused on problems involved with the nitrogen chemistry of combustion
systems and the formation of soot and PAH in flames, as well as on general problems in hydrocarbon
combustion. Current emphasis is on determining phenomenological rate coefficients from the time-
dependent, multiple-well master equation for reactions involved in the pre-cyclization and cyclization
chemistry of flames burning aliphatic fuels.

Recent Results

The Reaction between Propargyl and Allyl (with Yuri Georgievskii, Stephen Klippenstein, Larry
Harding, Andy Simmonett, and Wesley Allen)

Our modeling indicates that, overall, the reaction between propargyl and allyl is the second
most important cyclization step in rich flames of aliphatic fuels, after propargyl+propargyl. The
reaction in our model is written as

CsH3 + C3Hs — fulvene +H+H,
which is short for a two-step process,

Cs3Hz + CsHs — c-CgH7+H,

c-CgH7 (+M) — fulvene +H(+M),
where c-CgH7 is a hydrofulvenyl radical. In rich flames fulvene is relatively easily converted to
benzene by H-atom assisted isomerization,

H+ fulvene — H + benzene.
The rate constant used in the model is an estimate based on the high pressure limit of the C3Hs+C3Hs
rate constant — there is no experimental or theoretical rate information available. In view of this
situation it seemed desirable to analyze the reaction in some detail. In this analysis we employed high-
level electronic-structure calculations to characterize the potential energy surface and various forms of
transition-state theory (TST) to calculate microcanonical, J-resolved rate coefficients — conventional
TST for isomerizations and the variable-reaction-coordinate form of variational TST for the
“barrierless” association/dissociation processes. These rate coefficients were used in a time-dependent,
multiple-well master equation to determine phenomenological rate coefficients, k(T,p), for various
product channels — 8 wells and 6 sets of bimolecular products were included in the analysis. The
bimolecular-product channels in the reaction all involve the recombination or production of two
radicals (i.e., C3Hs + C3sHs, CoH3 + i-C4Hs, and H + CgH7, where there are numerous isomers of the
latter). For such processes, with a couple of exceptions, the minimum-energy-path potentials in the
recombination direction are barrierless, and both variational and anharmonic effects have a major
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impact on the rate coefficients predicted by transition state theory (TST). Consequently, for these
processes we implemented the direct variable-reaction-coordinate (VRC) transition-state theory
approach (developed by Klippenstein and co-workers), which has been shown to provide an effective
means for treating these complications. The calculations were performed as described previously for
the C3H3 + C3Hs system and in close analogy with those described for the recombination of H atoms
with resonance-stabilized radicals. An additional complication arose as a consequence of several of the
intermediate structures being singlet biradicals. The rQCISD(T) calculations for these structures
showed relatively large T1 diagnostics, indicating that the electronic wave functions have significant
multi-reference character. Corrections for this effect ranged between 0 and 7 kcal/mole. The final
analysis of the rate coefficients indicates that the formation of (cyclic) c-CgH7 and c-C¢Hg species is
suppressed by elevated pressure. Overall, the results suggest that the formation of these five-membered
rings from the reaction is not as important as previously thought. A simplified description of the
kinetics of the reaction was developed, and corresponding rate coefficients were calculated.

The Propargyl + OH Reaction (in collaboration with Stephen Klippenstein)

We have resumed our analysis of the C3H3;+OH reaction. Because propargyl is resonance
stabilized, it does not react readily with molecular oxygen. Consequently, in rich flames propargyl is
oxidized primarily by reacting with hydroxyl. Because there is no information available, either
experimental or theoretical, on the rate coefficient or product distribution of this reaction, we initiated
a detailed theoretical investigation to provide this information for use in modeling. We believe that
our electronic structure calculations of the relevant parts of the singlet PES are now finally complete.
The deepest accessible wells on the PES correspond to CH,CHCHO and CH3CHCO structures. Both
of these wells can be reached easily from the CH,CCHOH adduct (formed by OH adding to the CH
end of propargyl) by one or more hydrogen transfers. Additionally, there are several cyclic structures
on the potential. The most important of these is cyclopropene-2-ol, which serves as an intermediate
between the 2 initial adducts, completely analogous to the role played by cyclopropene in the allene-
propyne isomerization. Fragmentation of the complexes into bimolecular products involves barrierless
transition states as described above. We are currently in the process of calculating these rate
coefficients, k(E,J), using the same methods as for the C3H3 + C3Hs reaction. Even though the rate-
coefficient calculations are not yet finished, it is clear that the most significant product channels at
flame temperatures are C,H; + HCO, C,H,4 + CO, CH3+HCCO, and triple propargylene + H,O. The
latter products are formed by direct abstraction on the triplet potential.

The Reaction between Vinyl and 1,3 Butadiene (in collaboration with Stephen
Klippenstein)

The refinements to our kKinetic model brought about by our theoretical analyses of the
C3H3+C3H3 and C3H3+C3Hs reactions have generally resulted in better agreement between our model
predictions and results from flame experiments. The exception is for flames fueled by ethylene. In
these flames our predictions for benzene lie significantly lower than the experimental results. It is
certainly possible that our prediction of the product distribution of the CsH3+C3Hs reaction is at fault.
However, it seems more likely that there is a reaction leading to benzene that is not accurately
accounted for in the modeling. After testing several plausible reactions, the only one that appears to be
a realistic possibility is the reaction between vinyl and 1,3 butadiene. Note that 1,3 butadiene is likely
to be more abundant in rich ethylene flames than in most others, because it is formed readily by a
reaction between the fuel molecule and the “primary radical,”

CoH3+CoH4=CyHg+H.
We are now in the earliest stages of a detailed theoretical investigation of the reaction between C,H;
and 1,3 butadiene.
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Future Directions

We shall continue our work on the chemical kinetics of rich flames of aliphatic fuels, particularly that
concerned with the formation of the first aromatics containing one or two rings. In the next year we
expect to complete our research on the reaction of OH with propargyl and perhaps that on the
C,H3+C4Hg reaction. We shall continue to develop our chemical kinetic model, particularly in
conjunction with the flame experiments at the Advanced Light Source. We expect in the next year to
make progress in using the rate-controlled, constrained-equilibrium formalism to predict the
concentrations of aromatic compounds with more than 2 rings. We shall also continue to maintain our
interest in the nitrogen chemistry of combustion, particularly that concerned with NOx control
technologies such as reburning, Thermal De-NOy, and RAPRENO..
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1 Program Scope

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

2 Recent Progress

Our earlier cavity ringdown spectroscopic (CRDS) studies mainly involved the A-X absorptions of simple
alkyl peroxy radicals. Recently we have extended these studies towards unsaturated and hydroxy-substituted
peroxies. Unsaturated hydrocarbon radicals are significant as precursors to polycyclic aromatic hydrocarbons
and soot; understanding reaction mechanisms which contribute to their removal, such as peroxy formation, is
fundamentally important in combustion chemistry. We have obtained the CRDS spectra of peroxy radicals
derived from the resonance-stabilized allyl and propargyl radicals, two species expected to be important
agents in soot formation. We have acquired the A - X absorption spectra of the S-hydroxyethyl peroxy radical
(6-HEP) which is an important intermediate in oxidation of ethanol and represents a model system for the
OH-initiated oxidation of olefins of atmospheric importance, such as ethylene, isoprene, and terpenes. We
have also recently targeted the vinoxy radical, an intermediate in the combustion of ethylene and acetylene.
It possesses an electronic transition which is similar in frequency and strength to the A - X systems of
organic peroxies, and is therefore accessible in our experimental apparatus. o

Another recent focus has been on the accurate measurement of the absorption cross-section of the A — X
electronic transition of organic peroxy radicals. Monitoring the concentration of these species in complex
chemical environments requires the selectivity of the A — X transition and knowledge of its absorption cross-
section. We have developed an experimental method for cross-section determination which utilizes only
absorption measurements. We describe the capability of this method and compare our first results for ethyl
peroxy with cross-section values obtained with other experimental techniques.

2.1 Unsaturated peroxy radicals

Allyl peroxy The origin band region of the A-X spectrum of allyl peroxy is shown in Fig. 1, along
with rotational simulations for the 0f transitions of the five stable conformers. These are distinguished by
dihedral angles ZOOCC and ZOCCC; the first angle is labeled T /Gy (values of 180°/+60°, respectively),
while the second is labeled Cy/Gga (0°/4+120°, respectively). The three conformers having -Ga arrangements
are predicted to be the major contributors to the experimental spectrum (Table 1). In Fig. 1 the G1Go
conformer origin is identified as the source of the strong band at 7605 cm~! with some vibrational sequence
band structure also partially resolved. Band origins of the remaining conformers are predicted to be contained
in the other strong feature at ~7400 cm~! with most of its intensity being attributable to the T;Gy and
G/ Gz conformers. Although absent from Fig. 1, we have also measured the spectrum in the O-O stretching
region, which appears as a replica of the origin region shifted ~920 cm™! to the blue and with ~50% the
intensity.

Propargyl peroxy In Fig. 2 the propargyl peroxy radical spectrum is depicted along with rotational
simulations. Since propargyl radical has two major resonance forms, O2 can add at either of two sites to
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yield acetylenic or allenic peroxy radical isomers. Electronic structure calculations predict that each isomer
has two conformers related by the OOCC torsion (Table 1). The acetylenic isomer possesses conformers with
dihedral angles ZOOCC = 180° (ace-T) and +£60° (ace-G) in both X and A states; the conformers of the
allenic isomer have ZOOCC = 0° (all-C) and 180° (all-T) in the X state, and all-C/all-G (the latter with
Z00CC ~ £128°) in the A state. In Fig. 2 the 09 band of the ace-T species can be identified at 7637 cm™*
by its rotational profile. We tentatively assign the ace-G band origin to the feature at ca. 7380 cm~!. The
broad experimental feature centered at ~7500 cm™! falls in reasonable agreement with the expected energy
of the most intense transition for the all-T species; that is, the transition to the top of the A state torsional
barrier at Z/OOCC = 180° separating the two all-G minima. The 0J band of the all-C species is predicted
to be outside of our scan range and to have lower intensity (Table 1).

Table 1: Calculated X and A state energies (cm ™), origin frequencies (Tog), oscillator strengths (f), and relative intensities (I) for
conformers of allyl, propargyl, and B-hydroxyethyl peroxy radicals. Energies are ZPE-corrected and Boltzmann weights are given in
parentheses. Relative intensities are given as products of Boltzmann weights and oscillator strengths. Relative energies and oscillator
strengths are computed at the G2 and UCIS/6-31G(d) levels of theory, respectively.

Propargyl peroxy Allyl peroxy
Conformer X A Too 10°f I Conformer X A Tog 10°f I
ace-T (1.00) 0 7636 7636 1.9 1.9 | G1Ge (2.00 0 7604 7604 34 6.8

)
ace-G (1.19) 107 7480 7373 0.7 08| G{Gy (1.65) 40 7375 7335 2.1 34
all-T (0.56) 120 7696 7576° 4.2 2.4 | TG (1.27) 94 7468 7374 25 3.1
all-C (0.09) 494 7356 6862 36 03| GiCq (0.77) 197 7508 7311 0.8 0.6

G-HEP® T:C2 (0.22) 315 7581 7266 2.1 0.5

G1G2G3 (1.00) 0 7356 7356 7.1 7.1 | “Top of OOCC torsion barrier in A state
G1G2G3 (0.76) 57 7326 7269 1.8 1.4 | ’Transition to top of OOCC barrier in A state
T1GoGY (0.24) 292 7474 7181 2.5 0.6 | “Four most stable conformers

G1G2T5 (0.11) 451 8111 7660 22 0.2

2.2 The vinoxy A-X absorption

Vinoxy, the smallest alkenyloxy radical, possesses a weak (f ~ 107%) A24" - X 2A" electronic transition at
~8000 cm~! which has been observed previously by absorption and by photoelectron SEVI experiments. The
latter studies have yielded A state vibrational frequencies whose precision is improved by the present study.
Additionally, Fig. 3 reveals several strong bands in the CRDS trace that are neither predicted by the Franck-
Condon simulations nor observed by the photoelectron SEVI experiments. We have performed electronic
structure calculations that demonstrate that the “additional” bands in the CRDS trace are Herzberg-Teller-
allowed bands which correspond to single quantum excitations in asymmetric (a’) A state normal modes.

2.3 [(-hydroxyethyl peroxy radical

, , , , , The CRDS A4 - X electronic spectrum of S-HEP is
3 shown in Figure 4. Quantum chemical calculations
100 e F predict that S-HEP has 13 distinct conformers; the
7 four most stable are listed in Table 1, where con-
former labels T/G refer to values of 180°/460° for

603 3 the ZOOCC(1), ZOCCO(2) and ZCCOH(3) di-
40 7 F hedral angles, respectively. The most stable con-
b) former, G1G2Gs, possesses a six-membered cyclic
6,6 1% geometry where the OH group is weakly hydrogen-
7,6 E bonded to the peroxy moiety. This conformer also
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-20 F exhibits a larger A - X oscillator strength than
0 g other 3-HEP conformers. As indicated by the ten-
tative assignments in Fig. 4, most of the observed

7300 7400 7500 7600 7700 vibrational features can be rationalized in terms of
-1 .
Frequency (cm™) the G1G2Gg3 conformer, while two weaker bands,

Figure 1: CRDS spectra of allyl peroxy, obtained from a) 193 nm s :
and b) 248 nm photolysis of allyl bromide, with rotational simulations. ar origin and O-O StretCh’ can be ascribed to the

Relative intensities and band positions for the simulations are taken GIIGQG3 conformer.
from Table 1.
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Figure 2: CRDS spectrum of propargyl peroxy, obtained
from 193 nm photolysis of a propargyl chloride/O2 mixture, Figure 3: Ambient temperature CRDS A-X spectrum
with rotational simulations. Relative intensities and band po- of vinoxy radical, with Franck-Condon simulation showing
sitions for the simulations are taken from Table 1. The 7600- contribution of allowed bands to the spectrum (indicated by
7700 cm ™ region in the experimental trace is expanded (up- arrows above the experimental trace), and SEVI spectrum

per left) to better display the observed rotational structure. (courtesy of D. Neumark) of the A - vinoxide transition.

CRDS features labeled in blue correspond to Herzberg-Teller
transitions and are absent in the SEVI spectrum.

2.4 Absorption cross-sections

To measure the absolute absorption cross-section of the A— X transition of organic peroxy radicals, we have

built a dual cavity ring down spectrometer (DCRDS), shown schematically in Fig. 5, which simultaneously

measures along optically equivalent paths the absorption at two different wavelengths. “Arm A” measures

the peak absorption of the A — X transition of peroxy radicals, whereas “Arm B” measures the absorption

of a non-transient product of the peroxy radical synthesis generated stochiometrically with the radical.
We have measured the peak cross-section, 057, of ‘

. . oy 80 1 r
ethyl peroxy, CoH50O9, for the origin transition of the G ‘
conformer. The radicals are produced using hydrogen ‘
abstraction from an organic precursor, RH, by chlorine %
. . . © - |-
atoms, resulting in the formation of an equal number of £ 80
ethyl peroxy (EP) radicals and HCI molecules, 2
8
193nm S J L
(COCl)q =" 200+2CI- (1) g*
o
[
Cl . +RH — HCZ + R . (2) g 818, 15,16, 15 17 12:2:
16,22,
R-+03+ Ny — RO3 - +Ns (3) 20 4 hh o
o cort EP ‘, ; ; ; ‘ ; ; ;
The CTosS beCtlon UP Of CQH502 can be eXprebbed 7200 7400 7600 7800 8000 8200 8400 8600 8800
as EP HCI . Frequency (cm'1)
EP AT AT Snn’ Flgure 4: CRDS spectra of 3-HEP radical obtained from a)
Op = I — - (4) OH addition to ethylene and b) photolysis of 2-iodoethanol, in
1 G 1 nn’ 7(-’7777]’ both cases followed by Oz reaction. Vibrational assignments

are color coded to the indicated conformers. The O-O stretch
where (AI/I) are peak absorptions of, respectively, the is shared between 115 and v16, while v22 and 21 correspond
C2H502 G conformer’s A . X origin band at 7596 cmfl to OCCO torsion and COO bend vibrations, respectively.
and an HCI transition between rovibronic levels 1 and ', 7, is HWHM of the collisionally broadened HCI
line, and Sy, is its integrated absorption line strength precisely available from the HITRAN database.

To accurately measure peak absorption using CRDS, it is important that the laser linewidth be sub-
stantially smaller than the molecular absorption linewidth. For this reason, we used an optical parametric
oscillator (OPO) operating single mode (HWHM=a300 MHz) to measure “reporter” HCI absorption lines
(HWHM=~640-1100 MHz under the conditions of the experiments), whereas the stimulated Raman shifted
output of a dye laser (HWHM~:1200 MHz) was used to measure the broader absorption of ethyl peroxy. As
Fig. 6 shows, the dye laser is scanned over the absorption of CoH5Os2, while the OPO scans repeatedly over
a narrow (0.5 cm™!) region centered at an HCI line. Since the absorption signals of HCI are fairly strong,
several relatively weak lines, P(1), P(5) and P(6), of the vibrational overtone of the lesser abundant H37Cl
isotopologue were used to avoid saturation effects and associated systematic errors. Several HCI transitions

gave consistent results and the measured value of o5 is 5.51(32)x1072 cm?.
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Figure 5: Block diagram of DCRDS apparatus. The radiation Figure 6: The A—X origin band of G C2H50O2 (top panel)
sources indicated are chosen to monitor simultaneously transitions in and P(1) line of the vibrational overtone of H37CI at 5643.1

C2H502 and HCL cm ™!, taken repeatedly (bottom panel).

We compare this result with two alternative methods of measurement. In one series of experiments, we
monitored the temporal decay of the CoH504 absorption due to self-reaction of radicals which determines

a value of kps/0EF. Using the literature value of ks yields a value of ng of 5.37 (42)x1072! cm?.

An independent experiment by Atkinson and Spillman using this approach obtained 3.0 (15)x1072! cm?.
Another determination of ¢5F can be obtained by measuring the peak absorption of ethyl peroxy with
simultaneous measurement of the absorption of the photolysis beam by the chlorine atom precursor (COCl),,
assuming a Cl quantum yield of 2. The resulting value of oE% is 6.15(51)x1072! ecm?. Comparing the
measurements of o5 shows that the values obtained by different methods are consistent; however, results
obtained with the DCRDS technique are the most precise. Additionally, these measurements of o5% are

independent of the accuracy of the kinetic rate constants or photolysis cross-sections.

3 Future Directions

We plan to extend the work in unsaturated organic peroxy radicals to the CRDS spectra of other imterme-
diates. These include vinyl and ethynyl peroxy, the smallest unsaturated peroxy radicals. To complement
our previous observation of phenyl peroxy, we will pursue other cyclic unsaturated systems beginning with
cyclopentadienyl peroxy. It is our goal to observe and analyze the CRDS spectra of larger members of the
B-hydroxy peroxy series to include those species formed in the OH-initiated oxidation of propene, butene
isomers, isoprene, and 1,3-butadiene.

We plan to extend the measurements of the absolute absorption cross-sections to other peroxy radicals,
such as propyl, cyclopentyl, and cyclohexyl peroxy radicals with the DCRDS apparatus. Additionally, using
data from high resolution studies of these species, we can obtain values of the A — X electronic transition
dipole moment of these radicals. Such results allow us to both derive absolute absorption cross-sections for
a variety of experimental conditions and provide a benchmark for quantum chemistry calculations.
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Program Scope or Definition

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

Recent Progress

Research efforts are being focused on the problem of how to add quantum mechanical effects to

the classical molecular dynamics (MD) simulations that are now so ubiquitously applied to all
types of dynamical processesin complex molecular systems, e.g., chemical reactions in clusters,
nano-structures, molecules on or in solids, bio-molecular systems, etc. Semiclassical (SC) theory
— gince it is based on the classical trajectories of the molecular system — is a natural way to
approach the problem, and one knows from much work® in the early 1970's that SC theory
describes all quantum effects in molecular dynamics at least qualitatively, and typically quite
guantitatively; the primary challenge is thus to develop methods for implementing it for large
molecular systems. In this regard, the ‘initial value representation’® (IVR) of SC theory has
emerged as the most useful starting point since it replaces the non-linear boundary value problem
of earlier SC approaches by a Monte Carlo average over the initial conditions of classical
trajectories, a procedure more amenable to systems with many degrees of freedom.?

Particularly interesting is that electronically non-adiabatic processes can be treated within the
general SC-1VR framework by using the approach of Meyer and Miller* (MM) for replacing a
finite set of electronic states of a molecular system (i.e., the various potential energy surfaces and
their couplings) by a set of harmonic oscillators (one for each electronic state). Classical
tragjectory calculations — which are used as ‘input’ for the SC-1VR approach — can then be
carried out treating the nuclear and electronic degrees of freedom in an equivalent dynamical
framework (i.e., by classical mechanics), thereby describing non-adiabatic dynamics in a more
unified manner. Stock and Thoss’ (ST) showed much later that the MM model is actually not an
approximate ‘model’, but rather an exact ‘representation’ of the nuclear-electronic system; i.e.,
were this MMST nuclear-electronic Hamiltonian taken as a Hamiltonian operator and used in
the Schrédinger equation, the exact (quantum) nuclear-electronic dynamics would be obtained.
Thus the only approximation is that of the SC-IVR itself, and this realization has greatly
revitalized interest in this approach to electronically non-adiabatic dynamics.
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One recent application® of the MMST approach to non-adiabatic dynamics has been to treat a
model for coherence in electronic energy transfer in the Fenna-Mathews-Olson pigment protein
complex that is involved in the light-harvesting step of photosynthesis. (This is motivated by
experiments’ in Fleming’s lab observing direct evidence of such coherent energy transfer.) Fig.
1 shows the time-dependent electronic population of site 1, for various values of the
‘reorganization energy’ assumed for the model. Results of the SC-IVR treatment are in excellent
agreement with those of a reduced density matrix approach used by Ishizaki and Fleming,® while
the simpler treatment given by traditional Redfield theory is not accurate in this case. The
attractiveness of MMST/SC-IVR approach is that it can be applied to any model for which
classical MD simulations are possible, all the way up to a full ‘all atom’ MD simulation of the
protein system, treating the electronic and nuclear dynamics on an equivalent basis.

Figure 1. Electronic population dynamics
of site 1. The results are calculated by the
present semiclassical model for various
reorganization energies, in comparison with
those by using Ishizaki and Fleming’s
hierarchy equation approach and Redfield
theory taken from Ref 8.

A particularly interesting feature of
the MMST Hamiltonian is that the
classical trgjectories generated from
it are ‘Ehrenfest’ trgectories; i.e,
the force experienced by the nuclei
a any time is the Ehrenfest (i.e.,
average) force. Yet when these
trajectories are used as input to SC
theory, the nuclear motion emerges
from a non-adiabatic region moving (correctly) on one potential energy surface (PES) or another,
and not on an average PES asin the traditional Ehrenfest model. Thisis due to coherence that is
contained within the SC description, asis readily evident since the ‘linearized’ approximation to
the SC-IVR (which does many
things well, but which does not
contain true quantum coherence
effects) does not produce this
correct behavior.

Figure 2. Potential curves for the
symmetric version of the electronically
non-adiabatic scattering problem
discussed in ref. 10. Both diabatic and
adiabatic potentials are shown. The two
arrows on the vertical (energy) axes
indicate the two collision energies for
which calculations were carried out.

Figures 2 and 3 show a
representative calculation®™® that
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illustrates the behavior described in the above paragraph. Fig. 2 shows two electronic potential
‘surfaces’ (actually ‘curves for this system of only one nuclear degree of freedom, tranglation).
The initial state corresponds to translation motion coming from the left (R << 0) with a well-
defined (positive) nuclear momentum, with the total energy indicated by the arrow on the
abscissa. Fig. 3 shows the distribution of final (t — ) nuclear momenta. The (exact) quantum
result shows two peaks, corresponding to whether the nuclei emerge on one PES or the other, as
does the FB-1VR (a version of the SC-IVR that is able to describe coherence). The traditional

Ehrenfest model, however, and
the ‘linearized’ approximation
(LSC-IVR) to the SC-IVR, are
not able to describe this
correctly.

Figure 3. Probability distribution of
the final (t — ) translational
momentum for the potentials shown in
Fig 2. See ref. 10 for more details.

Future Plans

The ‘linearized’ approximation
to the genera SC-IVR is now
readily applicable to essentially
any molecular system for which
classical MD calculations are
feasible, and it describes some
guantum effects quite well. To
describe true guantum
coherence effects, however,
requires a more accurate version
of the SC-IVR. The ‘forward-
backward" IVR is the simplest
step up the ‘ladder of rigor’ that
is able to do so, but it is
considerably more awkward to
apply than the ‘linearized’
verson.  Effort is therefore
focused on developing a way to

implement SC-1VR methodology that is both more accurate than the ‘linearized’ approximation
and more convenient that the FB-IVR approach. There are such approaches in development.
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I.  Program Scope

The focus of my research program is to investigate the collisional energy transfer of molecules with
large amounts of internal energy. Collisional energy transfer is ubiquitous in gas-phase chemistry and can
have important effects on overall reaction rates and branching ratios. However there are substantial
challenges to making detailed experimental measurements of molecular energy transfer at energies that are
relevant to chemistry under combustion conditions. High energy molecules contain extremely large
densities of states, are of transient nature and have poorly understood interactions with other molecules.
Currently, there are no first-principle theories of collisional energy transfer and the lack of fundamental
knowledge often results in cursory and insufficient treatments in reactive models. A goal of my research is
to gain new insights into the microscopic details of relatively large complex molecules at high energy as
they undergo quenching collisions.

We use state-resolved transient IR absorption to characterize the energy transfer pathways that are
responsible for the collisional cooling of high energy molecules. To overcome the inherent difficulties in
developing a molecular level understanding of collisions involving high energy molecules, we use high-
resolution IR probing to measure population changes in small collision partners that undergo collisions with
high energy molecules. Using this technique, we have performed in-depth spectroscopic studies that
provide a greater understanding of high energy molecules and their collisional energy transfer.

I1. Recent Progress

A. Probing dynamics of weak (but significant!) collisions

Until recently, high-resolution probing of collisional energy transfer of high energy molecules has been
limited to measuring large AE collisions that scatter bath molecules into previously unpopulated states. We
have recently developed a new approach to measure the outcome of small AE collisions for states of the
bath gas that are thermally populated prior to collisions with high energy molecules. This development
represents an important breakthrough because it allows us to investigate for the first time the dynamics that
are associated with so-called “weak” collisions. The terms “weak” and “strong” are qualitative descriptors
that refer to collisions leading to small-AE and large-AE energy transfer, based historically on
Hinschelwood’s strong collision assumption.

To investigate the outcome of weak collisions we use transient IR absorption to measure the
simultaneous appearance and depletion of population in low energy rotational states of bath molecules that
are involved in the collisional quenching of high energy molecules. This approach allows the measurement
of state-resolved dynamics and rates for the full distribution of molecules that result from collisions. Our
measurements so far have focused on the nascent products generated from single collisions, but could be
applied to mapping out how energy distributions in the bath molecule evolve under higher pressure
conditions.

Collisions that induce small exchanges of energy make up the vast majority of energy transfer events
but they are difficult to distinguish from the ambient background population in low-J states at 300 K.
Parallel energy transfer processes that excite bath vibrational states (V-to-V energy transfer) interfere with
high-resolution absorption measurements by moving population into upper states of the IR probe
transitions. If this is the case, it is impossible to sort out how state-specific energy flow pathways
contribute to the overall absorption signals. We overcome this problem by judiciously choosing probe
transitions that have negligible cross sections for V-to-V energy transfer. For CO, probing, we use
00°0—10°1 transitions near A=2.7 um. The 10°1 state of CO, is of sufficiently high energy that it is not
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excited in single collisions with high energy molecules. For HOD, DCI and HCI probing, direct collisional
excitation of the bath stretching modes are not observed and single quantum probe transitions are used to
measure weak collisions.

During this funding cycle, we have used our approach for measuring weak CO, collisions to investigate
the balance between strong and weak collisions for a series of related highly excited molecules each
containing different densities and types of internal energy. We measured the full CO, product distributions
following collisions with pyrazine, 2-methylpyridine (picoline) and 2,6-dimethylpyridine (lutidine), each
initially excited to E,,~38500 cm™ with 266 nm light. The internal energy of highly excited pyrazine
corresponds to the average vibrational energy at T,;,=4000 K. At the same photon excitation energy, the
energies of excited picoline and lutidine correspond to cooler molecules, with T, = 2300 K and 1990 K,
respectively, since these donors contain low frequency methyl rotors.

SO ST
N/ = Z
Pyrazine Picoline Lutidine

We investigated the outcome of weak collisions for these donors by measuring transient Doppler-
broadened IR line profiles for individual rotational states of CO, immediately following single collisions
with the highly excited molecules. The simultaneous appearance and depletion of population in low
rotational states is extracted from transient line profile data by fitting to double Gaussian profiles.

The rotational energy distributions for CO, J=2=80 are shown in Figure 1 following single collisions
with the highly excited donor molecules. For CO, collisions with these donors, we see evidence for
biexponential rotational energy distributions. We interpret this observation as arising from two
subpopulations of scattered molecules. The strongest collisions for each donor involve large increases in
rotational energy of CO,, but the extent of these large AJ-changing collisions is donor-dependent. Of these
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Figure 1. Nascent rotational distributions of scattered CO, molecules in J=2-80 from three different highly excited
donor molecules. Evidence of bimodal distributions is present for each of the highly excited donors, but the extent of
large AJ-collisions drops dramatically for methylated donor molecules.

donors, pyrazine has the highest energy content per mode and exhibits the “strongest” of strong collisions
for this group of donor. It is likely that pyrazine’s higher energy content is in part responsible for the large
AJ tail observed in the distribution of scattered CO, molecules. In other studies, we found that when the
internal energy of pyrazine is dropped by 14% to E=32000 cm™, the propensity of large AJ collisions also
drops. Itis likely that replacing C-H stretching modes in the excited donors with methyl rotors also reduces
the number of impulsive collisions that lead to large changes in bath rotation. We observe translational
energy distributions of the product states that are consistent with this picture.
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It is worth noting that a separate high energy subpopulation is not observed for all collision
partners. When the energy-accepting bath molecule is H,O, HOD or DCI, single rotational distributions are
observed. It is likely that linear, rigid molecules such as CO, with its relatively long lever arm are excellent
candidates for large AJ-changing and Avel-changing collisions.

The CO; rotational distribution for each donor is fit to a biexponential function to characterize the
subsets of quenching collisions. The lower energy distribution in each case has a temperature near the
initial 300 K distribution. We associate the low energy distributions with elastic and weakly inelastic
collisions. The high energy distributions are associated with strongly inelastic collisions leading to large
changes in angular momentum and velocity. The ratio of weak to strong collisions is 3:1 for pyrazine, and
1:1 for picoline and lutidine. However, the strong component for the methylated donors is much less
pronounced than for pyrazine.
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Figure 2. Results of fitting each rotational distribution for donor(E) + CO, collisions to a biexponential distribution.
The sum of weak and strong collisions yields the total distribution of CO, states that result from V-RT collisions.

Absolute rate constants for appearance and depletion measurements provide a lower limit to the
actual collision rates for highly excited molecules with CO,. The measured rates include essentially all CO,
molecules that undergo collisions and end up in the 00°0 vibrational state. The observed rate for
pyrazine(E):CO, is very close to the Lennard-Jones collision rate. However, for the methylated donors that
we have studied, the observed collision rates are bigger than the Lennard-Jones rate by a factor of 1.6 for
picoline(E) and a factor of 2 for lutidine(E). At this point, we do not know if the observed enhancements in
CO; collisions are due to internal energy content or to the vibrational structure of the excited donor
molecules. Nor do we yet know how the internal energy content of the methylated donors affects their
guenching. We do know that the collision rates for pyrazine(E) with CO, show almost no dependence on
the initial energy E.

B. Energy gain profiles of scattered HCI (v=0, J)

We have also made progress in the past year on studies of inelastic collisions of highly excited
molecules with HCI. For studies on HCI scattering, we perform transient IR measurements using P-branch
transitions of the v=0—1 vibrational fundamental at A=3.3 um. This project entailed a number of
development steps that are now complete. We have modified an existing transient absorption spectrometer
for HCI detection, developed the means for spectral characterization and reconfigured our data collection
protocols to adapt them for HCI studies. To date we have collected transient absorption signals for a
number of HCI states with J=0-8. Transient signals for HCI following collisions with pyrazine(E) are
shown in Figure 3. This initial data shows that the J=0 state is dominated by population depletion at the
center frequency of the probe transition, while the J=7 state shows overall appearance. We are now poised
to collect transient line profiles from which we will extract the transient populations and Doppler profiles
for appearance and depletion. We would like to collect data for higher J states, but spectral contamination
of our diode lasers makes them unsuitable for probing the higher J states.
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Figure 3. Transient absorption signals for scattered HCI molecules resulting from collisions of pyrazine(E) with HCI,
where E=38000 cm™. The J=0 states show population loss at the center probe frequency, while J=7 shows overall
appearance.

I11. Future Work

We plan to continue our studies on the energy transfer dynamics of highly excited molecules in
collisions with HCI. These studies are designed to test how the rotational energy structure of the energy-
accepting bath molecule affects the energy exchange dynamics in collisions of highly excited molecules.
We have already reported the full energy profiles for collisions of pyrazine(E) with DCI and the current
studies on HCI will provide important benchmarks for developing models that account for energy
partitioning in molecular collisions. We also plan new studies that will address how internal energy content
in high energy molecules affects their collision rates. We have seen that collision rates of water and HOD
with high energy molecules are as large as 3 times larger than Lennard-Jones collision rates. In the case of
water collisions, it is likely that strong hydrogen bonding is a major factor for the enhanced collision rates.
For CO, collisions, it is not clear whether the donor energy content enhances the collision rate or whether
the Lennard-Jones model is in error by a factor of two. We plan to investigate this issue by measuring full
energy transfer distributions for additional donor molecules with a wide range of internal energies.
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Reacting Flow Modeling with Detailed Chemical Kinetics
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I. Program Scope

The goal of this research program is to improve our fundamental understanding of reacting flow, thereby advancing
the state of the art in predictive modeling of combustion. The work involves: (1) Using computations to investi-
gate the structure and dynamics of flames using detailed chemical kinetics; (2) Developing techniques for analysis
of multidimensional reacting flow; (3) Developing numerical methods for the efficient solution of reacting flow
systems of equations with detailed kinetics and transport; (4) Developing massively parallel codes for computing
large scale reacting flow with detailed kinetics; and (5) Developing numerical methods for uncertainty quantifi-
cation in reacting flow computations, including methods for the construction of uncertain chemical models from
experimental data.

Il. Recent Progress

A. Reacting Flow Computations, Analysis, and Model Reduction

We have concluded our study of methane-air edge flame structure using computational singular perturbation (CSP)
analysis. We analyzed the global flame structure, outlining the spatial distribution of the dimensionality of the fast
subspace, as well as the breakdown into frozen, exhausted, active, and dormant modes.

The modal distribution highlighted the global structure of the flame, as composed of a premixed front and
a trailing non-premixed region. Analysis of individual modes revealed more detailed dynamical structure. We
identified two explosive modes in the premixed front, consistent with earlier findings in 1D premixed flames. No
explosive modes were found elsewhere in the flame. We also presented a detailed analysis of the structure of the
fastest exhausted mode, which is consequential to requisite time integration strategies. We identified the dominant
processes defining this mode, and highlighted their spatial distribution. Analyzing all modes, we outlined the
spatial distribution of CSP radicals in the flame. We also identified reactions dominating relevant local equilibria
in different layers in the edge flame. Further, we examined the progression of flame structure from premixed
layers, through the transitional zone immediately behind the premixed branches, towards the downstream limiting
non-premixed flame structure, identifying locally significant reactive processes. We also examined time scales of
chemical and transport processes inside the flame highlighting their relative amplitudes in different regions.

Further, we presented a range of results highlighting important chemical/transport processes relevant to the
slow/fast time evolution of specific species in the flame. In this context, we compared the results available from
CSP slow/fast importance index analysis with those based on reaction flux analysis. One clear advantage of the
importance indices is their utility for examining both transport and chemical processes, as well as highlighting
reactions not involving the particular species at hand. Both of these capabilities are not available from straight-
forward reaction flux analysis. Of course, sensitivity analysis has been used to examine the importance of both
transport processes and reactions not involving the target species in flames. However, local sensitivity analysis,
in this post-processing context, does not discriminate between fast and slow subspaces, and therefore cannot ad-
dress specific questions pertaining to a relevant time scale of interest. The CSP importance indices do provide
that sharper focus on each subspace. Moreover, with this sharper focus we found a clear distinction between the
findings for major and CSP-radical species. We illustrated how, for major species, slow importance index results
highlight largely the same set of reactive processes as reaction flux analysis, albeit not necessarily with the same
ordering. On the other hand, for highly-unstable CSP-radical species, the slow importance index results largely
highlight reactive processes involvimther species, namely those that are important in the algebraic constraints
defining this radical species. In contrast, the fast importance index for these radicals, capturing the importance
of processes in the fast subspace, again predicts largely the same set of important reactions as the reaction flux
analysis. Clearly, while the fast reactions dominating the high consumption rates of unstable radicals are impor-
tant in the fast subspace, captured by the fast importance index and the reaction flux analysis for these radicals,
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these reactions ar®t important to the slow time evolution of these radicals over flame time scales of interest, as
revealed by the CSP slow importance index. The strength of the dynamical analysis provided by CSP is precisely
the decomposition of the dynamics into fast and slow subspaces, and the targeted and discriminating analysis of
the chemical structure of the flame in each subspace.

We have also concluded development and demonstration of our two-dimensional (2D) high-order adaptive
mesh refinement (AMR) low Mach number reacting flow solver. Achieving requi$iterder spatial convergence
in 2D required careful redesign of the momentum projection solver to guarantee solvability of the elliptic equation
for the pressure while at the same time retainiffigotder accuracy. This involved transformation of the discrete
fluxes from the native finite-difference construction to a finite-volume discretization, and back. This was done
with requisite high-order interpolation operations. With this construction in place, we demonstfatedet
spatial convergence, along witA%order temporal convergence, in a transient 2D reacting flow configuration. The
robustness of the AMR discretizations was demonstrated employing targeted test problems with scalar structures
transported along diagonal directions in and out of refined mesh regions. We also demonstrated the overall solver in
a canonical reacting flow context involving the interaction of a premixed methane-air flame with a counter-rotating
vortex-pair, using a €methane-air kinetic mechanism. We have also continued our transition of the AMR code
from theGrace mesh library tacChombo. We have demonstrated the operation of the full 2D reacting flow solver
with Chombo using our custom-designed interfaces. Verification testing in comparis@naite is in progress
employing a number of test cases.

We have continued development of the CSP-tabulation adaptive chemical reduction algorithms, and have
demonstrated their operation in both-Hir and CH-air ignition computations. Performance gains over time-
integration of the original stiff chemical source term were achieved with the methane-air case, but not in the
Hydrogen case. This is as expected, as the dimensionality, complexity, and stiffness of the methane-chemistry
is significantly above that of #] such that the savings from CSP-tabulation become more significant. We have
conducted detailed parametric studies exploring the effect of time step size, table-distance threshold, number of
ignition conditions used to tabulate the table, and number of states used from each ignition computation, on the
CPU performance and accuracy of the results. These studies outline the evident trade-offs in table construction and
use, and will be relevant in appropriate table design for efficient and accurate computations with a given chemical
model.

B. Uncertainty Quantification in Reacting Flow

In previous work, we had explored the impact of correlations among uncertain parameters on the structure of
the uncertain solution, in the context of exothermal ignition of a methane-air mixture. For perfectly correlated
parameters, we observed a strong dependence of the structure of the probability density function, and the maximum
standard deviation of temperatui®@r max), On the particular slopgx) of the dependence relationship between the
uncertain Arrhenius rate parametdrsA, InE). Specifically, we observed a rangg0f400 K in ot maxdepending

on the value of{. Moreover, in the case of independent parameters, we findrifyadx reaches nearly-600 K.

These observations indicate strongly the need for learning the structure of the uncertain input space in order to
have meaningful and accurate uncertainty quantification (UQ) in chemical systems. On the other hand, the only
available means of discovering this structure is typically through experimental data. However, raw data on the
Arrhenius parameters for each reaction-rate in a given chemical mechanism is simply not available. Therefore,
we have been working on means of capturing the inherent parametric correlations as constrained by the physical
model itself, nominal parameter values and error bars, along with the range of validity of the model. The idea is
that such sufficient statistics do constrain the correlations that would be discovered based on any given data set that
leads to parameters satisfying these statistics. Based on these concepts, we have arrived at a data-free inference
(DFI) procedure for discovering the joint distribution of uncertain parameters in the absence of data. We have so
far demonstrated the efficacy of this procedure in simple model fitting scenarios.

We have also begun work addressing the context of model reduction under uncertainty. This work is based
on extending CSP analysis and model reduction methods to uncertain chemical systems. We have been able
to identify the distribution of eigenvalues of the uncertain system, outlining relationships between the uncertain
and nominal dynamical landscapes. Work is in progress on analyzing the uncertain eigenvectors, and therefore
uncertain invariant manifolds that are pre-requisite objects for model reduction strategies.

226



I1l. Future Plans

A. Reacing Flow Computations, Analysis, and Model Reduction

We will continue our development of advanced massively parallel reacting flow algorithms and codes. Our key
algorithmic development presently in progress is an axisymmetric construction. We are taking an incremental
approach, starting with a second-order implementation, given its immediate utility, before progressing towards a
4th_order construction. This work is currently underway. It will pave the way for our handling of axisymmetric
laminar jet flows, and enable comparisons with published experimental measurements, as well as ongoing CRF-
experiments, involving axisymmetric jet flames.

We also plan to further explore the performance of our existing MPI/OpenMP low Mach number rectangular-
coordinates code as far as parallel efficiency. We need to identify the dominant bottlenecks for strong scalability. Of
course, communication loads at processor boundaries are bound to become dominant as the number of processors
is increased, and processor-regions are shrunk, given the fixed problem size in the strong scalability exercise. We
know that chemistry is our key computational bottleneck on moderate numbers of processors. We need to observe
how this changes for large numbers of processors. We need to also evaluate the quality of the load balancer
performance ab (10%) cores. We will study the performance of the code employing timing-measures with both
strong and weak scalability studies, to identify dominant causes for the decay in parallel efficiency and what can
be done to eliminate them.

We will continue our analysis of iso-octane/air ignition using CSP. We will examine this system under a range of
conditions, analyzing the dynamical structure of the ignition process, and its dependence on the mixture conditions.
We will compare the iso-octane ignition results with n-heptane ignition, and ultimately with the ignition picture
in simple fuels. We will also take this analysis towards 1D premixed flames. It is of particular interest to study
the structure of the preheat region in these flames using CSP, in comparison with the structure of igniting systems
during the slow preheat phase when low temperature chemistry is active. We will conduct this study over a range
of reactants mixture conditions, and for a range of fuels. Complex fuels, with two-stage ignition behavior, are of
particular interest.

We will also continue our studies of edge flames, focusing on their detailed structure for complex fuels. We
are currently working on the analysis of n-heptane/air edge flames, employing both detailed (560-sp, 2538-rn) and
simplified (139-sp, and 66-sp) chemical models. We are working on interpretation of the information available
from CSP analysis of this flame. We will examine the edge flame structure using the detailed model over a range
of variation of the composition of the two streams, varying the amount of premixing in the fuel-streany, or N
dilution in the air-stream. We plan to extend this study towards more complex fuels, in particular iso-octane.
The complexity of the iso-octane model, with 857-sp, will likely raise new computational challenges in this 2D
flow. However, with our massively-parallel code, and the NERSC hardware, we should have sufficient resources to
compute this system. Further, our hitherto edge-flame studies, whether with methane or n-heptane, have focused
exclusively on mixing layers with uniform-velocity inflow. We will extend these to inflows that involve a shear
layer between two streams with different velocity.

We are also interested in following up our edge flame studies with detailed studies of lifted unsteady jet flames,
with a focus on the internal chemical structure and dynamical landscape of these flames. The above edge flame
studies will provide valuable information about the structure of the base of the lifted jet, while full jet studies will
examine the structure of downstream regions, and the dependence of this structure on flow dynamics. Forcing of
jet inflow with tailored disturbances will allow analysis of these processes for specific length/time scales of vortical
flow structures.

B. Uncertainty Quantification in Reacting Flow

We will continue our work on methods development for reduction of chemical models under uncertainty. We will
pursue an understanding of the eigenstructure of uncertain ODE systems, and of underlying low dimensional man-
ifolds. Uncertainties will generally affect both the manifold structure and the slow and fast dynamical subspaces.
Properly accounting for these uncertainties will allow development of suitable model reduction strategies that are
robust under uncertainty.

We also plan to examine/improve the performance, accuracy, and utility of our DFI algorithm in simple model
scenarios, before proceeding to single-step chemical models with Arrhenius rate kinetics. Taking this algorithm
to realistic reaction kinetics, one would have to address the hierarchical nature of the problem. Submodels, be
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they thermodynamic or kinetic, would have to be built one at a timpedding on the relevant experiment used

to determine the parameters in each. Once assembled they can be coupled together hierarchically, employing
Bayesian methods, and marginalizing over nuisance parameters, to arrive at a properly specified uncertain input
space for the final model.

Significant challenges exist in the development of efficient Polynomial Chaos (PC) UQ methods. One specific
challenge is the formulation of optimal PC bases. Existing methods present non-trivial numerical challenges in
this regard. Moreover, while the PDFs of uncertain inputs could be kreopniori, those of the computational
model outputs are not. Thus the PC basis has to be adapted in space and time to retain an optimal representation
of general nonlinear model fields/outputs. We intend to work in this direction, in order to evaluate the utility of
existing methods and advance the state of the art accordingly. We have begun work in this context, exploring the
construction of specialized functions that are orthogonal with respect to a given measure.

Moreover, the forward UQ problem brings in challenges related to high-dimensionality, non-linearity, and
long-term dynamics. In particular, the long-term dynamics challenge is primarily about the growth-rate of phase-
variances in time for systems with nonlinear oscillatory dynamics. One available solution involves (a) focusing
on non-intrusive/sampling-based forward UQ methods, and (b) choosing smooth observables. Given this, we
will focus our develompent on non-intrusive PC methods. We will focus on (a) the use of sparse-quadrature
methods for efficient computation of high-dimensional integrals, and (b) methods for stochastic domain decom-
position to ensure accurate representation of uncertain fields in non-linear systems, particularly those with bifur-
cations/discontinuities. In the latter context, the support of the input space is decomposed into multiple elements,
each of which becomes an independent UQ problem, with its own local PC representation of uncertain fields. One
key reason for using these constructions is to deal with bifurcations, which are manifested as discontinuities in
the dependence of uncertain variables on the inputs. We plan to work on the development of a flexible domain-
decomposition functionality for the general representation of random variables within our UQ toolkit. In particular,
this capability will be developed to be easily usable in a non-intrusive sparse-quadrature context.
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Spectroscopy, kinetics and dynamics of jet cooled hydrocarbon transients relevant
to the DOE combustion mission have been explored, exploiting i) high resolution IR lasers,
ii) slit discharge sources for formation of jet cooled radicals, and iii) high sensitivity
detection with direct laser absorption methods and near the quantum shot noise limit. What
makes this combination powerful is that such transients can be made under high
concentrations and pressures characteristic of actual combustion conditions, and yet with
the resulting species rapidly cooled (T ~10-20K) in the slit supersonic expansion.
Combined with the power of IR laser absorption methods, this provides novel access to
spectral detection and study of many critical combustion species. Selected highlights
from work over the last year are summarized below.

I. Acetylenic Radical (C,H) Species

Due to elimination of hydrogen from aliphatic radical species under typical flame
conditions, unsaturated radicals play a critical role in combustion even for saturated
hydrocarbon aliphatic feedstock. Particularly important is the formation the ethyne
radical, C,H, which is thought to be a strategic intermediate in sequential formation of
large aromatic species.? The high resolution IR spectroscopy of C,H in the acetylenic
stretch region has been studied under room temperature conditions by Curl and
coworkers, using UV excimer laser to photolytically generate C,H radical and magnetic
rotation spectroscopy to Zeeman shift mJ levels of the open shell species and thereby
isolate absorption contributions while scanning over single rovibrational/ rovibronic
lines.>® Complicating matters is the fact that there is an electronic band due to the
presence of a low lying electronic A state in 3300 cm™ region, which is relatively weak
by electronic transition standards but in fact relatively strong compared to normal
vibrational lifetimes and intensity standards.

Given the critical importance of this radical species, we have undertaken a
spectroscopic reinvestigation of C,H radical under sub-Doppler conditions of the slit jet
apparatus. The data, taken under discharge conditions of trace acetylene (0.04% C,H,) in
a 70%/30% mix of Ne/He, reveal an intense sequence of 5 absorption bands beginning at
3300 cm™ and continuing up into the 4100 cm™ region. There is significant new data
content in these studies for the following reasons. First is that the much colder
temperatures (15 K) in the slit jet have compressed the spectra down into the lowest end-
over-end tumbling N states, therefore sampling lines not observed under room
temperature conditions with high S/N. This in fact
proves to be critical, as these low J (= N + 0.5) lines
give substantial oscillator strength to additional
“satellite” spectral structure arising from spin orbit
state changing transitions (e.g. R12(1.5) and R12(2.5))
which are not observable at high N. Secondly, the slit
supersonic jet offers further sub-Doppler resolution of
the radical transitions (< 50 MHz). In combination
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with the enhanced intensity in low J satellite transitions, the present work reveals fine
structure transitions due to spin-rotation splittings in the lower S state, and which are
indeed in excellent agreement with the predictions from microwave studies of Thaddeus
and coworkers. Of special importance, however, is that the present study under direct
absorption and higher resolution has permitted an independent spectral analysis of C,H
under much lower jet temperatures. This much colder and higher resolution analysis
unambiguously reveals a systematic misassignment in the previous spectroscopic efforts,
specifically regarding parity ordering and labeling of the upper vibronic manifolds. This
reanalysis also permits a first and much closer look at the presence of pertubations in low
N states of C,H, the high N states of which are thought to be significantly complicated
due to mixing with other vibronic levels.

I1. IR Spectroscopy of Longer Chain Acetylenic (C,H,) Species

As a reward for our efforts with C;H, this has permitted us to detect and analyze the
first high resolution, jet cooled spectrum of diacetylene (C4H;), formed from sequential
reaction of C,H radicals with acetylene in the discharge. For example, the accompanying
figure shows a small region of the full diacetylene spectrum, in particular revealing
excitation of the asymmetric CH stretch as
fundamental and what is thought to be hot band
combination transitions with vg or vz bending
modes.? The full spectral analysis of this is
currently underway, but there are already
suggestions of spectral surprises under these low
temperatures and high resolution conditions. For
example, the much higher collision density in the
slit jet expansion is known to cool low frequency
vibrations extremely effectively; thus it is actually
quite surprising to see any appreciable bending
excitation in the present spectra, and may suggest some interesting pathways for C,H
addition chemistry in the slit jet. By way of further example, the chemistry of C;H to
form diacetylene is sufficiently fast to even to form triacetylene (CgH>) in the jet, a
sample region of which is shown in the accompanying figure, and which also permits us
to obtain a first jet cooled high resolution spectrum of this hydrocarbon species.* Indeed,
the fact that reactions to form diacetylene and triacetylene can and do occur so rapidly in
the slit jet discharge expansion region provides strong support for the rich chemistry of
linear chain growth with C,H radical, as well as offers novel opportunities for study of
such kinetics as a function of downstream distance.

1. “Quantum Roaming” Dynamics in Vinyl Radical Tunneling

Unimolecular H atom migration in energized closed shell molecules and radicals
is of critical interest to a complete understanding of the combustion process. In recent
years, there has been considerable interest in novel “roaming” dynamics observed
initially by Suits and coworkers and predicted by Bowman and coworkers.>® As a result,
there have been substantial experimental and theoretical interest in determining whether
such roaming phenomena are general, and furthermore if they might represent an
important channel for unimolecular rearrangement in combustion. One manifestation of
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this phenomenon would be unimolecular 1,2, hydride

shift from one radical center to another. A classic

example of this would be the 1,2, H-atom shift in

vinyl radical, which is known from early work by

Harding’*® to have an in-plane Cy, barrier on the order

of 17500 cm™, with an out-of-plane barrier found by

Bowman and Harding to be of comparable

magnitude. Interestingly, this barrier is close in

energy to the CH bond dissociation strength, due to

stabilization of the resulting CC triple bond in acetylene. Thus one might expect 1,2 H-
atom shift rates to compete effectively with rates for dissociation.

An intriguing alternative picture for roaming at energies substantially below the
barrier is via quantum mechanical tunneling. For example, high-resolution infrared
spectroscopy of vinyl radical by Dong et al. in a slit jet discharge expansion revealed that
bands out of the lowest (0%) and first excited (0") tunneling states exhibited anomalous 4:
4 nuclear spin statistics for K, = even:odd states.”'° One explanation was large amplitude
”roaming” of all three H-atoms in vinyl radical on the psec time scale of the expansion. It
was furthermore speculated that this exchange would only be feasible for highly
internally excited vibrational states, based on the ab initio barrier heights for this process.
We have explored this "roaming” mechanism by means of approximate 1-D large
amplitude tunneling potentials, followed by semi-classical and full quantum calculations
of the associated tunneling splittings. In conjunction with the time scale of the expansion,
these splittings provide a rigorously quantitative metric for assessing the amount of
internal vibrational energy required to facilitate proton/nuclear spin exchange.
Specifically, we use the Harding internal reaction coordinate potential for in-plane
tunneling in conjunction with an exact treatment based on Hougen, Bunker and Johns for
the large amplitude dependence of the reduced mass.*>*? This analysis permits us to
report tunneling splittings associated with large amplitude 1,2 H-atom migration between
the two global minima in the vinyl radical. These calculations have been pursued also in
collaboration with Bowman and coworkers, based on a recent full-dimensional ab initio
potential energy surface (PES) but based on a completely different but equivalent
Hamiltonian formulation of the large amplitude dynamics.*® The tunneling splittings have
been calculated over a large range of internal energies, with results from the two sets of
calculations in excellent agreement as a function of energy below the global 1,2 hydride
shift barrier. The major results of this work are: i) tunneling splittings for a 1,2 hydride
shift in vinyl are quite small (< 10°® cm™) for vibrational states near the bottom of the
well, but ii) grow exponentially with internal vibrational excitation, and iii) predict
unimolecular tunneling dynamics on the sub-usec time scale for energies with Ejn; > 21
kcal/mol in the tunneling coordinate. As these energies are still more than 2-fold below
the CH bond dissociation limit, these results indicate that “quantum roaming” pathways
may indeed be relevant for unimolecular isomerization dynamics in energized
combustion radicals.

IV. Apparatus Modification

We have incorporated a single mode tunable Ti:sapphire laser with a fixed
frequency Nd:YAG cw single laser for difference frequency generation access to the near
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IR region. The Ti:sapphire laser has been

engineered for automated computer controlled

scanning and spectral calibration throughout its

tuning range, with transmission through a pair of

high resolution Fabry-Perot cavities (at 250 MHz

and 1 GHz free spectral ranges, respectively) for

determining the absolute frequency. Each of the

two cavities is optically locked via servo loop

control onto a single mode HeNe laser, which in

turn is stabilized to < 1 MHz absolute frequency accuracy by polarization stabilization
methods already well established in our group. This generates two reference cavities with
a long term comparable stability (< 1 MHz) and precision in the optical cavity length at
the few Angstrom length scale. The larger FSR cavity then is used in conjunction with the
built in wavemeter (which systematically provides an accuracy of < 200 MHz over the
complete tuning curve) to establish the absolute number count in the Fabry-Perot
interferometer for any fringe peak. The smaller FSR cavity then provides a convenient and
stable interpolation scheme for laser scanning between these larger FSR fringes, thereby
easily offering an absolute stability of < 5-10 MHz over the full tuning range. This
accuracy in the absolute IR frequency also relies on a comparable stability in the Nd:YAG
laser frequency, which is therefore simultaneously locked via a combination of
piezoelectric and thermoelectric servo loop cavity onto the smaller Fabry-Perot cavity. IR
light generation between Ti:sapphire and Nd:YAG is accomplished in a set of periodically
poled Lithium Niobate crystals (PPLN), which provides > 50 uW of tunable, narrowband
(< 1 MHz) IR light from the CH/OH stretch region (3600-3800) cm™) down to the LiNbO;
cutoff (< 2450 cm™). Finally, absolute frequency calibration for the spectrometer is
provided by reference gas cells of HOD, ethane, etc, and other well known absorbing
species through these spectral regions.
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Our research program is focused on fundamental aspects of radical photochemistry and
photophysics, with particular emphasis on radicals that play an important role in the combustion
of hydrocarbons. Radicals are generated from neutral or anionic precursors and
photodissociated in the ultraviolet. We then determine which fragmentation channels occur and
measure the photofragment translational energy and angular distributions for each channel.
These measurements address the following central issues. First, they yield the primary
photochemistry for a particular radical as a function of excitation energy. While many
photodissociation experiments provide extremely sensitive probes of particular products (i.e.
Rydberg tagging to detect H atoms), our experiments incorporate more universal detection
schemes that are sensitive to all or most photofragmentation channels. Secondly, measurements
of the product translational energy distributions provide considerable insight into the dissociation
mechanism following photoexcitation and how this mechanism might vary with excitation
energy. For example, very different translational energy distributions are expected if
dissociation occurs on an excited state surface as opposed to internal conversion (IC) to the
ground state followed by statistical decay. The relative importance of these two limiting
mechanisms is a sensitive probe of the conical intersections that govern the dynamics of
electronically excited polyatomic molecules. Moreover, results for radicals that decay from the
ground state can be directly compared to experiments in which the thermal decomposition rates
and products of radicals are determined, since in both cases internal energy tends to be
randomized prior to dissociation. Finally, photodissociation experiments can provide direct
measures of bond dissociation energies in free radicals, information that is critical in developing
kinetic mechanisms for complex combustion processes in which radicals serve as key
intermediates.

The radical photodissociation experiments are carried out on two instruments with
complementary capabilities: a fast beam photofragment translational spectroscopy apparatus, and
a molecular beam photodissociation instrument. In the fast beam experiment, radicals are
generated by laser photodetachment of a fast (§—10 keV) beam of mass-selected negative ions.
The radicals are then photodissociated by a second laser, and the photofragments are collected
with high efficiency. We can measure the total dissociation signal as a function of excitation
wavelength, thereby mapping out the photofragment yield spectrum of the radical. In addition, at
fixed wavelengths, photofragment coincidence imaging yields the position and arrival times for
all photofragments from each photodissociation event, from which the photofragment
translational energy and angular distribution are obtained for each mass channel. In the
molecular beam experiments, radicals are generated by either photolysis or pyrolysis of a stable
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precursor and then photodissociated at either 248 or 193 nm. Photofragments are detected and
analyzed using a rotating mass spectrometer with electron impact ionization. The choice of
experiment for a particular radical depends on whether it can be generated more easily by
photodetachment or by photolysis/pyrolysis. Also, compared to the fast beam experiment, the
molecular beam instrument is more suitable for radicals that dissociate via loss of H atoms.

Recent experimental efforts have focused on the ultraviolet photodissociation of the phenyl and
tert-butyl radicals and the three-body decay dynamics of ozone. The phenyl radical, c-C¢Hs,
plays a central part in the combustion chemistry of aromatic hydrocarbons, compounds used in
industry as additives to fuels. During combustion the phenyl radical can undergo oxidation to
form phenyl peroxy and phenoxy radicals, it can polymerize to form polycyclic aromatic
hydrocarbons, or it can decompose. A better understanding of the phenyl radical has been a
priority in many laboratories since the rate-limiting step in this process is formation of the first
aromatic ring. The phenyl radical is an intermediate in the thermal decomposition of benzene,
so its bimolecular reactivity and unimolecular decay kinetics are of considerable interest in
formulating a complete mechanism for this process.

We have used molecular beam

photofragment translational

spectroscopy (PTS) to study the

photodissociation dynamics of the

phenyl radical at 193 and 248nm.

The phenyl radical was generated

by flash pyrolysis of

nitrosobenzene. Time of flight

data collected for the C¢Hy, C4Hj,

and C,H, photofragments showed

the presence of two

decomposition channels, as

indicated in the accompanying

figure. The only C¢Hs decomposition channel observed at 248nm corresponded to C—H bond
fission from the cyclic radical producing ortho-benzyne. The translational energy distribution
peaked at 0 kcal/mol, consistent with no exit barrier for the H loss process. At 193nm however,
we observed significant decyclization of the C¢Hs radical and subsequent fragmentation to n-
C4H; and C,H,. These two momentum matched photofragments were described by a
translational energy distribution that peaked around 9 kcal/mol, indicative of a process that
proceeds through a tighter transition state. This is a higher energy channel than H + ortho-
benzyne, and we are in the process of quantifying the branching ratio for the two channels in
order to gain a better understanding of the unimolecular decay of phenyl.

234



PTS studies on the photodissociation dynamics of the tert-butyl radical at 248nm were also
performed in our lab. Tert-butyl radicals were produced from the flash pyrolysis of azo-t-butane
molecules entrained in a helium beam. Time of flight spectra taken at different laboratory angles
for the C4Hg, C3Hg and CH; photofragments showed the presence of a previously observed
hydrogen atom loss channel as well as a methyl loss channel. The P(Er) for the H loss channel is
consistent with previous work and peaks well away from zero, indicating a dissociation channel
with a significant exit barrier. Decomposition of the tert-butyl radical by CHj3 loss, however, was
not previously observed and can proceed either by direct dissociation to form dimethylcarbene or
by isomerization to the iSo-butyl radical and subsequent fragmentation to propene. The P(Er) for
this channel peaks at 13 kcal/mol and does not extend past 30 kcal/mol. These energetics are
consistent with the formation of dimethlycarbene as opposed to propene. Although
isomerization of the tert-butyl radical to iSo-butyl and subsequent dissociation to propene
appears to be a favorable dissociation route it is not believed to take place due to a substantial
isomerization barrier. The branching ratio for these two different decomposition pathways was
found to be close to unity, imparting equal importance to the methyl loss channel and hydrogen
atom loss channel alike.

We have investigated the photodissociation dynamics of ozone on our fast radical beam
instrument, with particular focus on the competition between two-body and three-body decay at
the two wavelengths. In our experiments, we generate the ozonide anion O; and make a fast
beam of O; by detaching above the ozone electron affinity, 2.103 eV. The ozone is then
dissociated at either 193 nm or 157 nm. With our coincidence imaging detector, we can measure
the branching between two- and three-body dissociation of ozone at and map out the
photofragment momenta for both channels. For the two-body channel, we can identify the O and
O, electronic states by the translational energy release. For three-body decay, only the
production of 3 O(C’P) atoms is accessible at 157 nm. For this channel, measurement of the
photofragment momenta leads to the construction of a “Dalitz plot”, from which one can extract
information on the ozone geometry at the instant of the three-body breakup and thereby
determine whether the three-body decay is concerted or sequential. Results so far have shown
that three-body decay is considerably more important at 157 nm than at 193 nm; further analysis
of this channel is in progress.
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I. Program Scope:

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

1. Recent Progress:

While standard quantum computation packages can be used routinely to provide reliable energetic
information with chemical accuracy, such as IEs and D, of molecules of main group elements, a different
scenario exists for the theoretical treatment of transition metal-containing molecules. Even for simple
transition metal-containing diatomic molecules, such as FeC, the IE predictions of 7.1 eV for FeC calculated
at the state-of-the-art multi-reference ab initio quantum C-MRCI+Q level are found to deviate from the
experimental IE(FeC) = 7.5932 eV by =~05 eV. We have recently successfully employed the
CCSDTQ(Full)/CBS approach for energetic calculations of transition metal carbides and their cations [K.-C.
Lau, et al., J. Phys. Chem. A, 113, 14321 (2009)]. As shown in the example below, this approach seems
very promising to give reliable energetic predictions with chemical accuracy.

The IE(FeC), Do(Fe-C), Dy(Fe'-C), AH°q(FeC) and  AH°y(FeC") values based on the
CCSDTQ(Full)/CBS approach, which involves the approximation to the complete basis set (CBS) limit at
the coupled cluster level up to full quadruple excitations. The zero-point vibrational energy (ZPVE)
correction, the core-valence electronic corrections (up to CCSDT level), spin-orbit couplings and relativistic
effects (up to CCSDTQ level) are included in the calculations. The present calculations provide the correct
symmetry predictions for the ground states of FeC and FeC* to be A and 2A, respectively. As shown in
Table 1, the CCSDTQ(Full)/CBS IE(FeC) = 7.565 eV is found to compare favorably with the experimental
IE value of 7.59318 + 0.00006 eV, suggesting that the single-reference based coupled cluster theory is
capable of providing reliable IE prediction for FeC, despite of its multi-reference character. The
CCSDTQ(Full)/CBS Dy(Fe*—C) and Dy(Fe—C) give the prediction of Dy(Fe'~C) — Dy(Fe—-C) = 0.334 eV,
which is consistent with the experimental determination of 0.3094 + 0.0001 eV. The D, calculations also
support the experimental Dy(Fe*™—C) = 4.1 = 0.3 eV and Dy(Fe—C) = 3.8 + 0.3 eV determined by the previous
ion photodissociation study. The present calculations also provide the AH%q(AHgs) predictions for
FeC/FeC*. The analysis of the correction terms in these calculations (see Table 1) shows that the core-
valence and valence-valence electronic correlations beyond CCSD(T) wavefunction and the relativistic
effects make significant contributions to the calculated thermochemical properties of FeC/FeC*. For the
experimental Dy and AH%, values of FeC/FeC", which are not known to high precision, we recommend the
CCSDTQ(Full)/CBS predictions [Do(Fe—C) = 3.778 eV, Dy(Fe'-C) = 4.112 eV, AH’(FeC) = 760.8 kJ/mol
and AH°g(FeC") = 1490.6 kJ/mol] based on the ZPVE corrections using the experimental vibrational
frequencies of FeC and FeC”.
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Table 1. Individual energy contributions to the CCSDTQ(Full)/CBS predictions for the IE(FeC), IE(Fe),
Dy(Fe—C) and Dy(Fe™—C) predictions.

IE(FeC) IE(Fe) Do(Fe—C) Do(Fe*™—C)
(eV) (eV) (eV) (eV)
AEex[rap0|a[ed CBS a) WCTQ5 7.425 7.799 3.770 4.144
wCQ5 7.426 7.802 3.799 4.176
Average 7.426 7.801 3.785 4.160
AEcy” M->T 0.008 -0.005 -0.006 -0.019
AEzpye © 0.005 -0.073 -0.078
0.004 9 -0.0539 -0.057 9
AEso® -0.039 -0.001 -0.049 -0.012
AEsq CCSD(T) 0.147 0.093 -0.088 -0.142
M->T 0.002 0.000 0.001 -0.001
T>Q -0.005 0.001 0.000 0.005
subtotal 0.144 0.094 -0.087 -0.138
AEnoc " M->T -0.013 0.008 -0.162 -0.142
T>Q 0.034 0.003 0.350 0.320
subtotal 0.021 0.011 0.188 0.178
CCSDTQ(Full)/CBS IE or Dy " 7.565 7.899 3.758 4.092
7.564 9 3.778 9 41129
Experimental ” 7.59318+0.00006 7.9024+0.0001 3.8+0.3 41+0.3
7.74 +0.09 34+0.2 3.7+0.2

a) Extrapolated from the core and valence correlation energies with the cc-pwCV[T-5]Z and cc-

pwCV[Q,5]Z basis sets, respectively.

b) Core-valence electronic correlation obtained as the energy difference between CCSD(T) and CCSDT

levels using the cc-pwCVTZ basis set.
c) Based on the harmonic vibrational frequencies at the CCSD(T)/aug-cc-pV5Z level.
d) Values obtained using the experimental vibrational frequencies of FeC/FeC" for ZPVE corrections.
e) Spin-orbit coupling obtained at the MRCI level with the uncontracted cc-pVTZ basis set.

f) Scalar relativistic effect calculated at the CCSD(T)/aug-cc-pV5Z-DK, CCSDT/aug-cc-pVQZ-DK and

CCSDTQ/cc-pVTZ-DK levels.
g) Higher-order effect calculated at the CCSDT/aug-cc-pVQZ and CCSDTQ/cc-pVTZ levels.
h) 1E or Dy = AEexurapolated cBs + AEcy + AEzpve + AEso + AEsg + AEoc.

i) Y.-C. Chang, C.-S. Lam, B. Reed, K.-C. Lau, H. T. Liou, and C. Y. Ng, J. Phys. Chem. A, 113, 4242

(2009); and references therein.

M. Ongoing experiments and Future Plans:
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We have recently implemented the VUV threshold photoelectron imaging (VUV-TPE-EI) technique,
and found that this method provides an energy resolution close to the pulsed field ionization-photoelectron
(PFI-PE) measurement. Figures 1(a), 1(b), and 1(c) depict the VUV photoionization energies: (a) 9.114eV,
(b) 9.185eV, (c) 9.377eV. The photoelectron spectra obtained from the e-images observed under different
VUV photoionization energies (marked by the red arrows) are shown in Fig. 2.

Figure 1. Raw images with VUV photoionization energies: (a) 9.114eV, (b) 9.185eV, (c) 9.377eV

The comparison of VUV near threshold e-
imaging spectra obtained at different VUV
photoionization energies (see Fig. 2) clearly
shows that the photoelectron energy
resolution increase (or the photoelectron
peak becomes narrower) as the VUV
photoionization energy used is closer to the
ionization energy of the vibrational band of
interest. Since the VUV-TPE-EI method is
significantly more efficient than the VUV-
PFI-PE technique, the VUV-TPE-EI method
is ideal for high-resolution photoelectron
measurements of radicals. By changing the
VUV laser energy, excited photoelectron
bands for radicals can be measured with
high sensitivity.

We are making progress in PIE, PFI-PE,

Figure. 2. Photoelectron spectrum converted from the and VUV-TPE-ElI measurements of small
e-images observed under different VUV photoionization radicals, such as propargyl (CsHs), allyl
energies. The red arrows marked the energies of the (CsHs), and phenyl CgHs radicals, using the
VUV photon energies in eV used in the measurement. VUV laser photoion/photoelectron imaging

apparatus. In collaboration with Xu Zhang
(Jet propulsion Laboratory, NASA), Barney Eillison (Univ. of Colorado, Boulder), Ralf Kaiser (Univ. of
Hawaii, Manoa) and Branko Ruscic (Argonne National Laboratory), progress is also made in the study of the
IR spectroscopy and photoionization-photoelectron spectroscopy measurements of hydrocarbon radicals of
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relevance to combustion chemistry using the single-photon and two-color IR-VUV PI, and IR-VUV-PFI-PE
methods, which have recently developed in our laboratory.
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Large Eddy Simulation of Turbulence-Chemistry Interactions
in Reacting Multiphase Flows

Joseph C. Oefelein

Combustion Research Facility, Sandia National Laboratories
Livermore, CA 94551-9051 (oefelei @sandia.gov)

Program Scope

Application of the Large Eddy Simulation (LES) technique within the Diagnostics and Reacting Flows
program at the CRF was initiated with two primary objectives. The first is to establish a set of high-fidelity
computational benchmarks that identically match the geometry (i.e., experimental test section and burner)
and operating conditions of selected experimental target flames. The second is to establish a scientific
foundation for advanced model development. The goal is to provide a direct one-to-one correspondence
between measured and modeled results at conditions unattainable using the Direct Numerical Simulation
(DNS) technique by performing a series of detailed simulations that progressively incorporate the fully
coupled dynamic behavior of reacting flows with detailed chemistry and realistic levels of turbulence. Our
focal point is the series of flames that have been studied as part of the Experimental Reacting Flow Research
program in collaboration with Rob Barlow and Jonathan Frank (see related abstracts). This represents a
direct extension of joint activities being pursued as part of the International Workshop on Measurement and
Computation of Turbulent Nonpremixed Flames organized by Barlow et al. (www.ca.sandia.gov/TNF).

Recent Progress

Our primary goals over this review period were to: 1) continue to develop our theoretical-numerical
capabilities in LES through application of advanced SGS models, 2) maximize the benefits of high per-
formance computing through close coordination with key DOE Office of Science computational facilities,
and 3) continue to establish key links between our basic and applied science programs. All of the cases
considered involve direct coupling with key target experiments and the common objective of establishing a
one-to-one correspondence with these experiments while adhering to the strictest accuracy requirements for
LES. These requirements include use of clean numerics with non-dissipative spatial stencils and no artificial
dissipation terms, high-quality grids, and science-based SGS models that take full advantage of the LES
formalism and are designed specifically for high-resolution applications.

Over the past several years we have been successful in linking our LES activities under the BES pro-
gram to various applied programs, both within the DOE and elsewhere. Figure 1 shows an example of the
synergy established with the CRF Advanced Engine Combustion program. This program is funded by the
DOE Office of Vehicle Technologies (OVT), with emphasis placed on development of high-pressure, low-
temperature combustion concepts for design of internal combustion engines. A subset of turbulent flames
being studied as part of the BES program are shown on the left. A subset of experiments associated with the
Advanced Engine Combustion program are shown on the right. Objectives and milestones for both projects
are aimed at establishing high-fidelity computational benchmarks that identically match the geometry and
operating conditions of key target experiments using a single unified theoretical-numerical framework. The
projects are complementary in that BES funded research provides the basic science foundation for advanced
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Figure 1: Advanced capabilities in LES provide a programmatic link between basic and applied sciences. A subset of turbulent flames associated
with the BES Experimental Reacting Flow Research program are shown on the left (a,b: Simple jet flames, c,d: Piloted jet flames, e: Bluff-body;
f: Bluff-body with swirl). A subset of experiments associated with the CRF Advanced Engine Combustion program are shown on the right (g:
Constant-volume Diesel combustion facility, h: Typical single-cylinder optically accessible internal combustion engine).

model development and OVT funded research provides the applied component for advanced engine devel-
opment. This combination of projects directly addresses targeted research areas identified as part of a BES
sponsored workshop entitled Basic Research Needs for Clean and Efficient Combustion of 21st Century
Transportation Fuels. Note that the approach applies in a broad sense to any propulsion and power device.

Our efforts to combine state-of-the-art LES, experiments, and High Performance Computing (HPC)
over the past several years has catalyzed significant growth and collaborative opportunities. Much of this
growth has been facilitated by establishing the Computational Combustion and Chemistry Laboratory. The
dedicated local-capacity clusters provide a significant production level computing capability for routine
calculations, and also serve as staging platforms for more efficient use of large-scale computing facilities
such as the Lawrence Berkeley National Laboratory, National Energy Research Scientific Computing Cen-
ter (www.nersc.gov); and the Oak Ridge National Laboratory, National Center for Computational Science
(www.nces.gov). Using these platforms in concert with grants such as the Innovative and Novel Com-
putational Impact on Theory and Experiment (www.sc.doe.gov/ascr/INCITE) has enabled access to the full
hierarchy of computing resources needed for state-of-the-art combustion simulations. From 2008 to present,
the LES effort has been among the new projects awarded under the INCITE program. The LES component
involves a combination of studies related to the experiments shown in Fig. 1.

Using the hierarchy of HPC resources described above to its full potential requires the development
of specialized massively-parallel flow solvers that can be easily ported to a variety of platforms and scale
efficiently on O(10%) processing cores (and beyond). From this perspective, the approach described above
has been enabled through a unique theoretical-numerical framework developed over the last eighteen years
called “RAPTOR.” Unlike conventional LES solvers, RAPTOR is a massively-parallel DNS solver that has
been designed specifically for application of LES to turbulent, chemically reacting, multiphase flows in
complex geometries. In the most general case it solves the fully coupled conservation equations of mass,
momentum, total-energy, and species for a chemically reacting system. It also accounts for real gas/liquid
phenomena, detailed thermodynamics, and transport processes for both multicomponent and mixture aver-
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Figure 2: “RAPTOR” has now been validated for a wide range of turbulent reacting multiphase flows.

aged systems. The code framework has been optimized to provide excellent parallel scalability attributes
using a distributed multiblock domain decomposition with a generalized connectivity scheme. Distributed-
memory message-passing is performed using MPI and the Single-Program—Multiple-Data (SPMD) model.
It accommodates complex geometric features and time varying meshes with generalized hexahedral cells
while maintaining the high accuracy attributes of structured spatial stencils. The numerical framework has
been ported to all major platforms and provides highly efficient coarse- and fine-grain (i.e., weak and strong)
scalability attributes. Over the current review period, we have continued to perform a combination of vali-
dation and performance studies to anchor the accuracy and computational efficiency of the code. A suite of
sample results associated with our research over this period are shown in Fig. 2.

In 2009, RAPTOR was selected as one of the application codes to be evaluated under the DOE Office of
Advanced Scientific Computing Research (ASCR) annual “Joule Metric on Computational Effectiveness.”
A key element of this program was to evaluate the existing baseline performance of the code and demonstrate
that it could scale linearly on DOE “capability-class” computers. To achieve this goal, a series of weak
scaling studies were performed to demonstrate the combined computational effectiveness of the ORNL
NCCS Cray-XT platform (Jaguar) and RAPTOR. The first step toward measuring the performance was
defining a realistic model problem that was representative of actual production simulations. For this study we
chose the turbulent nonpremixed CH4/H2/Ns jet flame known as the “DLR-A” configuration. A photograph
of this flame is shown in Fig. 1b, and also in Fig. 2 at center with a corresponding LES solution. Using this
configuration, we successfully demonstrated that the code scaled linearly well beyond 100,000 processor
cores for extremely fine-grain problems. Collaborative activities such as this have now anchored RAPTOR
as a capability-class flow solver and set the stage for future improvements that coincide with the evolution
of HPC hardware. Details related to this activity can be found in a recent report by Kothe et al.
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Future Plans

Using the framework described above, we continue to investigate two new modeling approaches. The
first employs a stochastic reconstruction methodology that treats detailed chemistry directly within the LES
formalism. This model is “science-based” in that it facilitates direct treatment of turbulence-chemistry
interactions and multiple-scalar mixing in a manner consistent with the application of DNS. The second
employs a tabulated combustion closure based on the Linear Eddy Model. With this it is clear that quality
assessment techniques and uncertainty quantification for LES must be further to make meaningful progress
in model development. Addressing these issues will be a priority in future studies.
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KINETICS AND DYNAMICS OF COMBUSTION CHEMISTRY
David L. Osborn
Combustion Research Facility, Mail Stop 9055
Sandia National Laboratories
Livermore, CA 94551-0969
Telephone: (925) 294-4622
Email: dlosbor@sandia.gov

PROGRAM SCOPE

The goal of this program is to elucidate m echanisms of elementary combustion reactions
through the use of m ultiplexed optical spectroscopy and m ass spectrometry. W e employ tim e-
resolved Fourier transform spectroscopy (TR-FTS) to probe multiple reactants and products with
broad spectral coverage (> 1000 cm™), moderate spectral resolution (0.1 cm™), and a wide range
of tem poral reso lution (ns —m s). The inhe rently m ultiplexed natu re of TR-FTS m akes it
possible to sim ultaneously m easure product bran ching ratios, internal energy distributions,
energy transfer, and spectroscopy of radical intermediates. Together with total rate coefficients,
this add itional inf ormation prov ides f urther co nstraints up on and insights into th e potentia I
energy surfaces that control chemical reactivity. Because of its broadband nature, the TR-FTS
technique provides a global view of chem ical reactions and energy transfer processes that would
be difficult to achieve with narrow-band, laser-based detection techniques.

More work has recen tly been focused on a com  plementary approach, tim e-resolved
multiplexed photoionization m ass spectrom etry (MPI MS), which isusedtos  ensitively and
selectively probe unimolecular and bim olecular reactions. This work is in collab oration with
Craig Taatjes and m any scientists from other in stitutions in the US and abroad. T he Sandia-
designed MPIMS instrument utilizes tunable vacuum ultraviolet light from the Advanced Ligh t
Source syn chrotron at Lawrence B erkeley Nati onal Labor atory f or se nsitive, iso mer-specific
ionization of reactant and product molecules in chemical reactions.

RECENT PROGRESS
Isomer-resolved mass spectrometry

The multiplexed chem ical k inetics photoioni zation m ass spectrom eter operates both at
Sandia National Laboratories (usi ng a discharge lam p to create VU V radiation), and at the
Chemical Dynamics Beamline of the Advanced Light Source (ALS) synchrotron of LBNL. The
chemical reactor is bas ed on the Gutm an design, ' which allows the study of photodissociation
and bimolecular reactions at pressures of 1 — 10 Torr and temperatures of 300 — 1000 K.

While the study of chem ical kinetics using PI MS is well-established, this apparatus has
two unique features that m ake it especially po werful for chemical kinetics. First, the widely
tunable, intense VUV radiation fro m the ALS enables isom er-specific ionization of product
species. As an exam ple, we have studied the isomer-resolved products of the CN radical with
benzene and toluene, measuring the branching ratios of the product isomers.
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The second unique feature is the high repetiti on rate mass spectrometer that allows us t o
take snapsh ots of the com plete chem ical com position in our reactor as  a function of ti me.
Towards this end, a significant upg rade to the multiplex ed photoionization m ass spectrom eter
became operational in the pas  tyear. Levera ging design s from the analytical chem istry
community, we have replaced the small magnetic sector mass spectrometer in the original design
with an orthogonal acceleration  time-of-flight m ass spectrom eter (OA-TOF), suitable for
continuous ionization sources. Although the OA-TOF approach does not have 100% duty cycle,
the duty cycle is as high as possible for a tim e-of-flight system, operating at a repetition rate of
50 kHz. In return, mass resolution of mM/Am~ 2000 has been achieved using a simple linear (i.e.,
not reflectron) approach. Th is mass resolution has already been used to separate HCCO" from
C;Hs" (both nominally mass 41) and will be inc reasingly valuable in separating other O <> CH,4
substitutions in larger hydrocarbons (e.g., acet  one vs. butane, ketene vs. propene) in the
chemistry of hydrocarbon oxidation. The increase in mass resolution by m ore than a factor of
10 has been accompanied with greater reliab ility and increased sens itivity (due to the lack of
beam-defining slits in OA-TOF).

The C3H3 + C,H; reaction sequence

One original goal m otivating construction of the MPIMS apparatus was the desire to
follow reaction sequences relev ant to com bustion chemistry. The reaction of propargyl radic al
with acetylene,

H,CCCH + C,H, = CsH;
CsHs + C,H, = C/Hy
C/H; + C,H, = CyHy = CoHg + H

previously investig ated by Knyazev and Slag le,isan in teresting example of such
sequences that m ay be relevant in molecular w eight growth chem istry leading to soot. Their
work has shown that the initial pro duct (CsHs) can react with excess acetylene to for m C;Hj.
This process continues to for m C ¢Hg and perhaps larger species. However, no isom eric
information was obtained in these studies. Kn owing which isom ers are produced and in what
amounts are critical co nstraints in testing re action m echanisms. In addition to studying this
reaction starting with propargyl radicals, we can also start the reaction at interm ediate points by
photolytic production of known isomers of CsHs and C;H7, which then react with acetylene.

We have acquired MPIMS spectra of this  reaction at 800, 900, and 1000K at a total
density of ~ 1.5 x 10'” molecules cm™. In the first reaction step, the results show the presence of
two isom ers of C sHs (c yclopentadienyl radical and the et hynyl allyl radical), with the latte r
becoming less im portant with increasing tem perature. Because th ¢ experim ent reco rds th e
complete tim e profile of each species sim ultaneously, an d as a function of ion  izing photon
energy, we can compare the time constant of a product’s rise with that of the reactant’s decay. A
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match of these profiles kineti cally links the production of C sHs (for exam ple) to the decay of
H,CCCH. Kinetic links such as this can be performed at each stage of this reaction sequence.

For the larger radicals, we see production of three isom ers of C ;H7 as a function of
temperature and starting point of the reaction (i.e., starting with propargyl vs. cyclopentadienyl).
A main contributor is the benzyl radical; the other isomers are yet to be conclus ively identified.
The C9Hpy radical is apparently unstabl e at the temperatures inves tigated, and appears to produce
only indene (CyHg) upon loss of a hydrogen atom.

The CsH3 + CgHs = CyHg reaction

The most important re action in th e formation of the f irst aromatic ring in com bustion
appears to be the propargyl (C 3Hj) self reaction. Propargyl ra dicals are resonance stabilized,
leading to slow reactivity with closed-shell species, and can therefore attain concentrations much
higher than m ost free radicals. By analogy, it seems probable that the next steps in soot
formation, beyond the first aromatic ring, might involve reactions of propargyl with radicals that
already contain a benzene ring, such as phenyl (C¢Hs).

In collaboration with Talitha Selby (University of Wisconsin), Ahren Jasper, and Stephen
Klippenstein, we have nearly com pleted a com bined experimental and theoretical study on the
isomer distributions of the C ¢Hg product from this reaction from 1— 10 Torr and from 300 —
1000 K. At low tem perature (300 K), the experiment shows that the only CyHg products formed
are the expected initial adducts of the barrierless associati on of propargyl with phenyl, nam ely,
phenyl allene and 3-phenyl propyne. As te mperature increases to 600 K, a clear signature of an
additional isomer is present, which is most easily explained by including 1-phenyl propyne in the
fits to the data. At the highest tem perature investigated, 1000K, we obs erve strong evidence for
isomerization forming indene, a resonance-stabi lized compound consisting of a 6-mem ber ring
fused to a 5-m ember ring. This structural m otif leads to polycyclic arom atic hydrocarbons that
are non-planar.

To aid in interpr etation of these r esults, we have investigated several isom erization
pathways using high level electronic structure  calculations. W e have calculated the rate s of
barrierless addition of the two reac tants using variable reaction coor dinate variational transition
state theory (VRC-TST). Ina ddition, multiple well m aster equati on calculation s are used to
predict the final branching ratios among the different isomers observed in the experiment.

Future Directions

Using TR-FTS, we will continue to inves  tigate photodissociation r eactions that show
evidence for roam ing dynamics. Following on the recent work of Suits and coworkers > on
acetone photodissociation, we plan to study production of C,Hg in this system.

A new m odification of the MPIMS apparatus is the c reation of a low tem perature flow
tube accessing the tem perature range 230 — 300 K. This i mprovement will allow us to access a
much broader range of recip rocal tem perature space, providing m ore string ent tests of global
mechanisms in combustion reactions.
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Theoretical Studies of the Combustion Reactions of Asphaltene Model

Compounds
Carol A. Parish
Department of Chemistry, University of Richmond
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I.  Program Scope

We seek to utilize theoretical methods to understand the gas phase structures and energies of
the combustion and pyrolysis reactions of the molecular constituents of asphaltenes contained in oil
sand and oil shale. Asphaltenes represent an untapped source of hydrocarbon fuels in North America;
however, information about the molecular nature of these deposits has only recently become
available. Theoretical and experimental evidence suggests that asphaltenes are composed of
molecules that contain 4-10 fused ring cores, with alkyl chain arms extending from the core. Sulfur
and nitrogen may also be present.” Very little is known about the reaction pathways of these
heteroaromatic species.

Il.  Summary of Recent Accomplishments related to the project
A. Singlet Excited States of p-benzyne

Understanding the potential energy surfaces of species important in asphaltene combustion mandates
an accurate and efficient characterization of radical intermediates. Towards this end, we have recently
completed a collaboration with Hans Lischka of the University of Vienna, to characterize the 4 lowest
states (1 lAg, ®B,,, B3, and 2 lAg; D, oriented in the yz plane) and associated vertical excitations of p-
benzyne using MCSCF state-averaging and MR-AQCC methods."* There have been numerous
studies'>** of the p-benzyne open shell singlet ground state (*A,); however, to our knowledge there
have been very few reports of the characterization of the other three states (°Bs,, ‘B, and 2" 1Ag).
Slipchenko and Krylov have characterized the ground and lowest triplet state and reported that there is
a high density of states in the range from 4 to 7 eV due to extensive orbital degeneracy.® Our results
were obtained in large part by undergraduate student Evan Wang (UR ’09) using state-averaged
MCSCEF, CISD, CISD+Q with a posteriori Davidson-type corrections (for size extensivity) and MR-
AQCC. A variety of basis sets were employed and initial calculations included only the diradical
orbitals in the (2,2) active space; however, results indicated that this reference space was not large
enough. Therefore, we expanded the active space to (8,8) by adding the bonding and anti-bonding =
orbitals. Even within this larger space, the second ‘A, singlet state was difficult to converge, likely
due to interactions between this state and a low lying Rydberg state. Our results indicate that there is a
very high density of electronic states in this diradical system — there are more than seventeen states
within 7 eV of the ground state including two 3s Rydberg states. All excitations, except 21Ag, are
from the © system to the oo™ system. Of the thirty-two states characterized, fifteen were multi-
configurational, including the ground 'A, state, which provides further evidence for the necessity of a
multireference approach for the p-benzyne diradical.
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Figure 3. A comparison of valence states for p—benzyne calculated using 10-SA and MCSCF, MR-
CISD, MR-AQCC and MR-AQCC-LRT. Results are not shown for MRCISD+Q as they are within
0.03 eV agreement of the AQCC results.

1. Future Work

Initially, the reactions of methyl thiophene will be utilized as a model for larger asphaltene
heteroaromatic constituents. Work is currently underway to characterize the singlet and triplet
combustion surfaces of methyl thiophene reaction with triplet oxygen; in particular we are
investigating a hydrogen abstraction and ring opening pathway. We are also pursuing a complete
characterization of the singlet and triplet surfaces of the electrocyclization reaction of (Z)-hexa-1,3,5-
triene leading to p-benzyne.
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The Dynamics of Large-Amplitude Motion in Energized Molecules
David S. Perry, Principal Investigator
Department of Chemistry, The University of Akron
Akron OH 44325-3601
DPerry@UAKkron.edu

I. Program Scope

Most theories of reaction rely, either explicitly or implicitly, on a separation of the large-
amplitude degrees of freedom from the other nuclear motions. For example, transition state theory
(including its unimolecular variant RRKM theory) identifies a reaction coordinate and assumes thermal
equilibrium among the other degrees of freedom. The transition state is a dividing hypersurface between
reactants and products located at some point along the reaction coordinate so as to minimize recrossing.
At high energies, particularly just below the threshold for a new fragmentation channel, there may be
“roaming” trajectories, which may favor particular product channels and which clearly involve more than
one large-amplitude degree of freedom. An alternative to transition state theory is the adiabatic channel
model in which the excitation in one of more of the orthogonal degrees of freedom is assumed to be
conserved as the system moves along the reaction coordinate. At the other end of the spectrum from
statistical theories, close-coupled quantum scattering calculations are limited by practical considerations
to a few degrees of freedom. Thus in systems larger than 3 or 4 atoms, one must define the active degrees
of freedom and separate them in some way from the other degrees of freedom.

In this research, we test the limits of the adiabatic separation of different nuclear degrees of
freedom, in particular, the separation of the large amplitude nuclear degrees of freedom (LADF) from the
small amplitude vibrations (SAV). We will call this vibrational adiabaticity to distinguish it from
electronic adiabaticity, that is, from the Born-Oppenheimer approximation. Nonadiabatic coupling terms

scale as (m/ M)]/4 where m is the reduced mass for the fast degree of freedom and M is that for the slow

degree of freedom. In the Born-Oppenheimer approximation, m<<M, but in the vibrational case, often
m=~M. Therefore, the vibrational adiabatic approximation is on much more tenuous ground. The limits of
its usefulness and the consequences of it failure are examined in this project.

While scattering systems are of primary interest in reactive chemistry, the collision complexes are
relatively short lived and can rarely be probed directly. For this reason, we choose bound molecules,
including methanol, nitromethane and methylamine, as our laboratory for studying adiabatic separations
and consequent nonadiabatic effects. Bound systems are by definition long-lived, which means that we
are able to use high-resolution spectroscopy to probe the interactions with a high level of precision and
detail. In addition to cavity ringdown experiments and calculations at the University of Akron,
experimental work on this project involves a collaboration with Brooks Pate’s group at the University of
Virginia (CD-FTMW-IR). A new collaboration with Michel Herman of the Université Libre de Bruxelles
on the rotationally dependent dynamics of acetylene was initiated during the past year.

I1. Recent Progress

A. Torsion-Vibration Dynamics and the Adiabatic Approximation

The work on methanol and nitromethane under this project, when taken together with work by
other authors on these molecules (i, ii) and on hydrogen peroxide (iii), points to a number of conclusions
that may have some generality [3]:

» The coupling of the torsion to the stretching vibrations of adjacent hydrogens is strong, typically
40 to 80 cm™ per quantum of XH stretch. The peak-to-peak values reach 270, 500, 265, 460 cm™
by vxy=6 in the methanol OH, CH, nitromethane CH, and hydrogen peroxide OH manifolds
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respectively. The magnitude of the torsion-vibration coupling is generally similar in these
systems even though the ground state torsional potentials are very different.

The form of the leading torsion-vibration coupling term is determined by the symmetry of the
rotor at the opposite end of the torsional bond from the excited stretching vibration, with the
lower symmetry contributions being larger (cosa terms > cos2a or cos3o. terms).

The adiabatic treatment of torsional motion as occurring in an effective potential determined by
the high frequency vibrations is a useful tool for analyzing torsion-vibration spectra, and appears
to offer a general means of predicting the occurrence of inverted torsional tunneling but it does
not account for the pattern of CH stretch-torsion levels in CH3OH at high torsional excitation.

In the high CH overtone region of CH;OH and CH3NO; (vcy=4), there is a transition from

adiabatic to diabatic behavior [1, 3], a consequence of the transition from normal mode CH
vibrations to local modes as the CH stretch excitation is increased.

In CH;OH, we found that neither the adiabatic nor the diabatic approximation is quantitatively
accurate relative to fully coupled calculations, even within its respective domain of applicability
[1, 3]. The torsion-vibration coupling results in “nonadiabatic” 1VR coupling matrix elements,
which results in energy exchange between the torsion and the CH vibrations. The scaling
properties of the IVR coupling, which derive from the nature of the 1-dimensional torsional

motion, indicate a role for direct high-order coupling.

B. Two-Dimensional Large-Amplitude Motion

The two-dimensional torsion-inversion potential
energy surfaces of methylamine, protonated methanol,
and ethyl radical have been investigated with partially
optimized ab initio calculations [4]. All three molecules
belong to the G, molecular symmetry group and each has
six equivalent minima. CH3NH;, has a high barrier to

inversion (~1950 cm'l), whereas in CH;OH,* the barrier
is lower (~875 cm'l). In CH3;CH,:, there is no barrier to
inversion.  The torsional barriers in these systems are
about 704, 400, and 21 cm™ respectively. The computed
torsion-inversion surfaces were fit to a function of the
form (Fig. 1),

4 12
V(ie,t)= 3 Y VmasnrMcos(3na):
n=0m=0

where «, is the torsional angle, 7 is the inversion angle,
and m+n = even. Even though the three surfaces are quite
different (Fig. 1(a)), we find that the torsion-inversion
coupling is similar in strength (Fig. 1(b)). The dominant
torsion-inversion coupling term in all three cases has the
form, Vi3t c0os3a , with Vi 3 in the range 280 to 450 cm™,

The synthesis these results with those of section
A. above indicates that the coupling terms, whether
torsion-vibration or torsion-inversion, have typical values
that vary by less than a factor of two in a range of
systems where the barriers to torsion or inversion vary by
orders of magnitude.
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C. Spectroscopy and Torsion-Vibration Coupling in the CH Stretch Region of Methanol

The three CH stretch fundamentals of methanol have been resolved a high resolution and
assigned in detail and those results have contributed to the analysis in section A above; nonetheless, there
is a great deal of additional spectral complexity in this region. To understand the responsible interactions,
a new experimental technique for rotationally selected infrared spectra has been applied to obtain
assignments for dozens of additional vibrational bands in the range 2700 — 3000 cm™ for the E species of
both CH3;OH and CH;0D [2, 5].

The technique, developed at the University of Virginia, is coherence-detected Fourier transform
microwave — infrared spectroscopy (CD-FTMW-IR). Population transfer induced by a pulsed IR laser is
detected by FTMW spectroscopy using a sequence two microwave pulses. The first pulse converts the
thermal population difference to a coherence using an approximate “ni/2” pulse. Then, an IR laser pulse
interacts with the polarized sample. Finally, second microwave pulse with a 180° phase shift is applied to
perform a “-n/2” excitation. The sequence of two microwave pulses produces a null signal in the absence
of the IR pulse and hence a flat baseline upon which the state-detected infrared transitions are observed.

In the v; symmetric CH stretch region (2750 - 2890 cm™) of CH;OH, a total of 12 interacting
vibrations are observed [2]. By contrast, this region of CH3;OD is almost unperturbed. The pattern of the
combined spectra can be explained by the following coupling pathway:

vz CH stretch = HCH bend + COH bend (tier 1)
=> HCH bend + methyl rock + torsion (tier 2)
=> combination states with additional quanta of torsion (tier 3 and higher)

The data allow insightful comparisons with time-domain solution-phase spectra.

The higher frequency region of CH;OD (2890 - 3020 cm™) contains the asymmetric CH stretches
(v2 and vg) and 15 additional bands that have been rotationally assigned. The number of observed
vibrational bands indicates that the CH stretch bright states couple first to the binary CH bend
combinations, and then to higher order combinations of the normal modes, including torsional excitation.
This region of CH3;OH is even more complicated and that analysis is underway.

The OD stretch fundamental of CH;0D (2710 - 2736 cm™) has resolved and assigned.

D. Rotational Dependence of the Intramolecular Dynamics in Acetylene

In a linear molecule like acetylene, there is no torsional motion in the unexcited molecule, but in
vibrationally excited states where non-linear geometries are accessed, the vibrational angular momenta
take on a key roles in the dynamics. In acetylene, the couplings involving the vibrations, vibrational
angular momenta, and overall rotation are understood in detail up to 8600 cm™ from the analysis of high-
resolution spectra (iv). We have explored the calculated time-dependent dynamics of polyads in this
region [6]. The dynamics of single rotational levels show the recurrences characteristic of the sparse
coupling limit, but thermal distributions of rotational levels yield apparent irreversible decays that result
from the dephasing of the inhomogeneous distribution of rotational levels. The form of the decays in a
given polyad depends critically on the definition of the bright state. This work elucidates significant
issues that must be considered when comparing time-resolved and frequency-resolved spectra.

I11. Future Work

The development of the continuous-wave cavity ringdown (CW-CRDS) and CD-FTMW-IR
techniques will continue, targeting experiments on the CH manifolds in methylamine and methanol. A
new wavelength scanning mechanism is being developed for the CW OPO laser system. The parts have
been ordered for the extension of the CD-FTMW-IR technique to the 48 GHz range to allow improved
sensitivity and access to the methanol A species. CD-FTMW-IR experiments on methylamine are
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planned. The calculations on the CH3XH, systems will be extended to include the coupling of the two
large amplitude motions to CH stretch vibrations. The time-dependent dynamics of acetylene will be
extended to higher energy where there are new kinds of large-amplitude vibrational modes, such as the
local bender and the counter rotator.
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New Single- and Multi-Reference Coupled-Cluster Methods for High

Accuracy Calculations of Ground and Excited States
Piotr Piecuch
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piecuch@chemistry.msu.edu
I. Program Scope

This research program focuses on the development and applications of new generations of ab
initio electronic structure methods and computer codes, exploiting coupled-cluster (CC) wave function
ansatz, which can provide an accurate description of chemical reaction pathways, radicals, biradicals,
potential energy surfaces (PESS), properties other than energy, and electronic excitations in molecules.
The goal is to design and apply affordable computational methods that enable precise modeling of mo-
lecular processes and properties relevant to combustion, catalysis, and photochemistry. Among the most
promising methods developed in this program are (i) the renormalized CC and equation-of-motion CC
(EOMCC) approaches, and the low-order scaling, local correlation extensions of the conventional and
renormalized CC methods to larger systems involving hundreds of correlated electrons, (ii) the active-
gpace CC and EOMCC methods, and (iii) the genuine multi-reference CC (MRCC) theories. The re-
normalized CC methods and their open-shell, local correlation, and excited-state extensions extend the
standard single-reference theories to multi-reference situations created by radicals, biradicals, bond
breaking, and two-electron excitations with an ease of a black-box calculation that can be performed by
non-experts. The active-space CC and EOMCC approaches, and their open-shell generalizations via the
electron attached (EA) and ionized (IP) theories as well as the genuine MRCC methods have the flexi-
bility that enables accurate ab initio calculations for al kinds of closed- and open-shell electronic states
with manageable computer costs. All methods pursued in this program can utilize modern multi-node
computer architectures and are well suited for pursuing novel coding strategies, such as the automated
computer implementation. They address two main challenges of electronic structure theory, which are
(i) the development of practical and systematically improvable computational schemes that can provide
a balanced and accurate description of closed- and open-shell systems, and the rapidly changing electron
correlation effects along reaction coordinates, and (ii) the development of algorithms that can reduce
prohibitive costs of traditional high-accuracy ab initio calculations by attacking the scaling laws that
define the dependence of computer costs on the system size. Methods developed in this program are
shared with the community by incorporating them in the GAMESS package.

I1. Recent Progress (2008-2010)

We have extended the left-eigenstate, completely renormalized (CR) CC method with singles,
doubles, and non-iterative triples [CR-CC(2,3)] to excited states of open-shell systems [17]. The result-
ing CR-EOMCC(2,3) approach corrects the EOMCCSD energies for triples using the non-iterative N’
steps similar to those used in CCSD(T) and CR-CC(2,3). The CR-EOMCC(2,3) code, using the com-
putationally efficient expressions from [17], and the modified variant of CR-EOMCC(2,3) that enforces
size intensivity of excitation energies have been added to GAMESS. These new codes, along with the
EA- and IP-EOMCC options mentioned below, will become part of the official GAMESS release within
the next month or so. The open-shell CR-EOMCC(2,3) approach utilizing the ROHF reference provides
great improvements in the EOMCCSD results for doublet and quartet states of radicals and other open-
shell species, particularly for the excited states dominated by two-€electron processes, where errorsin the
excitation energies obtained with EOMCCSD often exceed 1 eV, as shown for CH, CNC, C;N, N3, and
NCO [15,17]. We have provided the alternative derivation of the biorthogonal method of moments of
CC equations, on which CR-CC(2,3) and CR-EOMCC(2,3) are based [6]. This has enabled us to explain
why CR-CC(2,3) is more accurate than the earlier CR-CCSD(T) approach and its CCSD(2)r analog,
which are, in turn, more robust than CCSD(T) in situations involving bond breaking and biradicals. We
have illustrated the advantages of CR-CC(2,3) over other non-iterative triples CC methods by examin-
ing singlet-triplet gaps of magnetic systems [6]. We have developed the initial CR-CC(2,4) and CR-
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EOMCC(2,4) codes that correct the CR-CC(2,3)/CR-EOMCC(2,3) energies for quadruples [10] and
completed work on the non-iterative CC/EOMCC methods using multi-reference MP2 wave functions
[8]. We have also developed the simplified CR-CC(2,4) model, termed CR-CC(2,3)+Q, which reduces
the non-iterative N° steps associated with quadruples corrections to the less expensive N’ steps[1,5,14].

We have developed the local correlation CCSD, CCSD(T), and CR-CC(2,3) approaches [12,19-
22]. The resulting CIM-CCSD, CIM-CCSD(T), and CIM-CR-CC(2,3) methods use orthonormal local-
ized orbitals and enable high accuracy calculations for systems with hundreds of correlated electrons
and thousands of basis functions. Our CIM-CC codes [12,19-22] are characterized by the linear scaling
of the CPU time with the system size when single-level CIM-CC is used, coarse-grain parallelism, and
non-iterative character of local triples corrections to CCSD. They enable one to mix different theory
levels (e.g., canonical CCSD with local triples corrections [12,19-21]). By comparing the canonica and
CIM-CC results for akanes and water clusters of varying size, we have demonstrated that CIM-CCSD,
CIM-CCSD(T), and CIM-CR-CC(2,3) recover the corresponding CC correlation energies to within 0.1
% or so, while offering savings in the computer effort by orders of magnitude. By examining bond
breaking in alkanes and low-energy structures of the (H0), clusters, we have shown that the CIM-CC
methods accurately reproduce the relative energetics of the canonical CC calculations. We have applied
CIM-CR-CC(2,3), combined with the embedded cluster QM/MM method called SIMOMM, to the
etching and diffusion of atomic oxygen on the Si(100) surface, obtaining accurate information about the
activation barriers and energetics characterizing these processes [23]. Thanks to CIM-CC, we could per-
form the CR-CC(2,3) calculations for clusters as large as Si;sH1s0 [23]. We have also worked toward
improvements in the CIM-CC methodology that are particularly relevant for large weakly bound
molecular clusters, where the relative energies between different structures on the PES are on the order
of afew kcal/mol and where one has to use basis sets with diffuse functions, obtaining excellent results
[21]. We have proposed multi-level CIM-CC methods that combine the high-level CC approaches, such
as CR-CC(2,3), which are used to treat the reactive parts of alarge molecular system, with the lower-
order schemes, such as MP2, to handle the chemically inactive regions, without splitting the system into
ad hoc fragments and saturating dangling bonds [22]. The results of multi-level CIM-CC/MP2 calcula-
tions for bond breaking in large alkanes and the reaction between the bis(2,4,4-trimethylpen-
tyl)dithiophosphinic acid and water (important for nuclear waste management) are outstanding [22]. If
the reactive region treated by CC has a fixed size and the system is grown by adding MP2 regions, the
size dependence of the costs of multi-level CIM-CC/MP2 computations is virtually none.

We have continued applying the CR-CC methods to important chemical problems [1-
5,7,10,11,14]. Calculations for the diverse set of reaction barrier heights included in the DBH24 data-
base of Truhlar et al. have shown that CR-CC(2,3) provides high accuracy results for thermochemical
kinetics [2] that can compete with those obtained with CCSD(T), while eliminating failures of CCSD(T)
in bond breaking regiong[1,5,11,14]. We have shown that CR-CC(2,3) offers an excellent description of
the bond breaking reactions of severa open-shell species consisting of C, H, Si, and Cl, relevant to the
gas-phase chemistry of the silicon carbide chemical vapor deposition [11]. In particular, the non-singlet
PESs characterizing bond breaking in open-shell species obtained with the ROHF-based CR-CC(2,3)
have substantially smaller non-parallelity errors than those obtained with the frequently used UHF-
based CCSD(T), while reducing the reaction energy errors obtained with multi-reference MP2, in spite
of the single-reference *black-box’ nature of CR-CC(2,3) [11]. We have aso proposed an efficient com-
putational strategy to estimate the CR-CC(2,3)/cc-pVTZ PESs, in which the most expensive steps are
defined by the MP2/cc-pVTZ and CR-CC(2,3)/cc-pVDZ calculations [11]. We have demonstrated that
the CR-CC(2,3)+Q approach, in which one corrects the CR-CC(2,3) energy in a relatively inexpensive
fashion for the quadruples effects, describes the PESs of H,O and H,S, all the way up to the dissociation
of H,O into 2H+O and H,S into 2H+S [including the Y (2p* 'D)+Hy(X'Z4")—YH(XT)+H(1s °S),
Y=0,S, processes, of significance in combustion and atmospheric chemistry], in the accurate and com-
putationally efficient manner, comparable to the best multi-reference configuration interaction (MRCI)
data[1,5]. The CR-CC(2,3)+Q method has been used to make the new best estimates of the stationary
point energetics for the cycloadditions of ozone to ethyne and ethane [14].
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We have examined the low-lying states of CNC, C;N, N3, and NCO [15,17], and the singlet-
triplet gaps in the challenging BN and C, molecules [10]. In the former case, we have shown that CR-
CC(2,3) and CR-EOMCC(2,3) provide an excellent description of the low-lying states that are poorly
described by EOMCCSD [15,17]. In the latter case, the black-box CR-CC(2,4) approach has provided
excellent values of the tiny singlet-triplet gapsin BN and C, that agree with the expert, reduced MRCC
(RMRCC) calculations with multi-reference singles and doubles, and non-iterative triples, and with ex-
periment. We have also continued our work on the copper-dioxygen systems, of significance in catalysis
and activation of oxygen by metalloenzymes [3]. By comparing the CR-CC(2,3), CASPT2, and density-
functional theory (DFT) results, we have explained why the relative energies and singlet-triplet gaps of
the various CuO, motifs are sensitive to the nature of the supporting ligands, and how and why these
characteristics depend upon the geometric arrangement of ligands relative to the O, binding site [3].

We have developed the extrapolation procedure which predicts the smooth molecular PES
corresponding to a larger basis set or to the CBS limit from a series of inexpensive calculations using
smaller basis sets by scaling the electron correlation energies [4,7]. By examining the isomerization
pathways of bicyclobutane to butadiene, we have shown that the CR-CC(2,3)/cc-pVQZ PESs obtained
by the extrapolation from the smaller basis set calculations are virtually identical to the true CR-
CC(2,3)/cc-pVQZ PESs [4,7]. The same applies to the CR-CC and MRCI calculations for other PESs.
Our extrapolation procedure predicts the CBS limits of the calculated PESs from the results of smaller
basis set calculations at atiny fraction of the effort required by point-wise CBS extrapolations [4,7].

We have continued our earlier work on extending the active-space CC and EOMCC theories to
ground and excited states of radicals and other valence systems by combining them with the EA/IP
EOMCC methodology [15,17]. We have demonstrated a superb performance, in terms of accuracy and
computational efficiency, of the active-space EA-EOMCCSD(3p2h) and IP-EOMCCSD(3h2p) ap-
proaches in calculations of the excitation energiesin CH, CNC, C;N, N3, and NCO, where the low-lying
excited states have a significant multi-reference character, causing problems to EOMCCSD, EA-
EOMCCSD(2p1h), and IP-EOMCCSD(2h1p) [15,17]. We have shown that the active-space EA/IP
EOMCC schemes, which use small subsets of higher-than-2plh and 2hlp excitations, reproduce the
results of their parent methods, where all such excitations are included, while requiring computational
effort similar to CCSD. The EA-EOMCCSD(2p1h), IP-EOMCCSD(2h1p), and full and active-space
EA-EOMCCSD(3p2h) codes have been incorporated in GAMESS. Their officially release is expected
to occur within a month or so. Work in under way to add the full and active-space |P-EOM CCSD(3h2p)
options to GAMESS. We have applied the method of moments of CC equations to the generalized
MRCC formalism representing the continuous transition between the state-specific Brillouin-Wigner-
type and state-universal Rayleigh-Schrodinger-type MRCC theories, and derived the novel formula for
the non-iterative corrections to the corresponding MRCC energies that recover the exact energiesin the
general model space case [16]. Asin the past, we have applied CC methodsto nuclei [9,13,19].

I11. Immediate Future Plans (2010/2011)

- Development of the multi-level local correlation CIM-CC methods mixing CR-CC(2,3) or CCSD(T)

with CCSD and MP2. Work toward open-shell extensions of CIM-CC and multi-level CIM-CC.

- Development of the PES extrapolation procedure based on the concept of correlation energy scaling

that uses lower-order methods to calculate correlation energy scaling factors for high-level calculations.

- Development of the active-space doubly electron attached (DEA) and doubly ionized (DIP) EOMCC

methods. Completing the migration of full and active-space |P-EOMCCSD(3h2p) codesto GAMESS.

- New studies of radical and biradical reactions, and molecular electronic (including radical) spectra.
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I.  Program Scope

Our research project focuses on developing detailed chemical kinetic reaction mechanisms for the
combustion of a wide variety of hydrocarbon and alternative fuels. These reaction mechanisms are
designed to be applicable over extended ranges of operating conditions, including temperature, pressure,
and fuel/oxidizer ratio, making them so-called “comprehensive” reaction mechanisms. They can then be
systematically reduced in size and complexity as needed for specific types of modeling applications. We
also use these detailed kinetic mechanisms to carry out modeling studies of practical combustion systems.

I1. Recent Progress

Detailed chemical kinetic models are needed to accurately reproduce the behavior of
transportation fuels like gasoline and diesel fuel. These chemical kinetic models typically describe the
behavior of a limited number of fuel components to represent the hundreds of components in real fuels.
During the last year, we have improved the accuracy our fuel component models over the large pressure
and temperature range needed to model combustion in practical devices. We also have improved our
ability to represent mixtures of the large hydrocarbons present in transportation fuels.

A. Fuel components and surrogates for gasoline and diesel fuels

We improved the ability of our detailed chemical kinetic mechanisms to model straight-chain
pentenes and hexenes. These are important fuel components that can be used to represent alkenes in
gasoline fuels. The improved detailed chemical kinetics models can better simulate the ignition behavior
at low temperatures in a rapid compression machine (RCM) and at high temperature in a shock tube. In
Fig. 1, the predictions of the model for ignition delay times of the three isomers of hexene are compared
to the RCM experimental data of Vanhove et al." and the newly acquired high-pressure shock tube data
from Curran’s group in Galway®. The detailed chemical kinetic models simulate the measured ignition
behavior of the hexenes very well. At low temperature, 1- and 2-hexene exhibit shorter ignition delay
times than 3-hexene due to the formation of hex-1-en-3-yl radicals that can undergo O, addition and start
the pathway leading to ketohydroperoxides. On the other hand at high temperature, 3-hexene exhibits
smaller ignition delay times due to its decomposition to ethyl and but-1-en-3-yl radicals, both of which
react by eliminating H radicals that speed reactivity.

We have been performing collaborative research with the combustion chemistry research teams at
Nancy, France and Milano, Italy to improve the ability to model toluene and its related intermediate
compounds in many fundamental laboratory devices such as low pressure flames, shock tubes, and flow
reactors. With the Nancy team, we modeled the low pressure flames of Li et al.® for toluene, obtaining
good agreement over a wide carbon range of intermediate species including two-ring aromatic
hydrocarbons, methylnaphthalene and phenanthrene. With the Milano team, we validated the chemical
kinetic mechanisms from our two groups for the ignition and oxidation of cyclopentadiene, benzene and
toluene over a wide range of conditions in shock tubes and flow reactors. This range includes
temperatures from 1100 to 1800 K, pressures from 1 to 50 atm, and equivalence ratios of 0.5 to 2,
conditions that are relevant to combustion in internal combustion engines.

N-hexadecane (n-cetane) and 2,2,4,4,6,8,8-heptamethylnonane (iso-cetane) are used as primary
reference fuels to rate ignition properties of diesel fuel through the Cetane number. We have combined
our recently developed chemical kinetic models for these compounds to create a primary reference fuel
model for diesel fuels. This development has improved our ability to model fuel mixtures relevant to
diesel. Figure 2 shows that as the primary reference fuel mixture is changed from a Cetane number of 15
(pure iso-cetane) to a Cetane number of 100 (pure n-cetane), the CO increases at low temperatures and the
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H,O, increases at both low and intermediate temperatures. This increased H,O, production for high
Cetane number fuels leads to the formation of OH radicals and increased reactivity.

B. Components and mixtures biodiesel fuels

We have developed chemical kinetic models for C5 esters and validated the mechanisms by
comparison to the low pressure flame data from Yang, Cool and Hansen®. Good agreement between the
model predictions and experiments demonstrated that three main factors were needed to properly account
for methyl ester chemistry in the model. The first factor was unimolecular decomposition of the fuel,
especially by rapid molecular elimination reactions through 6-membered ring transition states, when
possible. Second, H-atom abstraction reactions followed by B-scission of the resulting radicals leads to
nearly all of the observed intermediate species detected experimentally in each flame. Finally, the rates of
these H-atom abstraction reactions are effectively the same from each distinct type of terminal alkyl
radical group (i.e., methoxy, ethoxy, methyl, ethyl, propyl).

Soy- or rapeseed-based biodiesel mainly consists of 5 different large methyl esters. During the
past year, we have developed detailed chemical models for two of these methyl esters: methyl stearate
and methyl oleate. This development brings us closer to being able to simulate all the actual components
in these important types of biodiesel. Figure 3 shows the ignition behavior of these two methyl esters
compared to n-heptane®, n-decane®, and n-hexadecane’. The predicted ignition delay times for methyl
stearate are shorter than methyl oleate which has the same structure except for the presence of a carbon-
carbon double bond in the C18 carbon chain. Methyl stearate ignites quite similarly to the large n-
alkanes, while methyl oleate ignites more slowly due to the presence of the double bond.

I11. Summary

Improved detailed chemical kinetic mechanisms for components and mixtures of importance for
transportation fuels have been developed. These components are of interest for gasoline, diesel and
biodiesel fuels. Also, we have obtained improved understanding of the chemistry of C5 methyl esters
which will help in improving the chemical kinetic description of large methyl esters important for
biodiesels.

IV. Future Work

We plan on developing chemical kinetic mechanisms of additional saturated and unsaturated
alkyl esters, and comparing simulations with molecular beam sampling measurements taken in low
pressure flames and with ignition delay times measured in rapid compression machines.

This work was performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-07NA27344.
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Figure 1. Ignition delay times of 1-hexene (diamonds), 2-
hexene (triangles) and 3-hexene (squares) in a shock tube?
(on the left) and in a rapid compression machine® (on the
right). The symbols are the experiments and the curves are
the model simulations.
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Figure 2. Computed fuel and intermediate species
concentrations for selected diesel primary reference fuel
mixtures under stirred reactor conditions of 10 atm pressure, 1
sec residence time and stoichiometric mixtures. Cetane
number (CN) of each fuel mixture indicated on each frame.
CN=15 is defined as pure n-hexadecane. CN=100 is defined as
pure 2,2,4,4,6,8,8-heptamethyl nonane.
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1 Scope of the Research Program

The focus of the current work is on the development of computational approaches which allow
our detailed knowledge of the chemical kinetics of combustion to be applied to the modeling and
simulation of combustion devices. In the past year, the work has been focused in two general
areas. The first area is the evaluation and implementation of different algorithms for the treatment
of molecular diffusion and mixing in large-eddy simulations (LES) using the probability density
function (PDF) approach for turbulence chemistry interactions. The second area of research is
the combination of dimension-reduction schemes and tabulation strategies for the computationally-
efficient implementation of combustion chemistry in LES/PDF and other modeling approaches.

2 Recent Progress

The principal research results from this program are described in the publications listed in Section 4.
The first subsection describes the progress made in developing efficient numerical implementations
for the treatment of molecular diffusion and mixing. The next subsection details the progress made
in the computationally-efficient implementation of combustion chemistry.

2.1 Treatment of molecular diffusion and mixing in LES-PDF methods

In probability density function (PDF) methods for turbulent reactive flows, reaction is treated
exactly without modeling approximations while modeling the effects of molecular diffusion and
mixing are crucial [1]. Various mixing models have been developed and studied extensively in
previous studies [2, 3, 4]. In this study, the Interaction by Exchange with the Mean (IEM) mixing
model is used and the effects of molecular diffusion are incorporated as a mean drift term in the
mixing model [5]. This is done in the context of large-eddy simulation (LES). Three algorithms
developed for the treatment of molecular diffusion and mixing in LES-PDF methods have been
implemented and their properties and performance characteristics studied.

The current implementation of the algorithms has the following favorable properties: (i) the
three schemes satisfy detailed conservation, (ii) they ensure boundedness of species mass fractions,
(iii) they achieve second-order accuracy in both space and time, (iv) they are based on an implicit
scheme and hence are unconditionally stable, (v) their computational cost scales linearly with
the grid size, (vi) they account for the effects of molecular diffusion without giving rise to spurious
production of variance, and (vii) they have the capability to incorporate the effects due to differential
diffusion without violating conservation principles. The implementation also ensures that the axis
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Figure 1: Plot of the global error in the scalar mean, S(Z against
smoothing lengthscale, [; non-dimensionalized by the period of
the scalar mean field: solid line represents the modeled error;
symbols represent the estimate of the error obtained from PDF
calculations

100

10

in cylindrical geometry is treated correctly. In addition, an implicit smoothing scheme has been
developed for use in combination with the implementation of the mixing algorithm. Our studies
show that an appropriate amount of smoothing can improve accuracy significantly, by reducing the
variance in the estimated statistics, for no substantial increase in the computational cost.

The three algorithms developed as part of this study have been evaluated in the context of
LES-PDF methods using the method of manufactured solutions in a three dimensional constant-
density flow in a Cartesian coordinate system. Results obtained from this study indicate that
all of the above mentioned properties are satisfied. Figure 1 plots the estimated global error [6]
in the scalar mean, 55 for a range of smoothing lengthscales, [; from the calculation performed

on a 20% grid with a nominal number of one particle per grid cell (i.e. Npe = 1 and hence, the
total number of particles Ny = 203Npc). The solid line corresponds to a model of the form,
5(; =al?+p [1/ (Ntotlg’ + ’prc)], that is fit to the data obtained from the PDF calculations. The
model parameters «, 0 and  are chosen to minimize the least-squares error. One can infer from
this figure that an appropriate choice of the smoothing lengthscale can result in as much as 50%
reduction in the estimated error. A publication describing these advances will be written in the
near future.

2.2 Efficient Implementation of the Combustion Chemistry

Modern chemical mechanisms for real fuels typically involve hundreds of species and thousands of
reactions. Computational calculations of reactive flows involving real fuels with detailed chemistry
are prohibitive even on a distributed computing platform. Thus, dimension reduction is essential
to the use of detailed chemical kinetics in reactive flow simulations.

Here we report recent progress made in developing a combined dimension-reduction and tabula-
tion methodology for the efficient implementation of combustion chemistry. We are working on in-
tegrating the “rate-controlled constrained equilibrium” (RCCE) [7] and the “invariant constrained-
equilibrium edge manifold with pre-image curve method” (ICE-PIC) [8] dimension reduction meth-
ods with the “in situ adaptive tabulation” (ISAT) [9] algorithm. In this combined methodology,
the reactive flow calculations are performed using a small number (say, around 10) of represented
species, and the combined reduction-storage methodology determines and tabulates (in situ) the
reduced space in terms of the represented species based on the detailed mechanism. An auto-
mated greedy algorithm [10] has been devised to select good represented species for the accurate
representation of chemistry using the RCCE and ICE-PIC dimension reduction methods.
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Figure 2: PaSR test for ethylene/air combustion: plotted are the dimension reduction error using
RCCE (left) and ISAT adds (right) against the number of represented species, n,..

2.2.1 Partially-Stirred Reactor (PaSR)

The combined methodology has been extensively tested using the partially-stirred reactor (PaSR)
for the ethylene/air premixed combustion with the chemistry described by the USC Mech II detailed
mechanism (optimized in 2009) involving 111 species and 784 reactions.

The PaSR has two inflowing streams: one premixed stream of ethylene/air mixture at 600 K and
a pilot stream of equilibrium products of the stoichiometric ethylene/air mixture. Other important
parameters involved are: number of particles, Np = 100; residence time, 7,es = x10™%s; mixing
time, Tiiz = 107° s and pairing time, Tpair = 10~°s. The PaSR is run for Ny = 350 time steps,
resulting in more than 10® queries to ISAT. An ISAT error tolerance of €;,,; = 107° is used.

2.2.2 Dimension Reduction Error

To compute the dimension reduction error, PaSR calculations are performed with and without
dimension reduction, and the compositions obtained with the two approaches are compared to
estimate errors incurred by the dimension reduction. The dimension reduction error, €, is defined
as

¢ — [Zhr — Zpclrms (1)
[ZFC]TT)’LS ’
where z denotes the specific moles of the species; DR and F'C denote the predictions with dimen-
sion reduction and full chemistry (no reduction) respectively, and the superscript r denotes the
represented species. The error is computed over all the particles for all time steps as follows:

Np Nr

[2]rms = ﬁ Z Z\z(”)(t) 72“ms‘ (2)

n=1t=1

The dimension reduction error and ISAT “adds” (direct evaluations) for the ethylene premixed
combustion are shown in Fig.2. We see that even for a large ethylene mechanism involving 111
species, using just 13 to 15 represented species with RCCE results in less than 5% error with good
ISAT performance.

2.3 Conclusions

The numerical implementations developed for the treatment of molecular diffusion and mixing
satisfy conservation and boundedness constraints while ensuring second order accuracy in space
and time. Moreover, when mixing is implemented with smoothed statistics, an appropriate choice

267



of the smoothing lengthscale can lead to a significant improvement in accuracy for little or no
increase in the computational cost.

The combined dimension-reduction and tabulation methodology has proved successful for the
efficient and accurate representation of combustion chemistry.

3 Future Plans

The focus of current and future work is on the development of a computationally-efficient implemen-
tation of “local” turbulent mixing models, and combustion chemistry. A combined LES/PDF /ISAT
with dimension reduction code is being developed for simulating turbulent reactive flows.

4 Publications from DOE Research 2008-2010

1. Z. Ren and S.B. Pope (2008) “Sensitivity calculations in PDF modelling of turbulent flames,”
Proceedings of the Combustion Institute, 32, 1629-1637.

2. S. Viswanathan and S.B. Pope (2008) “Turbulent dispersion behind line sources in grid tur-
bulence,” Physics of Fluids, 20, 101514.

3. H. Wang and S.B. Pope (2008) “Lagrangian investigation of local extinction, re-ignition and
auto-ignition in turbulent flames,” Combustion Theory and Modelling, 12, 857-882.

4. 7. Ren and S.B. Pope (2009) “Sensitivity calculations in PDF modelling of turbulent flames,”
Proceedings of the Combustion Institute, 32, 1629-1637.

5. V. Hiremath, Z. Ren and S.B. Pope (2010) “A Greedy Algorithm for Species Selection in
Dimension Reduction of Combustion Chemistry” Combustion Theory and Modelling, (sub-
mitted).
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PROJECT SCOPE

Molecular photoionization and photodissociation dynamics can provide considerable insight into
how energy and angular momentum flow among the electronic, vibrational, and rotational
degrees of freedom in isolated, highly energized molecules. This project involves the study of
these dynamics in small polyatomic molecules, with an emphasis on understanding the
mechanisms of intramolecular energy flow and determining how these mechanisms influence
decay rates and product branching ratios. It is also aimed at understanding how internal energy
can influence photoionization cross sections and dissociative ionization processes. The
experimental approach combines double-resonance laser techniques, which are used to prepare
selected highly excited species, with mass spectrometry, ion-imaging, and high-resolution
photoelectron spectroscopy, which are used to characterize the decay of the selected species.

RECENT PROGRESS

We have continued to focus on using a combination of ion imaging, vuv single-photon
ionization, and resonant multiphoton ionization to probe the photodissociation dynamics of small
polyatomic molecules, and to characterize the photoionization dynamics of combustion-relevant
radicals. Most recently, we have been studying the photodissociation of acetaldehyde into CH; +
HCO, and using vacuum ultraviolet (vuv) photoionization to determine the absolute
photoionization cross section of HCO. In particular, by photodissociating at 266 nm and
ionizing both the CH3 and the HCO with vuv light, we would compare the ion images and
translational energy distributions from the two products. Although the 266 nm photons have
sufficient energy to allow secondary dissociation of the HCO, the translational energy
distributions from the CH3" and HCO™ images are essentially identical, indicating that very little
secondary dissociation occurs at this wavelength. Thus, with some additional considerations, the
ratio of the ion signals for the two ions could be used with the absolute photoionization cross
section of CHj to determine the absolute photoionization cross section of HCO. The data
analysis is still underway, but the HCO cross section is very small--even less than that of CHs.
Interestingly, this observation is consistent with the very small threshold photoionization cross
section of the isoelectronic species NO, and can be rationalized by considering the atomic d-like
character of the HOMO in the two molecules.

New experiments were performed using velocity-map ion imaging to study the predissociation
and dissociative ionization of the rare-gas dimers Xe, and KrXe, as well as the photodissociation
of the corresponding ions. In this work, two-photon excitation was used to prepare low-lying
Rydberg states of these van der Waals molecules. Some of these states predissociated into a
ground-state atom and an excited-state atom, and the latter was ionized by the absorption of an
additional photon. lon imaging provides the translational energy of the fragments, and thus
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allows the assignment of the predissociation products. Identification of the fragments by using
photoelectron spectroscopy had been performed previously, but the resolution of the imaging
technique is somewhat better, allowing more definitive assignments. This approach should be
general, and could be used as an alternative to photoelectron spectroscopy in a variety of
different systems. Some of the molecular Rydberg states were photoionized to produce bound
states of the molecular ion, which were subsequently photodissociated by the absorption of
additional photons. This observation allowed us to identify the specific dissociation mechanism
for both molecular ions. Interestingly, photodissociation only produced a single set of products:
Xe 1Sy + Xe* 2Py, for Xe," and Xe 'Sg + Kr' 2Py, for KrXe®.

I spent one month working with the group of Valerie Blanchet at the CNRS in Toulouse, France,
where we performed experimental studies on the time-resolved femtosecond photoelectron
imaging spectroscopy of CHsl and its fragments CHz and I. Femtosecond laser pulses near 200
nm were used to excite the origin band of the B state of CHsl, which corresponds to the lowest
Rydberg state and predissociates on a ps timescale. The excited molecules were photoionized at
several probe wavelengths and as a function of time delay, and the photoelectron energy and
angular distributions provided insight into the character of the B state and the photoionization
dynamics. The CHj; fragments were also selectively detected as a function of vibrational level,
and the time dependence of these signals were also determined. Essentially all of the | atoms
produced by the predissociation are in the spin-orbit excited Py, level. One manuscript based on
this work has already been submitted and a second is in preparation.

In collaboration with Christian Jungen, | have continued to work on theoretical models of
vibrational autoionization and, in particular, dissociative recombination. We are currently
working on a manuscript exploring the ramifications of our simple model for electron capture by
ions into vibrationally and rotationally excited Rydberg states. This capture process is the first
step in indirect dissociative recombination processes, and in many instances it is also the rate
limiting step. We have examined low-energy dissociative recombination data and have identified
general features of these cross sections. In particular, the cross sections for many small
polyatomic ions such as H3O", NH,", CH3", and CHs" show significant drops at the threshold for
excitation of the fundamental of one of the vibrational levels of the ion, and this vibration is
typically Renner-Teller or Jahn-Teller active. This observation is consistent with our earlier
work on Renner-Teller and Jahn-Teller induced vibrational autoionization, and may ultimately
lead to a more general understanding of the dissociative recombination electrons and polyatomic
ions. We are also exploring electron capture into rotationally excited Rydberg states, which
provides a potentially important alternative to vibrational capture at very low electron energies.

Finally, last fall | participated in two weeks of beamtime at the Linac Coherent Light Source
(LCLS) at SLAC. The LCLS is the world's first hard x-ray free-electron laser, and this was the
first beamtime for external users. In the first set of user experiments at this facility, | worked
with Linda Young's group from Argonne on the multiple ionization of atomic Ne, which showed
that high charge states are produced by sequential absorption of multiple x-ray photons. Most of
this ionization occurs through a series of inner shell ionization processes to remove 1s electrons
and Auger decay processes that replenish them. However, in some instances, the intensity is
sufficiently high that both 1s electrons are removed by the sequential absorption of two photons
before Auger decay can occur. If the FEL pulse is shorter than (or approximately the same

270



duration as) the Auger lifetime, inner-shell absorption terminates after the absorption of two
photons. In the second week of beamtime, | worked with Nora Berrah's group (University of
Western Michigan) on experiments on molecular systems, including N,, CO, H,S, and SFs.
These experiments show similar effects as the Ne experiments, but with the added complexity of
molecular fragmentation. Interestingly, the possibility of making two core holes, for example,
one on each atom in N, also exists, and the decay dynamics of such states are of considerable
interest. | am currently helping with the analysis of the results on molecular nitrogen, and
helping prepare several manuscripts for publication. | have learned a significant amount about
the capabilities of this new facility and | am developing ideas for future experiments that probe
chemical dynamics more directly.

FUTURE PLANS

We plan on continuing our studies of the photodissociation and photoionization of combustion-
relevant radicals by using ion-imaging techniques, vacuum-ultraviolet single-photon ionization,
and resonant multiphoton ionization techniques. In particular, we will finish the analysis of the
data on acetaldehyde and the absolute photoionization cross section of HCO. We may extend
this work to longer photodissociation wavelengths, and place a greater emphasis on recording the
vuv photoionization spectrum of HCO as a function of wavelength. We have performed imaging
experiments on formic acid and deuterated formic acid as a means of producing a number of
interesting combustions radicals including OH, HCO, HOCO, and HCOO, and hope to pursue
these studies. Unfortunately, to date it has been difficult to obtain unambiguous result on the
most interesting species, HOCO and HCOO. By using selectively deuterated precursors, we
hope to be able to study HOCO and HCOO species separately, to study their photoionization
dynamics, and ultimately to determine their photoionization cross sections. Testing of a new
apparatus for photoelectron imaging has begun, and we hope it will be fully operational in early
in the coming year. This apparatus affords easy access to the region close to the pulsed
molecular beam valve, allowing both photodissociation in the expansion and discharge or
pyrolysis sources to produce cold radicals.

I will continue to collaborate with Christian Jungen on theoretical models of vibrational
autoionization and dissociative recombination in polyatomic molecules. In particular, we will
work to develop the connection between our simple model for dissociative recombination and
the large-scale theoretical calculations of Greene and Kokoouline. We will continue to work on
understanding the discrepancies between high-level theoretical calculations and the experimental
dissociative recombination data, in particular, the surprising lack of resonant structure in the
experimental cross sections. Finally, we will explore the possible importance of dissociative
recombination for the generation of radicals in the first steps of spark ignition.

I will finish the analysis and publication of data from my work with Valerie Blanchet's group, as
well as the analysis and publication of data from the initial experiments at the LCLS. | will
continue to participate in experiments at the LCLS, which are scheduled for August of this year.
These experiments are moving towards larger polyatomic molecules and are increasingly
concerned with controlling the excitation process to localize core holes in particular locations
within the molecule.
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Program Scope

Open shell species such as radicals and diradicals are central to reactive processes in combustion and
environmental chemistry. Our program is concerned with photoinitiated reactions of hydroxyalkyl radi-
cals and carbenes. The goal is to investigate the detailed dynamics of dissociation of free radicals and
diradicals for which multiple pathways including molecular rearrangements compete, and compare them
with high level calculations. Studies include unimolecular reactions on the ground state as well as photo-
dissociation dynamics on excited Rydberg and valence states that involve multiple potential energy sur-
faces. The photodissociation of triplet methylene, the prototypical carbene, exhibits conical intersections
and the experiments will be compared with high-level electronic structure calculations. The detailed
measurements on simple systems will serve as benchmarks for homologous series.

Recent Progress

I. Theoretical studies of the electronic spectroscopy and ionization of CH,CH,OH

Of the two structural isomers of the hydroxyethyl radical, 1-hydroxyethyl (CH;CHOH) has its radical
center placed on the carbon adjacent to the oxygen, and thus its electronic structure is similar to CH,OH.
On the other hand, the 2-hydroxyethyl radical, CH,CH,OH, in which the unpaired electron is located on
the outermost carbon, should exhibit a different electronic structure and excited states. The CH,CH,OH
radical is interesting from both theoretical and experimental perspectives. Whereas the neutral species has
a typical open chain configuration, the cation has no minima in this configuration. Instead, the Franck-
Condon region has a saddle point which leads to the only two minima on the cation’s surface: a non-clas-
sical cyclic bridged structure, CH,(OH)CH,", which can be described as protonated oxirane, and
CHsCHOH", which is obtained by shifting a hydrogen atom from the central to the terminal carbon atom.
Likewise, excitation to Rydberg states may lead to both dissociation and isomerization. In addition, the
radical has several conformers on the ground state, and excitation from each conformer may lead to a dif-
ferent outcome.

In collaboration with the Krylov theory group, two stable conformers on the ground potential energy
surface of CH,CH,OH were identified. In addition, the low-lying excited electronic states (valence and
Rydberg) have been investigated theoretically in the range 5-7 eV by using coupled-cluster and equation-
of-motion coupled-cluster methods. Both dissociation and isomerization pathways were characterized. A
dense manifold of electronic states was found, consisting of close-lying valence and Rydberg states and
leading to rich and complex dissociation and isomerization dynamics following excitation from the stable
conformers and saddle points on the ground state.

Two stable conformers and six saddle points have been found on the ground electronic potential
energy surface at energies below ~ 900 cm™. Vertical excitation energies and oscillator strengths for the
lowest-lying excited valence state and the 3s, 3py, 3py and 3p, Rydberg states have been calculated and it
is predicted that the absorption spectrum at ~ 270-200 nm would be featureless. The stable conformers
and saddle points differ primarily in their two dihedral coordinates, labeled dyocc (OH torsion around
CO0), and doccH (CH, torsion around CC).
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Vertical ionization from the ground-state conformers and saddle points leads to an unstable structure
of the open-chain CH,CH,OH" cation. The ion isomerizes promptly either to CH;CHOH" or to the cyclic
oxirane ion, CH,(OH)CH,", with isomerization pathway depending primarily on the doccy angle in the
ground state. The Rydberg states are expected to display a similar behavior.

Fig. 1. Conformers and dihedral angles
in ground state CH,CH,OH.

The lowest valence state is repulsive and its dissociation along the CC, CO and CH bonds is prompt,
leading to CH, + CH,OH, CH,CH, + OH, and H + CH,CHOH product channels. The branching ratio
among these channels depends sensitively on the dihedral angles. Surface crossings among Rydberg and
valence states and with the ground state are likely to affect dissociation. It is concluded that the proximity
of several low-lying excited electronic states, which can either dissociate directly or via isomerization and
predissociation pathways, would give rise to rapid dissociation leading to several simultaneous dissocia-
tion channels.

I1. Predissociation of rovibrationally excited CD,CD,0OH: D-atom fragments

Acetaldehyde and vinyl alcohol products have been implicated in the decomposition of C,HsO
structural isomers. Of particular interest is the vinyl alcohol (ethenol) product, CH,CHOH. Vinyl alcohol
tautomerizes readily to the more thermodynamically stable acetaldehyde isomer. Its recent discovery in
significant concentrations in flames, as well as its identification as a dissociation product in electronically
excited 1-hydroxyethyl radicals, has underscored the importance of this species. The presence of the
acetaldehyde tautomer in combustion reactions is well established.

Predissociation to the lowest channel, OH + C;H,, is dominant in the dissociation of the CH,CH,OH
radical. Theoretical assessments suggest, however, that at high excitation energies other pathways, such
as dissociation to vinyl alcohol and acetaldehyde, can also play a role.*? To date no report has been pub-
lished on dissociation pathways of CH,CH,OH or CD,CD,0OH leading to H(D) fragments. The three
relevant dissociation channels are:

CH,CH,OH — CH,CH, + OH (major channel) @
CH,CH,0OH — CH,CHOH + H (vinyl alcohol channel) 2
CH,CH,OH — CH;CHO + H (acetaldehyde channel) 3

Relatively little experimental work has been published on the CH,CH,OH radical, because a clean
source of cold radicals is yet unavailable. However, upon dissociation of haloethanols rovibrationally
excited CH,CH,OH radicals are produced by secondary dissociation, some of which having sufficient
internal energy to dissociate.®*’ Previous work characterized the fraction of radicals that dissociate and
concluded that some of the radicals are born with high rotational excitation and do not dissociate within
the observation time due to centrifugal barriers even when their internal energies exceed the dissociation
barrier to channel (1). OH radicals produced via channel (1) have been characterized experimentally, but
the production of D atoms via channels (2) and (3) has not been investigated.
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In collaboration with S.J. Klippenstein, we investigated the appearance of D photofragments follow-
ing 202-215 nm photolysis of BrCD,CD,0OH and conclude that they are generated by predissociation of
internally excited CD,CD,0OH. The partially deuterated product was used in order to distinguish between
O- and C-bound hydrogens, and improve the signal-to-noise ratio in the experiment. D atoms were
detected by 1+1” REMPI, and their TOF distributions were determined. Bromoethanol was chosen as the
precursor because around 202 nm the product CD,CD,0OH radicals should contain enough internal energy
to predissociate via reactions (1) —(3).>? D-atom maximum velocities and kinetic energies confirmed that
it was generated by reactions (2) and (3). The relative importance of the vinyl alcohol and acetaldehyde
channels in generating D-photofragments was assessed on the basis of experimental findings and
theoretical calculations.

The theoretical calculations predict the energy dependence of the branching between channels (1)-(3)
in CD,CD,0OH dissociation via RRKM calculations based on the model of ref. 1. The relevant channels
and barriers are shown in Fig. 2.

Fig. 2. Energies and barrier 20 &8,
helghtS fOI‘ CH2CH20H and 10 + CH.CH.+ OH (22.2) “-~..‘HOCHCH2+ H
CD,CD,OH (values in parentheses) ° 1T 42
relevant to the vinyl alcohol dissociation 10 7 Tea 3
channel. Calculations by Klippenstein L 20 : f i 09
and co-workers. E 20 7 : Poi 5 (oou HiCH,CHO+H
~ B : H H H H
£ 40 L 368
o 50 iCH,0 + CH,
E 60 | -54.8
70 : ' :
L -80 —
-90 —|
-100 OCH,CH,
110 ; ¢ -95.4

CH,CH,OH (-97.0)
-109.6
(-111.4)

The underlying microcanonical RRKM analysis of ref. 1 could be compared directly to the present
observations. However, the partial deuteration may have some effect on the predicted rate constants and
branching ratios. Thus, to properly compare with the present experiments, we have evaluated the rovibra-
tional properties of the stationary points for the relevant partially deuterated species at the B3LYP/6-
311++G(d,p) level, and the energies and reaction barriers for these species are included in parentheses in
Fig. 2. These rovibrational properties were then incorporated in a revised RRKM analysis for the par-
tially deuterated species. Calculations of microcanonical dissociation rates and branching ratios were car-
ried out for the range of available excess energies in the experiment (up to 5000-8000 cm™ above the OH
+ C,D, threshold). The major results are:

(i) The reaction channels terminating in D products are minor -- only a few percent of all products.
Nevertheless, there is no problem in detecting these channels via the sensitive 1+1” REMPI scheme.

(if) The acetaldehyde product correlated with H(D) co-fragments could not be discerned experimen-
tally from vinyl alcohol in our study because dissociation to both species proceeds via C-D bond clea-
vage. Calculations show that it should be a minor channel relative to vinyl alcohol and that isomerization
to the ethoxy radical that precedes dissociation to acetaldehyde is inefficient. Additionally, the
dissociation of ethoxy to acetaldehyde competes with the channel that yields H,CO + CHg, which has a
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lower barrier (Fig. 1), and the latter should comprise the major dissociation channel of the ethoxy radical,
in agrrement with previous work."?

(iii) The calculations for CD,CD,0OH in rotational states J of 4, 20, 52, and 100 show that the
branching to reaction (2) relative to reaction (1) decreases with increasing J as the rotational barriers
become more significant. Thus, the contribution of the D channel is largest for those “hot” 2-
hydroxyethyl radicals that are born with modest rotational excitation. These are also the radicals that dis-
sociate the fastest and whose products are likely to be observed in our detection region.
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Future Work

Our next goals are to study the vibrational predissociation of CH,OH and the photodissociation of the
triplet methylene radical. The latter is being produced efficiently by pyrolysis of diazirine. We will also
continue the work with our theory collaborators in order to fully characterize the potential energy surface
of CH,CH,OH on the ground electronic state at energies above the isomerization and dissociation
barriers.
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Program Scope

The spiritus movens of this program is the need to provide the scientific community with accurate and
reliable thermochemical, spectroscopic, and structural information on chemical species that are relevant in
combustion, or play prominent roles in the associated post—-combustion environmental chemistry, thus
contributing to the comprehension of the underlying chemical reactions and/or providing reliable
benchmark values for development and testing of state—of-the—art theoretical approaches. In particular,
thermochemistry is one of the essential underpinning scientific blocks that is enabling DOE to
successfully interpret, analyze, model, and optimize energy—producing chemical reactions and thus fulfill
its mission, and is, as such, a long—term component of the DOE BES research program. The current focus
of this program is on bringing substantial innovations to the field of thermochemistry through the
development of new tools and methodologies, and utilizing these new approaches to systematically
advance the quality and quantity of available thermochemical data relevant to energy—producing
processes. In order to accomplish the stated goals, this program has undertaken the development of a
novel approach that is centered on the idea of analyzing and optimally utilizing the knowledge content of
thermochemically relevant measurements. The aim of these developments is not only to produce the best
currently possible thermochemical parameters for the targeted chemical species, but also to allow efficient
updates with new knowledge, properly propagating its consequences through all affected chemical
species, as well as to provide critical tests of new experimental or theoretical data, and, if possible, to
develop pointers to future determinations that will most efficiently improve the thermochemical
knowledge base. The effort of this program is synergistically coordinated with related experimental and
theoretical efforts within the Argonne Chemical Dynamics Group to provide a broad perspective of this
area of science.

Recent Progress

Development of Active Thermochemical Tables and
the Core (Argonne) Thermochemical Network

Active Thermochemical Tables (ATcT) are a new paradigm of how to develop accurate, reliable, and
internally consistent thermochemical values for stable, reactive, and transient chemical species by
utilizing to the fullest all available experimental measurements as well as state-of-the art theoretical data.
Availability of reliable thermochemical values, accompanied by properly quantified uncertainties, is
central to chemistry and chemical engineering. High-quality dependable values are critical in such areas
as experimental and computational chemical kinetics and dynamics, development of credible chemical
reaction mechanisms, and formulation of realistic models for complex chemical environments such as
flames, internal combustion engines, or the atmosphere. Equally importantly, the availability of accurate
and reliable thermochemical benchmarks has been historically the strongest spiritus movens for the
advancement of sophisticated electronic structure theories.

The power of ATcT is rooted in the underlying Thermochemical Network (TN) approach.™** Traditional
sequential thermochemistry (A begets B, which begets C, etc.) utilizes the available information in an
inherently incomplete manner, is prone to cumulative errors, and results in tabulations that are
encumbered by a hidden maze of progenitor-progeny relationships and thus cannot be updated with new
knowledge without introducing serious inconsistencies. As opposed to this, ATcT operate on the
underlying Thermochemical Network (TN), which explicitly contains the available thermochemically-
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relevant determinations and thus allows statistical scrutiny and manipulation of the intricate manifold of
relationships characterizing thermochemistry. The end result of this scrutiny is the extraction of the best
possible thermochemical values for all chemical species described by the TN, based on optimal use of all
the available knowledge, hence making conventional tabulations of thermochemical values obsolete.

The cardinal TN from which ATcT derives new thermochemical insights is the Core (Argonne)
Thermochemical Network, C(A)TN. The overreaching goal is to create a TN that describes in the best
possible manner the thermochemistry of all radicals and stable species relevant to combustion. C(A)TN
currently encompasses no less than 920 chemical species of C/H/O/N/Hal composition, intertwined by
more than 13,000 thermochemically-relevant determinations. C(A)TN is under continuous development,
which entails periodic expansions toward new species as well as sustained improvements in the
thermochemical definitions of existing chemical species. The latter, which is largely driven by ATcT
scrutinies of the constructed TN, has been the primary focus of our effort during the past year. The TN
improvement and expansion processes involve, among others, critical analyses of all available
experimental and theoretical determinations from the literature and from our laboratory, further extended
by targeting new critical measurements. The experimental information is routinely complemented by
additional high-quality electronic structure computations, using standardized composite methods that in
the past have shown a reasonably good track record of thermochemical fidelity, such as G3, G3B3, G3X,
CBS-Q, CBS-QB3, and CBS-APNO, as well as — when warranted and possible — thermochemical
guantities computed using cutting edge methods, which presently start approaching for small chemical
species accuracies of ~1 kJ/mol or even better (such as higher members of the Wn series, the HEAT
protocol, and Focal Point approaches). As opposed to a localized TN (which we use only during initial
testing of new TN sections), C(A)TN is an ab ovo TN, i.e. it does not contain any species that are
constrained to an externally selected or imposed value of enthalpy of formation (other than the definitions
of the reference state for each element). The fact that C(A)TN is devoid of non-transparent external
dependences allows ATcT to coerce the knowledge contained in the TN toward full self-consistency.

The C(A)TN is now large enough to allow us to concentrate on groups of key chemical species that are
spanned by reasonably complete dependency manifolds and capable of producing thermochemistry that
has converged toward a stable value, and to undertake the effort of bringing the thermochemistry of such
species to a ‘release-quality’ level. The first group of such species are those having an H/O composition,
and our continued effort on finalizing their thermochemistry has, inter alia, resulted in highly accurate
values for two quantities: the proton affinities (as well as the related gas-phase basicities) of H, and O,
(see Ref. 4). Both of these quantities are important as firm pegs that place substantial sections of the
general proton affinity scale (which relies on a myriad relative proton affinity measurements) on an
absolute scale. In addition, knowledge of these two quantities with very high accuracy turns out to be of
paramount importance in interstellar astrochemistry, where it directly relates to the thermochemistry of
the nearly thermoneutral proton exchange between H, and O,, and thus defines the chemical equilibrium
between the very abundant protonated hydrogen, Hs", and (otherwise not readily detectable) protonated
oxygen, HO,". The latter ATcT-derived equilibrium was a topic of a recent extensive collaborative effort
(with Ben McCall, U. Illinois Urbana-Champaign), which explored how much of the *missing’ interstellar
O, may be in fact ‘hidden’ in a protonated form that eludes detection by usual radioastronomical methods.
We are currently in the process of preparing a manuscript with the latest ATcT values for the principal
O/H species and their positive and negative ions.

The effort of finalizing the values for a number of key species (O/H species, simple C/H/O species, N/H
species, NOy species) has also resulted in stabilizing the thermochemistry for the C and N atoms. The
correct values for the enthalpies of formation of atoms are of intense interest to theoretical chemists,
where a large number of electronic structure computations resort to the atomization energy scheme as a
vehicle to producing enthalpies of formation. Given the wide interest in these quantities, we are giving
here the current interim ATcT values for several first-row atoms (see Table 1). While the initial efforts of
improving on the values for C and N have benefited from collaborations with out theoretical colleagues
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(J. Stanton, UT Austin; A. G. Csaszar, Eotvos U.; J. M. L. Martin, Weizmann), the current values rely
heavily on two>® ATcT-driven photoionization experimental studies (in collaboration with C.-Y. Ng, UC
Davis) and on the fact that the dependency manifold for these two atoms has now reached a ‘critical
mass’. It is noteworthy that, similar to what happened previously* with O, the current ATcT values for the
enthalpies of formation of C and N are essentially an order of magnitude more accurate that those
originally recommended by CODATA and listed in all conventional thermochemical tabulations.

We are also in the finishing stages of providing accurate ATcT thermochemistry for phenyl radical and its
positive and negative ions.” This effort was conducted in collaboration with Tom Baer (UNC) and the
researchers at the Swiss Light Source, and not only clarifies the so far rather uncertain thermochemistry
of phenyl (where historic values of the enthalpies of formation differ by several times the declared
uncertainties) and its ionization energy (the knowledge of which affects attempts to monitor combustion
processes via photoionization mass spectrometric sampling), but it also provides accurate and validated
thermochemistry of benzene itself and a number of monohalosubstituted benzenes. (The latter are
important in numerous kinetic studies, where they are often used as convenient reactants.)

Pleasingly, the ATcT results have also found an instrumental role in developing and benchmarking the
latest state-of-the-art sub-kJ/mol electronic structure methods, since ATcT is currently the only approach
providing thermochemical data that consistently possesses sufficient accuracy and reliability for this task.
Thus, the development of the higher members of the Wn electronic structure methods (Jan Martin,
Weizmann Institute) and the development of the HEAT approaches (John Stanton, UT Austin) relied
almost entirely on ATCT results. The vogue continues, and in collaboration with Wim Klopper (U.
Karsruhe), the current ATcT results are used to test electronic structure approaches that focus on
incorporating promising explicitly-correlated coupled-cluster methods, such as CC-R12 and CC-F12.
This testing and development process has, inter alia, resulted in producing a new ATcT thermochemical
benchmark set containing 73 well-defined total atomization energies.?

Table 1. Current ATcT thermochemical values for atoms®

Quantity 0K 298.15 K uncert. units comment
AH°(C) 711.39 716.87 +0.06 kJ/mol b
AH°(H) 216.034 217.998 + 0.000 kJ/mol c
AH°(O) 246.844 249.229 +0.002 kJ/mol c
AH°(N) 470.57 472.43 +0.03 kJ/mol b
AH°(F) 77.26 79.37 +0.06 kJ/mol d
AH°(CI) 119.621 121.302 +0.002 kJ/mol c
AH°(Br) 117.92 111.85 +0.06 kJ/mol b
AH(1) 107.157 106.757 + 0.002 kJ/mol b

& All values are interim values based on C(A)TN ver. 1.098; uncertainties are 95% confidence limits, as customary in
thermochemistry; see Ref. 7 for an updated set of interim values

b supersedes earlier interim values disseminated by private communication(s)

¢ essentially unchanged from previously published ATcT value, see Ref. 1

d improved from previously published ATcT value, see Ref. 1

Future Plans

Future plans of this program pivot around further developments and expansive use of Active
Thermochemical Tables, providing accurate thermochemistry, and driving targeted theoretical and
laboratory experimental investigation of radicals and transient species that are intimately related to
combustion processes. The most pressing task for the forthcoming period is to continue the effort toward
finalizing and disseminating the ATcT results. A necessary prerequisite is to coerce the related
thermochemistry to converge to a stable, “release quality” value, and we intend to continue expanding the
number of species that belong to this category. Another prerequisite is the continuation of the current
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effort on designing and producing an entirely computer—generated ATcT web site that will be populated
by “release quality” results automatically by a suitable post—processing step in ATcT. Besides full
automation with archival capability, a desideratum is the automatic inclusion of sufficient background
information to document an extensive pedigree tree for every recommended value.
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