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Abstract

This work presents shock tube experiments and kinetic modeling efforts on the pyrolysis and
combustion of JP-10. The experiments were performed at 6-8 atm using 2000 ppm of JP-10 over
a temperature range of 1000-1600 K for pyrolysis and oxidation equivalence ratios from 0.14 to
1.0. This work distinguishes itself from previous studies as GC/MS was used to identify and
quantify the products within the shocked samples, enabling the tracking of product yield
dependence on equivalence ratio as well as identifying several new intermediates that form
during JP-10’s decomposition. A detailed, comprehensive model of JP-10’s combustion and
pyrolysis kinetics was constructed with the help of RMG, an open-source reaction mechanism
generation software package. The resulting model, which includes 691 species reacting in 15518
reactions, was extensively validated against the shock tube experimental dataset as well as newly
published flow tube pyrolysis data from Ghent. Most of the important rate coefficients were
computed using quantum chemistry. The model succeeds in identifying all major pyrolysis and
combustion products and captures key trends in the product distribution. Simulated ignition
delays agree within a factor of 4 with most experimental ignition delay data gathered from
literature. The presented experimental work and modeling efforts yield new insights on JP-10’s
complex decomposition and oxidation chemistry and identifies key pathways towards aromatics
formation.
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Introduction

JP-10 is a synthetic aviation turbine fuel that is essentially a pure component, i.e. exo-
tetrahydrodicyclopentadiene, CioH¢ (Figure 1). Its low freezing point, high volumetric energy
density, and high specific impulse make it one of the most promising air-breathing missile fuels.'
Due to its success, JP-10 prices skyrocketed and almost doubled from 2006 to 2010, driving
further research into more efficient use of this expensive fuel, such as blending JP-10 with
cheaper alternatives. Major research efforts have also been focused on the development of
propulsion technologies, including ramjet, scramjet and pulse detonation engines, using JP-10 as
the predominant fuel. JP-10 is often regarded as being easier to study than other jet propulsion
fuels in that it is essentially a single-component jet fuel, making it a favorable target for kinetic
modeling. Component analyses indicate that JP-10 consists of approximately 96.5 w% exo-
tetrahydrodicyclopentadiene, 1.0 w% adamantane and 2.5 w% endo-tetrahydrodicyclopentadiene
(Figure 1). Due to the complexity of the molecules involved, we assume in the remainder of this
work that JP-10 can be regarded as its primary component.



Figure 1. Main constituents of JP-10: (from left to right) exo-tetrahydrodicyclopentadiene, endo-

H

tetrahydrodicyclopentadiene and adamantane.

The current literature data provide an incomplete picture of JP-10’s complex pyrolysis and
combustion behavior. Moreover, available datasets often show significant discrepancies amongst
each other. One of the first extensive studies on the pyrolysis of JP10 was conducted by
Davidson et al.” using high speed UV adsorption behind reflected shock waves at 1400 K and 1
atm. The authors identified cyclopentene as one of the major initial decomposition products
amongst other major decomposition products: ethene, propylene, benzene, butadiene and
cyclopentadiene. Nakra et al.’ studied the pyrolysis of JP-10 in a micro flow tube reactor at
roughly 2x10~ atm with electron impact and ion impact mass spectra analysis. Their studies
covered high temperature pyrolysis and millisecond residence times but did not include the high-
pressure regime. Benzene and cyclopentadiene were identified as main decomposition products
but the authors failed to identify large concentrations of cyclopentene, which would be expected
from the Davidson et al. experiments. Striebich and Lawrence® focused on higher pressure
experiments, working at supercritical conditions of 34 atm and 373-873 K to illustrate the
thermal stability of JP-10, which was found to be more stable than other jet fuels tested. They
found that JP-10’s decomposition products were predominantly alkanes and alkenes, but they
also detected smaller concentrations of cyclohexene and dimethylcyclopentadiene. Xing et al.’
studied the decomposition of JP-10 at 900 K and pressures ranging from 1 to 40 atm,
contributing to an enhanced understanding of reaction pressure on product selectivities. That
work points to secondary reactions of alkenes, formed during the initial decomposition phase, as
the major contributing pathways to aromatic species formation. However, this conclusion
contradicts Herbinet et al.’s observation that some aromatics such as benzene and toluene must
also have direct reaction channels, based on experiments conducted in a jet stirred reactor.’

The combustion of JP-10 has primarily been studied under conditions that mimic those
applicable in engines: residence times are typically very short (i.e. ms range) with temperatures
exceeding 1000 K. These studies generally focused on measuring ignition delays and do not
report detailed product distributions, which are important for understanding engine performance
and predicting the fuel’s sooting behavior. Davidson et al.” reported ignition delay times and OH
concentration time histories behind reflected shock waves in the temperature range 1300 — 1700
K with pressures ranging from 1-6 atm. Colket and Spadacinni® reported ignition delays in the
temperature range 1250 - 1500 K. Mikolaitis et al.” conducted ignition delay measurements at
higher temperatures up to 2000K and higher pressures of 10-25 atm. They also found that JP-
10’s ignition delays were generally insensitive to fuel additives. More recently, Wang et al.'’



reassessed ignition delays for JP-10 at pressures of 1.5 to 5.5 atm and temperatures ranging from
1000 to 2100 K to fill gaps between the other datasets.

Many computational studies have focused on solving specific problems related to
understanding JP-10’s decomposition chemistry. Zehe and Jaffe'' studied the thermochemistry
of exo-tetrahydrodicyclopentadiene using composite methods such as CBS-QB3 and the Gx
family of methods. Bozzelli et al.'? extended this to all possible radicals formed after abstracting
a hydrogen from JP-10 and used a reaction scheme approach to obtain enthalpies of formation
for various radicals with approximately 1 kcal mol™ accuracy. Chenoweth et al."* used a reactive
force field (ReaxFF) to identify major initial decomposition pathways including (a) a path
leading to the formation of ethene and a C8 hydrocarbon and (b) a path producing two C5
hydrocarbons. Various reactions paths have also been studied by Yue et al.'* using the M06-2X
functional. Recent work by Magoon et al.'” focused on calculating energy barriers for
intramolecular disproportionation reactions that are important during the pyrolysis of JP-10.

Despite the broad range of experimental and computational studies that have been conducted
in an effort to increase our understanding of JP-10’s decomposition chemistry, the development
of an accurate, detailed combustion mechanism has remained elusive. The pyrolysis mechanism
developed by Herbinet et al.® lacks oxidation chemistry and is not publicly available. The first
JP-10 combustion mechanism was developed by Li and coworkers'® a decade ago; however, the
initial decomposition steps were modeled using lumped reactions to capture a simple model
which largely avoided the kinetics of any species larger than C3;. The resulting lumped model
contained 36 species and 174 reactions, with no decomposition products larger than Cs. This
preliminary model was admittedly highly speculative for kinetics involving species larger than
Cs but yielded satisfactory ignition delay predictions relative to available shock tube data. For
many years, the Li et al. mechanism was, to our knowledge, the only published mechanism
available for modeling JP-10 combustion.

Authors of the present paper developed and refined the first detailed JP-10 combustion
mechanism"’ using RMG (Reaction Mechanism Generator),'” an open-source software package
for automatically building detailed kinetic mechanisms. This first-generation mechanism
characterized the initial decomposition kinetics of JP-10 combustion but included very rough
estimates for many important reactions and had little experimental validation due to lack of
speciation data. More recently, Vandewiele et al.'® generated an improved pyrolysis model
validated by new experimental data obtained at Ghent University.

In this paper, RMG was used to generate a new comprehensive combustion model for JP-10,
extending on the Vandewiele pyrolysis model with updates to rate coefficients and
thermochemistry based on quantum chemistry calculations and validated through new shock tube
experiments. The aim of this new set of experiments is to fill in the gap existing in the current
literature and better understand JP-10’s decomposition and oxidation chemistry. Products of
decomposition were identified and measured behind reflected shock waves at pyrolysis and pre-
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ignition oxidation conditions ranging from very lean (® = 0.14), lean (® = 0.24), to
stoichiometric (® = 1.0). The experiments were conducted at temperatures ranging between
1000 and 1600 K, pressures of 6-8 atm, and a residence time of about 500 ps. These data were
further used to validate a new detailed kinetic model generated by RMG that captures both the
pyrolysis and oxidation chemistry of JP-10. Modeling advances were accomplished by
supplementing the RMG database with higher fidelity computational estimates and reported
literature values for critical kinetics and thermodynamic parameters, in addition to algorithmic
improvements to the RMG software. This work highlights the current capabilities of computer-
based kinetic model generation with respect to cyclic chemistries such as JP-10 as well as
opportunities for further research.

Methodology

Shock tube experiments

The JP-10 pyrolysis and oxidation experiments were carried out in a 2.54 cm internal
diameter pressure-driven single-pulse shock tube, of the design described by Lifshitz et al.
(Figure 2)."” The driven (sample) section is 1.75 m long, and the driver section (adjustable for
“tuning”) is 0.91 m long. A Mylar diaphragm, 2.0 pm thick, separates the two sections. A
3.2x107% m® dump tank is positioned just downstream from the diaphragm for the purpose of
preventing multiple reflections of the shock. Two rapid-response pressure sensors are mounted in
the wall of the driven section to detect the arrival of the incident and reflected shocks; the output
is amplified and recorded on digitizing storage oscilloscopes, and reaction temperatures are
determined from the recorded shock velocities.

Dump i Pressure
Tank Gauges
. . . . i Product Gas
2.54 cm Driver Section Driven Section Collection Bulb
091 m 175m
2 um
Diaphragm

Figure 2. Schematic of the shock tube used for the experimental study.

Before each experiment, the entire system is evacuated by a molecular drag pump that is
backed by a diaphragm pump, to a pressure < 0.1 Pa. Helium is used as the driver gas, and
research-grade argon is used as the diluent for the reactant samples. Reactant samples were
prepared in 1.0 L glass bulbs (sealed with Teflon stopcocks) containing glass beads to enhance
mixing. A few drops of liquid JP-10 were added, and the bulb was evacuated briefly (some liquid
JP-10 remained). After this, the bulb was filled to 850 Torr with either argon (for pyrolysis) or a
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pre-mixed O,/Ar mixture (for oxidation) and swirled for at least 5 minutes to establish a
saturated JP-10/Ar or JP-10/0,/Ar mixture. Reactant samples were stored for at least an hour at
20°C before use. Heated tubes (~50 C) connecting the sample bulb and shock-tube prevent JP-10
condensation, and 2.5x10* to 5.0x10* Pa of the reactant sample was eventually transferred to the
shock-tube. As soon as the desired sample pressure had been measured in the shock tube the
shock was initiated by exceeding the diaphragm’s bursting pressure with the He driver gas.
Immediately after each shock, the product sample was withdrawn through a small outlet in the
side-wall 7.5 mm upstream of the end wall of the driven section into a 100 cm’ glass bulb that
had been previously evacuated and then filled with a small amount (1.3x10° Pa) of a calibration
mixture containing argon and measured amounts of two standards, isobutene and cis-
cyclooctene. These two compounds were chosen as calibration standards since neither had been
detected among the JP-10 pyrolysis or oxidation products in earlier qualitative test runs, and
because both were well-resolved from the pyrolysis and oxidation products.

The gas collection bulbs containing product gas samples and the calibration standards were
analyzed on two GC-MS systems: an Agilent 6890 GC with an Agilent 7850 MS and a Hewlett-
Packard 5890 GC with a Hewlett-Packard 7820 MS. The Agilent GC-MS was used to analyze
compounds greater or equal to Cs with an Agilent HP5-MS (5% Phenyl Methyl Siloxane)
column of dimensions 30 m X 0.25 mm X 0.25 pum. The HP GC analyzed compounds smaller
than Cs using a Restek PLOT S-Bond column of dimensions 30 m X 0.25 mm X 0.53 pm.
Previously, a set of 10 compounds of known concentration, ranging from C3 to C10 in size, had
been analyzed and quantified on each GC-MS. Using calibration analyses of cis-cyclooctene,
isobutene and the ten other compounds, standard curves were made to relate the MS response to
the molar concentration of each species. This gave a set of MS response calibration curves that
were offset according to molecular weight and molecular structure. For species found in the JP-
10 reaction products that were specifically calibrated for with standards, the product
quantification was done based on direct response factors for those specific compounds. For
species found in the reaction products that were not in the calibration standards, the MS response
factors were interpolated from the standard curves for species of similar molecular weight and
structure. In all cases the peak areas were first normalized by the MS response to cis-
cyclooctene or isobutene in order to correct for day-to-day variations in the responses of the two
GC-MS instruments. Every sample was analyzed three times before taking an average mole
fraction of each species.

Under pyrolysis and stoichiometric oxidation conditions, carbon balances of 80 to 110%
were obtained. This is within the accepted error in GC-MS quantitative analysis, i.e. +/- 20%,
and averages on the low side of 100% mainly due to our inability to detect CO, CO2, CH4 and
HCHO because of the peaks’ overlapping retention times with the diluent gas Ar. Due to the
excess argon in the samples, it was very difficult to detect and quantify most of the lighter
species, including all C1 compounds. Under leaner conditions, carbon balances based on the



species we were able to quantify dropped to approximately 50%, due to larger relative amounts
of CO and CO, formation.

The pressure, temperature and density of the reacting shock-heated gas immediately after
passage of the reflected shock was calculated from measured incident shock speeds, the initial
(pre-shock) sample temperature and pressure, conservation equations (mass, momentum,
energy), and heat capacity polynomials for JP-10, O, and Ar. The reaction time for the sample
was determined from the pressure versus time traces at the downstream end of the tube, as the
time interval between initiation of the reflected shock and arrival of the cooling expansion wave.
This time is longer for gas at the end of the tube, but is less for gas that was further upstream.
Assuming that the composition of each 100 cm® product sample collected is representative for
the product gas at a certain position in the shock tube, we can derive the average reaction time
from its average location under the compressed reaction conditions. Samples had an effective
average reaction time of 500 (+/- 10%) us.

Experimental error analysis

A single-pulse shock tube can be, in many respects, an ideal choice for the study of rapid
thermally-induced reactions under homogeneous conditions. Gas samples can be brought rapidly
(t ~ 10" s) and homogeneously to temperatures ranging from hundreds to thousands of degrees
above ambient temperature, at pressures ranging from <10* to >10" Pa, then quenched back to
room temperature and recovered for analysis. Since the heating is brought about by the passage
of a compression shock wave through the gas sample, the walls of the apparatus remain
essentially at room temperature throughout the sub-millisecond reaction time; a thin boundary
layer of cold gas forms along the walls insulating them from the hot reacting gas. This
effectively eliminates the potential complications of catalytic surfaces but also means that some
of the recovered gas for analysis was not heated to the temperature of the gas in the center of the
tube. In the present study, that percentage was determined by running JP-10/Ar samples to
temperatures above 1600 K, under which JP-10 consumption should have been close to 100%.
These experiments indicated that the actual residual reactant concentration amounted to
approximately 1/3 of the original JP-10 feed (i.e. 67% =+ 5% of the feed reacted).

Another limitation arises because of the inherent differences between compression (heating)
and expansion (cooling) waves. In an ideal T-jump experiment, both the heating and the cooling
should be instantaneous. Shock waves are by nature convergent processes; as the shock front is
formed, successive stages of compression travel through increasingly hot gas, at progressively
faster velocities, until they coalesce into a single, abrupt pressure discontinuity. Expansion waves
travel through progressively cooler gas and therefore diverge. Thus the desired instantaneous
heating of the reactant sample is achieved, but the cooling of the reaction products at the end of
the reaction time is not instantaneous. In the shock tube used in this study, the typical initial
cooling rate was determined, from the recorded pressure trace, to be > 5x10° °C/s; so 100 ps
into the cooling process (one fifth of the reaction time) the temperature drops at least 50 degrees.
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The rate at which each reaction is quenched depends on the activation energy and the reaction
order (since the gas density also drops, lowering collision rates). For the initial pyrolysis
reactions of JP-10, with estimated activation energies > 80 kcal/mol, a temperature decrease
from 1200 to 1150 K should lower the rate of JP-10 consumption by more than a factor of four.
However, abstraction or addition reactions of radicals, such as would form alkenes, alkynes and
aromatic species, will be slowed down less rapidly. By the time the product sample is collected
for analysis, it will contain only neutral, non-radical species. Thus, the concentrations of
benzene, toluene, cyclopentene, cyclopentadiene and similar product species are likely to be
greater than they were in the shock tube at the end of the reaction time but before the cooling
process occurred. Considering all these uncertainties, the total estimated uncertainty in species
concentrations is approximately 30%. For this reason, we believe that the pyrolysis and oxidation
experiments performed in this study are most useful for qualitative and semi-quantitative
comparisons with the model.

The final source of uncertainty in the experimental data is the error associated with the
reaction temperature, which is back-calculated from the recorded shock wave velocities. These
times are determined from the pressure-jump found in the oscilloscope readings, which have an
uncertainty of approximately 0.4 ps (the oscilloscopes have a resolution of 0.2 ps). The
temperature error arises from the propagation of the oscilloscope error and from the assumption
of complete translational, rotational, and vibrational equilibration of kinetic energy when
converting shock speed to temperature. We estimate the total temperature uncertainty to be about
3-4%, or 50 K. This is a significant uncertainty, since the chemistry can vary greatly with a 50K
change in temperature.

Detailed chemical Kinetic modeling

RMG was used to generate the kinetic models in JP-10 combustion and pyrolysis by
automatically discovering chemical species and elementary reactions involved. Rate constants
and thermodynamic parameters for the species and reactions are based on an integrated database
of libraries and estimation rules. RMG constructs a kinetic mechanism by selecting the relevant
subset of possible species and reactions with significant fluxes at the user’s specified reaction
conditions. This automated procedure for kinetic model generation is designed to avoid the
process of constructing kinetic models manually, which can be very tedious and error-prone for
complex chemistries such as JP-10 decomposition. However, it must be noted that automated
mechanism construction is an actively evolving research area that continuously incorporates new
improvements from the investigation of increasingly complex kinetics systems. The
characterization of JP-10 represents the first time RMG has been used to investigate the
combustion kinetics of a fused cyclic molecule. The model development process led to multiple
improvements to RMG’s databases. These refinements were based on sensitivity analysis and
comparison with experiment to identify the species and reactions whose thermodynamics and
kinetics mostly strongly influence the model predictions. All parameter refinements have a
justifiable basis in literature, ab initio calculations, accepted estimation procedures, or physics.
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The details of RMG methods and operation are available in previous works
briefly summarized here. RMG is operated by specifying an initial set of reactants and reaction
conditions (temperature, pressure and species compositions), as well as a reaction system
termination time or conversion of interest. Once these conditions are specified, the process of
building the kinetic model occurs via a rate-based algorithm (Figure 3): RMG reacts the initial
species in all possible ways according to known reaction family templates and performs a time-
integration of the kinetics equations for an isothermal, isobaric batch reactor. After each
integration time step, RMG evaluates the rate at which each new chemical species (called an
“edge” species) is produced. The total reaction flux of all species within the core is defined as the
characteristic flux R, If a new “edge” species is produced with a flux greater than eR .,
where € is a user-specified error tolerance, that species is added to the mechanism “core,”
including all the reactions producing that species. This new core species is then reacted with all
other core species in the mechanism to generate a new set of edge species and reactions. The
time-integration restarts using the updated core and the expanded list of edge species is again
examined for significant species to be added to the core. The process continues, incrementally
growing the mechanism with each iteration until the user-specified end conditions are satisfied.

Initial Model |=> AFTER First Iteration

02 _}n'C3H7

> \ \::- ~~~~~
s+ o H 4 Hoo «——— O =~ n-GH,
38 .. h .
. =% |-CH, e C H 34
i LT > 1-GH,
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GH; H , Gt H
AFTER Second Iteration AT Termination
A
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« Important -
<  Species ¥
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—=> b

many negligible species
iterations 9'g P

Figure 3. RMG automatic mechanism construction illustrated for propane oxidation. The process begins
with an initial set of reactions in the mechanism “core” (inside the shaded area ). After each iteration, 1) new
“edge” species (outside the shaded area) are generated based on the possible reactions of the core and 2) a
new species is selected from the edge, for addition to the core. The core is expanded over many iterations until
the user-specified end criteria are satisfied.

Model generation



The final JP-10 combustion model presented in this work was obtained by merging four
smaller networks generated at the reaction conditions of interest. The final model contains 691
species and 15518 reactions. A low temperature pyrolysis model was generated to cover the
reaction conditions associated with the Ghent pyrolysis data. Medium temperature pyrolysis and
oxidation models were generated to cover the reaction conditions of the shock tube data
presented in this study. Finally, a high temperature oxidation model was generated to span the
range of experimental conditions associated with the ignition delays. The conditions associated
with these four models span a broad range of temperatures, pressures and equivalence ratios as
detailed in Table 1.

Table 1. RMG model generation conditions for the four subnetworks in the JP-10 mechanism.

Network Equivalence Ratio | Temperature Pressure (atm)
(P) X)
Low temperature pyrolysis - 1000 1.7
Medium temperature - 1400 7
pyrolysis
Medium temperature 0.14 1400 7
oxidation*
High temperature oxidation 0.14 2000 1 and 20

* pre-ignition

For all models, the JP-10 goal conversion was set to 99% with an error tolerance of € = 0.05.
RMG reached full convergence under all simulated reaction conditions. In order to control the
radical addition reactions proceeding to much larger hydrocarbons, all jobs restricted the
maximum number of carbon atoms per species to 10, the number of heavy atoms per species to
12, and the number of unpaired electrons to 2 or less. All networks were generated within the
high pressure limit; however, rates for small molecule reactions involving OH, H, H,O, CO, etc.
which are highly influential and strongly pressure dependent were taken from the EFRC v0.3
mechanism”' and seeded into the RMG-generated models. RMG also had access to a set of
calculated rate coefficients (mainly CBS-QB3** and BMK/6—311G(2d,d,p)23, see Supporting
Information). The calculated reactions are mainly hydrogen abstraction reactions from JP-10 and
B-scissions in the most important JP-10 radicals formed after hydrogen abstraction from JP-10.
For the hydrogen abstraction reactions, the 1-D hindered rotor (1D-HR) approach was used to
obtain a more accurate treatment of low vibrational internal rotations. The methodology for this
approach has been described in the work of Sharma et al.** Due to their importance in the initial
decomposition steps, rate coefficients for intramolecular disproportionation reactions presented
in the work of Magoon et al."” calculated using various multireference methods were also
included in this database.

Compared to previous models this current model benefits from major upgrades to the RMG
thermochemical database which are (a) revision of the ring strain corrections for polycyclic
compounds, (b) improved databases for hydrogen abstraction reactions and [-scission reactions
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that use rate rule estimates based on the group additivity concept for Arrhenius parameters™ and
(c) updated estimates for important intramolecular reactions. RMG traditionally estimates
thermodynamic quantities using a Benson group additivity scheme, which is unable to deal with
many cyclic and fused cyclic compounds accurately without requiring a large number of ad hoc
ring corrections. To avoid inaccuracies, when an exact polycyclic ring correction cannot be
found, we used the on-the-fly quantum mechanics (QM) feature®® within RMG to perform
quantum calculations for cyclic species based on estimating explicit 3D geometries. In particular,
on-the-fly semi-empirical PM7 calculations were performed for cyclic species using
MOPAC2012.”” RDKit,” OpenBabel,”’ cclib,® InChL,*' and SYMMETRY"? software packages
were also used in this process. For cyclic radicals, PM7 calculations were performed for the
parent saturated molecule and hydrogen bond increments® were applied. This approach is
described in further detail elsewhere.*

After model generation, additional third body reactions involving Ar and Ne were added
manually as RMG currently cannot deal with them. These reactions involve recombination
reactions of atoms such as H and O. The initial model however tended to over-predict the JP-
10’s decomposition rate and yielded too much propene. A sensitivity analysis showed that this
was likely caused by an over-prediction of the rate coefficient for hydrogen abstraction reactions
from JP-10 by allyl estimated by group additivity.>® To correct for this we lowered the n factor
in the three parameter Arrhenius equation for hydrogen abstraction reactions from JP-10 by allyl
radical from 4.24 to 4.00.

Results and discussion

The reaction network

The pyrolysis of JP-10 can be understood as a three step process. In the initial step, JP-10
isomerizes to other components, typically by a ring opening followed by an intramolecular
disproportionation. The model predicts in this initial stage the isomerization of JP-10 to 2-
cyclopentylcyclopentene (2CC) and 4-ethylbicyclo[3.3.0]oct-2-ene (4EBO), as shown in Figure
4. The shock tube experiments confirm the presence of 2CC during pyrolysis and oxidation (see
Supporting Information). This is also supported by experimental data presented by Vandewiele
et al.>*, where many unidentified Cy and Cyo species with similar volatility to JP-10 were found at
low conversion. The species undergo bond scissions which lead to the formation of two radicals
that initiate the radical mechanism. Those radicals undergo B-scissions until a radical is obtained
that has a sufficiently long lifetime to participate in hydrogen abstraction reactions. In agreement
with Herbinet et al.,6 we find that the main radical initiation reaction is bond scission in 2-
cyclopentylcyclopentene (2CC in Figure 4) with the formation of cyclopentenyl and cyclopentyl
radicals. Cyclopentenyl radicals subsequently decompose by B-scission to cyclopentadiene and

11



hydrogen radicals. Cyclopentyl radicals decompose mainly by ring opening and B-scission to
ethene and allyl.

Radical chain reactions constitute the second step of the decomposition process, which
begins with hydrogen abstractions from JP-10. Allyl and H radicals formed in step 1 are
responsible for most of the hydrogen abstraction reactions, which can occur at 6 different sites on
JP-10. As intramolecular hydrogen abstraction reactions in JP-10 radicals are strongly hampered
due to its fused ring structure, each primary hydrogen abstraction reaction initiates a distinct
decomposition channel with its own set of products. The main decomposition products for the
four dominant channels are presented in Figure 4. It can be seen that the main products are
ethene, 1,3-cyclohexadiene, cyclopentadiene and propene. Once a sufficient amount of products
are formed, secondary reactions will lead to the formation of aromatic components from the
main decomposition products. This can be seen as an important third step in the pyrolysis
mechanism and is often regarded one of the most difficult ones to model. Under oxidation
conditions, the decomposition of JP-10 will be very similar to the one observed during the
pyrolysis, except that oxygen will participate in chain branching reactions, speeding up the
radical reactions and reacting with the pyrolysis products to form CO, H,O and CO,.

Radical chain initiation === -

< 4EBO JP-10 2CC

s o e PR ERC RS

Figure 4. The three step mechanism of JP-10 thermal decomposition: radical chain initiation reactions
(top), radical chain reactions (middle), and finally aromatization (bottom).

12



In Figure 5 the predicted decomposition pathways for the pyrolysis and stoichiometric
oxidation of JP-10 is shown. Both conditions for the model were simulated in a plug flow reactor
operated at 1000 K and a pressure of 1.7 atm. At 10% conversion, almost 8% of the JP-10
decomposes by ring opening reactions leading to three different biradicals (BR1, BR2, and BR3
in Figure 5). These biradicals undergo intramolecular disproportionation reactions leading to
saturated products that further decompose to two radicals each. Shown in Figure 5, BR1 leads to
the formation of two cyclic Cs radicals that further react to form cyclopentadiene and hydrogen
radicals or allyl and ethene. BR3 has a decomposition path leading to the formation of ethyl and
a bicyclo[3.3.0]oct-2-enyl radical. Approximately 92% of the decomposition of JP-10 is
governed by hydrogen abstraction reactions at the pyrolysis conditions. The main abstractors are
the hydrogen radical and allyl, each accounting for approximately one fourth of the total
decomposition rate of JP-10. The other main abstractors from JP-10 are the methyl radical,
phenyl and cyclopent-2-enyl. The favored abstraction site is the secondary carbon atom of the
norbornane-type ring structure forming R8 in Figure 5. R8 decomposes mainly to
cyclopentadiene and cyclopentyl. Hydrogen abstractions leading to R4, R5 and R6 are nearly
equally important. R4 decomposes to an allyl radical and norbornene, which then decomposes by
a reverse Diels-Alder reaction to cyclopentadiene plus ethene. This reaction path has also been
proposed by Herbinet et al.® However, the reaction network developed by RMG predicts
alternative decomposition channels for radicals RS and R6. Almost 50% of the R5 radicals form
benzene, by (a) a path that leads to the formation of butadiene and cyclohexenyl through a
bicyclo(3.1.0)hexane ring intermediate or (b) a path that leads to the formation of two ethene
molecules and cyclohexadienyl that involves the formation of intermediate
tricyclo[4.2.1.1(2,5)]decyl radicals. Channel (a) is favored at higher temperatures while at lower
temperatures (< 1000 K) channel (b) is dominant. The rate of production analysis further shows
that R6 primarily decomposes to toluene or important toluene precursors such as 3-
methylidenecyclohexa-1,4-diene.

Under stoichiometric oxidation conditions at 1.7 atm and 1000 K, it was found that at 10%
conversion, ring opening reactions contribute to a mere 0.4% of the total consumption rate of JP-
10. This is almost a factor of 20 lower than observed for pyrolysis. Chain branching reactions,
particularly H + O, = OH + O and H,O, = OH + OH, lead to an increase in the radical count
and thus a faster radical mechanism. Abstractions by OH and OOH account for almost 80% of
the total consumption rate of JP-10. Hydrogen abstractions predominantly occur from secondary
carbon sites in JP-10, leading to alkyl radicals R4, RS, and R8. In contrast to pyrolysis, hydrogen
abstraction reactions from the tertiary carbon atom of the norbornane structure become important
and lead to a significant reaction channel for R7 formation. This channel accounts for almost
14% of JP-10’s decomposition under stoichiometric combustion whereas it contributes to only
3% of the consumption in pyrolysis. R7 primarily decomposes through beta-scissions to
butadiene and Cs products passing through an intermediate 9-membered ring structure.
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RMG identified reaction paths to the following aromatic products: benzene, toluene,
ethylbenzene, styrene and indene. As shown in Figure 5, a large part of R5 decomposes to
cyclohexenyl and cyclohexadienyl radicals, which can easily dehydrogenate to form benzene.
Most of the benzene (approximately 70% at 1000 K, 1.7 atm and a conversion of 10%) is hence
formed by the B-scission reaction in cyclohexadienyl leading to benzene and a hydrogen atom.
Other reactions leading to the formation of benzene are well-skipping reactions as studied by
Sharma et al.*> Approximately 25% of the benzene is computed to be formed by well-skipping
reactions involving fulvene:

& v — () we

The formation of fulvene is initiated by the recombination reaction of a methyl radical with

(RXN-1)

cyclopentadienyl, which forms methylcyclopentadiene. Hydrogen abstraction reactions from this
component followed by [-scission/disproportionation reactions yield fulvene. Toluene is
predominantly formed by decomposition of R6 (see Figure 5). The model predicts that
approximately 50% of the toluene is formed by B-scission reactions of dimethylcyclohexadienyl
(DMC in Figure 5):

P

The other 50% is formed by hydrogen abstraction reactions involving benzyl radicals, which
are formed by hydrogen abstraction from 3-methylidenecyclohexa-1,4-diene, another
decomposition product of R6. As benzyl is fairly abundant in the system, the main reaction path
leading to ethylbenzene is the recombination of benzyl with methyl radical. Ethylbenzene easily
dehydrogenates and forms styrene in successive reactions. Indene is predominantly formed from
a path initiated by the addition of cyclopentadienyl to cyclopentadiene (RXN-3). This model uses
the rate coefficient for this well-skipping reaction computed by Cavallotti et al.*®

O+ O~ O

The reaction network presented here can be regarded as an extension of the Vandewiele et
al.'"® JP-10 pyrolysis model to include combustion. Due to the scarcity of rate rules in certain
reaction families in the older version of RMG, Vandewiele et al. opted not to include
intramolecular hydrogen abstraction reactions and exo- and endo-cycloadditions. The new
network reported here includes these reaction families with the addition of new rate rules and

(RXN-2)

(RXN-3)
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additional updates to the thermo and kinetics databases. As shown in Figure 5, these reaction
families are important in the paths towards toluene and benzene formation. The inclusion of
these pathways corrects for the underestimation of ethene, coproduct in the formation of
benzene, and overestimation of cyclopentadiene yields in the Vandewiele et al. mechanism.
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Figure S. Predicted major decomposition pathways of JP-10 pyrolysis (9.34 mol% JP-10 in N;) and
stoichiometric combustion (0.62 mol% JP-10 and 8.72 mol% O, in N,) in an isothermal batch reactor
operated at 1000 K and 1.7 atm. Rates are expressed relative to the total JP-10 consumption rate and are
reported at a conversion of 10%. The values for the pyrolysis are written in normal font while those for the
stoichiometric combustion are indicated in italic and bold.

Pyrolysis and oxidation shock tube speciation

The shock tube results showing both experimental data points and model predictions are
presented in Figure 6 to Figure 9. CHEMKIN-PRO®’ was used to simulate the experimental
shock tube conditions in an isothermal isobaric batch reactor with an initial loading of 0.2% mol
JP-10 with oxygen at fuel-to-oxidation equivalence ratios of 1.0, 0.24, and 0.14 diluted in Ar.
The main decomposition products were found to be ethene, cyclopentadiene, cyclopentene,
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propene, allene and aromatics such as benzene and toluene. Figure 6 shows that as expected, JP-
10 decomposes faster under leaner conditions. The main reason for this is that oxygen speeds up
initiation of the radical mechanism by abstracting hydrogen atoms from JP-10 and also
participates in chain branching ratios which increase the total number of radicals in the system.
An important chain branching reaction in this regard is reaction (RXN-4), in which one H radical
reacts with O, to form two reactive radicals:

H+0,—>OH+O0 (RXN-4)

The model is able to predict the decomposition rate of JP-10 as a function of the temperature
but tends to underpredict the yields of the major decomposition products (ethene and
cyclopentadiene) by a factor of three. Propene and allene, on the other hand, are predicted fairly
well by the model. In particular, the dependence of the propene yield on equivalence ratio is
captured accurately for all studied equivalence ratios. Since most propene is formed through
hydrogen abstractions by allyl from the parent molecule, the model proves to accurately capture
the hydrogen abstractions from the parent fuel and manages to accurately describe the influence
of oxygen on the radical pool, responsible for those hydrogen abstraction reactions. This is also
supported by the good agreement for the JP-10 decomposition profiles, which are dominated by
hydrogen abstraction reactions.

® Pyrolysis Experiment = Pyrolysis Model
@ Oxidation & = 1.00 Experiment Oxidation @ = 1.00 Model
A Oxidation ® = 0.24 Experiment Oxidation @ = 0.24 Model
4% Oxidation ® = 0.14 Experiment 1o Oxidation @ = 0.14 Model
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Figure 6. Experimentally measured (data points) and simulated concentration profiles (lines) of JP-10 as
a function of temperature. Pyrolysis and oxidation experiments were conducted in a shock tube with an initial
JP-10 loading of 0.2 mol% diluted in Ar, P=7 atm, and 7 =500 ps. Experimental error is shown on a single
data point to illustrate uncertainties in concentration (+ 30%) and in temperature (+ 50 K).
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Figure 8 illustrates that the model accurately captures the formation of most aromatic
compounds and the important intermediates leading to aromatic products, such as 1,3-
cyclohexadiene. Under pyrolysis conditions and a residence time of 500 ps, most aromatic
components (indene, toluene, styrene...) have a maximum yield around 1400 to 1500 K. The
1,3-cyclohexadiene and ethylbenzene concentrations peak at slightly lower temperatures as they
are the main intermediates leading to benzene and styrene, respectively. Although most oxidation
experiments were performed at lower temperatures (1000 — 1200 K) where pre-ignition products
can be recovered, the experimental data suggest that the observed maximum in the yield curves
for aromatics shifts to lower temperatures. This is also supported by the model. In Figure 9, the
profiles of the main C; and C4 species are shown. Once again, the model succeeds to reproduce
most components within a factor of two to three. The largest discrepancies between the model
and experiments are found for 1,3-butadiene, in particular for the leanest oxidation case (® =
0.14), and for butene. The model systemically underestimates the butene yield by a factor of 2 to
3 but seems to be able to accurately reproduce the temperature at which the butene yield will be
maximal.
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Figure 7. Experimentally measured (data points) and simulated concentration profiles (lines) of JP-10’s
main decomposition products as a function of temperature. Pyrolysis and oxidation experiments were
conducted in a shock tube with an initial JP-10 loading of 0.2 mol% diluted in Ar, P =7 atm, and 7 =500 ps.

Experimental error bars are shown on a single data point to illustrate uncertainties in concentration (= 30%)
and in temperature (+ 50 K).
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Figure 8. Experimentally measured (data points) and simulated concentration profiles (lines) of
aromatics and related species from JP-10’s decomposition as a function of temperature. Pyrolysis and
oxidation experiments were conducted in a shock tube with an initial JP-10 loading of 0.2 mol% diluted in

Ar, P="7 atm, and 7 = 500 ps.

Experimental error bars are shown on a single data point to illustrate

uncertainties in concentration (= 30%) and in temperature (= 50 K).
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Species that have been systematically observed during the pyrolysis experiments but are
missing in the model are summarized in Table 2 (details can be found in the Supporting
Information.) The main missing components are 1,3,5-cycloheptatriene and 2-propenylidene
cyclobutene. Both products are structural isomers of toluene. We expect that 1,3,5-
cycloheptatriene and 2-propenylidene cyclobutene are predominantly formed by isomerization
reactions on the C;H; surface followed by hydrogen abstraction reactions. Other missing
components are mostly (de)hydrogenated forms of some of the major reactions products.
Phenylethyne is obtained by dehydrogenation of styrene while indane and 1,3-cycloheptadiene
are the hydrogenated products of indene and 1,3,5-cycloheptatriene. The formation of 4-ethyl 3-
ethylidene cyclohexene and 1,2-divinyl cyclohexane further support the newly discovered
reaction paths towards benzene. Intramolecular hydrogen shifts in the major intermediates, such
as 4-ethylbicyclo[3.2.1]oct-2-ene (RXN-5), can easily lead to the observed species.

Q- Q-1 -

Table 2. Species that have been experimentally observed* but are missing in the model. The peak
concentrations listed are from the shock tube pyrolysis experiments. The initial JP-10 feed was 0.2 mol%.

(RXN-5)

Chemical Peak concentration
Name Structure o
Formula (mol %)

2-propenylidene

Z
=z 2
cyclobutene CrHg ID/\/ 1.2x10
1,3,5-cycloheptatriene C;Hg © 2.4x10
1,3-cycloheptadiene C7Hyo Q 4.4x107
bicyclo(4.1.0)hept-2-ene C7Hj ©> 4.0x107
Z
phenylethyne CsHe 5.3x107
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naphthalene CgHg 4.7x10™
indane CoHjo @ 5.6x10™
4-cthyl 3-ethylidene CuoHig z 6.5%10°
cyclohexene
.. X 3
1,2-divinyl cyclohexane CioHie _ 2.1x10

* Best guesses based on the mass spectrum and retention time

Pyrolysis flow tube speciation

A second validation for the model compares our predictions with the JP-10 pyrolysis flow
tube experimental data reported by Vandewiele et al.** These experiments were obtained in a
bench scale setup recently used for studies on butanol and aromatic hydrocarbons. The
experimental setup is extensively described in the previous papers”® and described briefly here.
The reactor is a 1.475-m long, 6-mm internal diameter tube made of Incoloy 800HT (Ni, 30-35;
Cr, 19 — 23; and Fe > 39.5 wt %). The analysis section consists of a GCXGC equipped with a
mass spectrometer to analyze the Cs+ fraction, while the Cy4- fraction is analyzed by a Refinery
Gas Analyzer (RGA) equipped with two TCD’s and a FID. Residence times varied around 0.4 s
while conversions between 4 and 94% were obtained.

Two dilutions (7 and 10 mol %) of JP-10 in nitrogen were studied and the results are
presented in comparison with model predictions in Figure 10 and Figure 11, with time traces
computed as normalized mole percentages excluding nitrogen. It can be seen that the model is
able to accurately reproduce the decomposition rate of JP-10 for both dilution conditions. At
higher temperatures 1020 to 1080 K, the model tends to overestimate the conversion of JP-10 by
20% and consequently slightly over predicts the yields of the main decomposition products.

The largest discrepancy between the model and simulated data is the methane yield.
Experimentally it is observed that up to 15% of the products consist of methane (mole based),
while the model only predicts values up to 10%. This is directly related to a too low methyl
concentration in the simulated radical pool, as methane is predominantly formed by hydrogen
abstraction reactions involving the methyl radical. This discrepancy can have various origins, i.e.
missing pathways that produce methyl or recombination/addition reactions involving the methyl
radical that are too fast. Due to the overestimation of the toluene concentration, we suspect that
part of the underestimation of the methyl concentration is due to missing either some of the
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addition reactions of hydrogen radicals to methylated aromatics (toluene, xylene...) or missing
some of the elimination reactions leading to CHj radicals, e.g. (RXN-6). Due to breaking
aromaticity in the ring, some of the independent addition reactions may be too slow to be
included by RMG, however, the sum of their contributions can be significant.

©+H'%©%©.% © +CH.3
(RXN-6)

Figure 10 and Figure 11 illustrate that temperature dependencies and relative yields for the
major components are reproduced well by the model. Both the experimental data and model
predict a maximum for propene and cyclopentadiene at temperatures around 1050 K. Most
aromatic and minor components are reproduced within a factor of two, again capturing most
temperature dependencies. Trace components such as ethyne, propyne and allene are also
predicted by the model and generally agree within a factor of 4 with the experimental data.
Contradicting the model is the higher concentration 10 mol% JP-10 pyrolysis experiment
showing a decreasing propyne yield with increasing temperature. However, this trend is
reversed in the 7 mol% experiment, where the propyne yield increases with temperature as
predicted by the model.

An important missing species in the model is naphthalene, which accounts for
approximately 1 mol % of the measured product distribution excluding N, at a temperature of
1080 K in the experiments. We found that in the lower temperature region (1000 to 1100 K), the
rate coefficient reported by Murakami et al.* for the reaction:

O+ O~ QD

is able to predict the observed naphthalene quite well. However, we opted not to include this
reaction in the network since at higher temperatures (1300 to 1400K), this rate leads to an over
prediction of the naphthalene yield by a factor of 5. This systematic over prediction of the
naphthalene yield by inclusion of (RXN-7) using the Murakami et al. rate coefficient has also
been observed by other authors.*

(RXN-7)
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Figure 10. Experimentally measured (data points) and simulated concentration profiles (lines) as a
function of temperature for the pyrolysis of JP-10 as reported by Vandewiele et al.* Experimental
conditions: 7 mol% JP-10 diluted in N,, P = 0.14 MPa, mass flow rate of JP-10 =2.33 107 g s, Mole
percentages are normalized excluding N,.
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134

Experimental

conditions: 10 mol% JP-10 diluted in N,, P = 0.14 MPa, mass flow rate of JP-10 =2.33 102 g s, Mole
percentages are normalized excluding N,.

Ignition delays

Four experimental datasets for JP-10 ignition delay can be found in literature.”'® The
summary of the experimental conditions and ignition delay measurement metrics can be found in
Table 3. The expression T = A - P" - exp(B/T) can be used to correlate the experimental data
(where P is in atmospheres and T in Kelvin). By fitting a unique correlation for each dataset at
the given mole % JP-10 and stoichiometric ratio, pressure corrected ignition delays tp = (P/Po)" 1o
can be derived, allowing datasets amongst multiple pressures to be compared. The fitted
parameters for these correlations can be found in the Supporting Information. In Figure 12, the
stoichiometric ignition delays from all four datasets are pressure-corrected to Pp = 7 atm and
compared with simulated ignition delays. It can be seen from this figure that there are some
discrepancies amongst the existing datasets. Though the Colket and Spadaccini® experiments
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were conducted at lower feed concentration (0.15 mol% JP-10), the ignition delays were
comparatively fast compared to the Davidson et al.” experiments conducted at slightly higher
feed concentrations (0.20 mol% JP-10). The Mikolaitis et al. dataset has the fastest ignition
delays, as expected from a higher feed concentration (1.48 mol% JP-10). The apparent activation
energy of ignition (the slope of the correlation) for the Wang et al.'® ignition delay data appears
to be smaller than the for the other datasets. The discrepancies between these datasets may be
due to slight differences in the ignition delay metrics employed, as well as accuracy of the JP-10
concentration measurements. The Davidson and Mikolaitis datasets used the peak CH* emission
as the indicator of ignition, while both Colket and Wang experiments used initial rise onsets of
the CH* emission, leading to faster measured ignition times. Mikolaitis and coworkers’ found
that at intermediate temperatures, two emission peaks for ignition delay were present. The first
peak ignition delays from the CH emission were recommended by the authors the true indicator
of ignition and are compared with the model predictions here.

Table 3. Summary of experimental conditions for ignition delay datasets available in literature.

Dataset Temperature | Pressure | Equivalence | Bath | Ignition delay
range range ratios (@) gas metric

Initial rise onset

Colket and Spadaccini® | 1250-1500 K | 3-7 atm 0.5-1.5 Ar | . -
in OH* emission

Peak CH*

Davidson et al.” 1300-1700 K 1-6 atm 0.5-2.0 Ar ..
emission

Peak CH*

Mikolaitis et al.’ 1200-2000 K | 10-25 atm 1.0 N, ..
emission

Initial rise onset
in CH* emission
for ®=1.0

10 1.5-5.5 experiments,
Wang et al. 1000-2100 K 0.25-2.0 Ar e
atm initial rise onset
in OH* emission
for all other
experiments
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Figure 12. Pressure corrected (7 atm) experimental ignition delays for Colket (0.15 mol% JP-10 feed,
circles), Davidson (0.20 mol% JP-10 feed, squares), Wang (0.24 mol% JP-10 feed, diamonds), and Mikolaitis
(1.48 mol% JP-10 feed, triangles) at stoichiometric conditions, along with simulated ignition delays (lines) at
®=1.0and P=7 atm.

Ignition delays at stoichiometric conditions were simulated using the model at 7 atm and
experimental feed conditions and compared with experiment in Figure 12. The maximum in the
[CoH][O] product was used as the metric for ignition delay in the simulations. Since CH*
emissions occur primarily via the reaction C,H + O - CH* + CO, the [C,H][O] product most
effectively simulates experimental CH emissions used to measure ignition delay.” In Figure 12,
we see that the simulated ignition delays are slower than experiment for the Davidson and Colket
datasets, but systematically faster than the Mikolaitis ignition delays. However, the predicted
apparent activation energy for ignition agrees well with all datasets except the Wang
experiments.

In Figure 13, a parity plot is shown between experimentally observed and modeled ignition
delay times for all four experimental datasets over all experimental conditions. It can be seen
from Figure 13 that the model succeeds to reproduce all reported ignition delays covering a
broad range of temperatures to mostly within a factor of 4.

In particular, the experimental ignition delays measured by Davidson and by Colket are
mostly reproduced by the model (within a factor of 2 to 3).
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Figure 13. Parity plot comparing simulated and measured ignition time delays for JP-10 for existing
experimental datasets: Colket (circles); Davidson (squares); Mikolaitis (triangles); and Wang (diamonds).

OH sensitivity analysis was performed for the model at stoichiometric conditions (1500 K
and 7 atm for a 0.20 mol% feed JP-10 in argon, 50% JP-10 conversion), with the most important
reactions presented in Figure 14. In agreement with Davidson et al.?, we find that the OH
concentration is most sensitive to the branching reaction H + O, — O + OH. Davidson’s model
used a modified version of the Lindstedt and Maurice mechanism®' and found that the OH
concentration is primarily sensitive to C, oxidation reactions. Figure 14 illustrates that besides
the C, oxidation chemistry, ignition delays are also sensitive to reactions with some of the
decomposition products. These reactions are mainly recombination reactions or hydrogen
abstraction reactions involving long-lived, resonantly stabilized radicals such as
cyclopentadienyl and allyl. The largest negative sensitivity coefficient is obtained for the
recombination of H with allyl forming propene, followed by the recombination of H with
cyclopentadienyl forming cyclopentadiene and the recombination of H with propargyl radical to
produce allene. Particularly in oxidation conditions, resonantly stabilized radicals can
accumulate in larger concentrations and combine with the relatively unreactive HO, radical,
contributing to chain branching reactions that accelerate ignition.*> For instance, the sensitive
reaction of cyclopentadienyl radical with HO, can lead to active OH radical generation through
the dissociation of the RO-OH bond in the hydroperoxide product. This shows that a predictive
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model for ignition delays requires (i) correct small molecule chemistry and (ii) a correct
treatment of the main stable radicals and their interaction with the radical pool.
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Figure 14. Most sensitive reaction kinetics found in normalized OH sensitivity analysis (dln[OH]/dIn k)
conducted at 1500 K, 7 atm, ®=1.0, 0.20 mol% JP-10 diluted in Ar in an adiabatic batch reactor. Reactions
grouped together have nearly equal importance.

Conclusions

Despite JP-10’s popularity as a jet propellant, few detailed kinetics models for JP-10
combustion exist, and most are unvalidated against pre-ignition product distributions, mainly due
to lack of experimental data. This work aims to gain new insights on JP-10’s complex
decomposition chemistry through a combination of experimental and modeling efforts.
Experiments were carried out in single-pulse shock tubes at pyrolysis and oxidation conditions,
ranging from very lean (®=0.14) to stoichiometric (®=1.0), with products analyzed using
GC/MS. The experiments show that JP-10 decomposes primarily to ethene, propene,
cyclopentadiene, and aromatics consisting mostly of benzene and toluene. GC/MS allowed for
the identification of a variety of trace components such as 1,2-divinylcyclohexane, butadiene and
1,3-cyclohexadiene. Though minor, these components are relatively important from a modeling
viewpoint as they help to elucidate intermediate pathways in JP-10’s decomposition mechanism.
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The kinetic model was developed using RMG, an automatic reaction mechanism generator
which uses a rate based termination criteria to include species with the most significant fluxes to
a reaction network. Four models were generated, covering temperatures from 1000 K up to
2000K with equivalence ratios ranging from very lean (®=0.14) to pyrolysis conditions. The
final merged network contains almost 700 species reacting through more than 15000 reactions.
Despite many similarities with existing mechanismes, this is the first model that contains multiple
reaction paths from the parent fuel towards benzene. At lower temperatures (< 1000K), benzene
formation involves the formation of a tricyclo[4.2.1.1(2,5)]decyl radical that undergo four
successive B-scissions to form cyclohexadienyl and two ethene molecules. Higher temperatures
favor an alternate reaction path that involves the formation of a bicyclo(3.1.0)hexane ring
structure leading to butadiene and cyclohexenyl. These reaction paths are supported by the
identification of intermediate species by experiment and also backed up by theory.

The generated model was thoroughly validated against the new experimental data and
literature data and succeeds in accurately simulating JP-10 conversion rates under all equivalence
ratios. The model captures most temperature dependencies in the shock tube product
distributions, with agreement between the modeled and experimentally observed product
concentrations generally within a factor of 3. The model was also validated using the speciation
data from recent pyrolysis experiments conducted by the Ghent group, succeeding in predicting
the major products, ethene and cyclopentadiene, within 30% and reproducing most other product
concentrations within a factor of 2. Experimentally observed ignition delays over four existing
literature datasets are reproduced by the model mostly within a factor of 4. Sensitivity analyses
show that small molecule chemistry is controlling for the ignition delays at high temperature. We
conclude that the combined efforts of experimentalists, theoreticians and modelers has led to a
new JP-10 model that is able to reliably reproduce speciation data and ignition delays over a
wide range of temperatures and equivalence ratios, as well as elucidate new pathways towards
aromatics formation.
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Data on additional species measured in shock tube experiments

Experimentally measured and simulated concentration profiles
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Figure S1. Experimentally measured (data points) and simulated concentration profiles (lines) of C2 and
CS species from JP-10’s decomposition as function of temperature. Pyrolysis and oxidation experiments
were conducted in a shock tube with an initial JP-10 loading of 0.2 mol% diluted in Ar, P =7 atm, and Tt =

500 ns. Experimental error bars are shown on a single data point to illustrate uncertainties in
concentration (= 30%) and in temperature (+ 50 K).
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Figure S2. Experimentally measured (data points) and simulated concentration profiles (lines) of cyclic
species from JP-10’s decomposition as a function of temperature. Pyrolysis and oxidation experiments
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initial JP-10 loading of 0.2 mol% diluted in Ar, P =7 atm, and T =500 ps.

K).

Experimental error bars are

shown on a single data point to illustrate uncertainties in concentration (x 30%) and in temperature (= 50



o> Ime

Pyrolysis Experiment

Oxidation & = 1.00 Experiment
Oxidation & = 0.24 Experiment
Oxidation & = 0.14 Experiment

Trans bicyclo(4.3.0)-3-nonen-7-ol

6-cyclohexyl 2,2,3-trimethyl norbornane

$o
X

L 2 4

1000 1100 1200 1300 1400 1500 1600

Temperature / K

1-isopropenyl 4-methyl cyclohexane

ot

~

3
103 | 10
X HO X
o Fjﬁ%ﬂ )
[e) [e]
s A =
A 10°
10 1
1000 1100 1200 1300 1400 1500 1600
Temperature / K
5,5-dimethyl cyclopentadiene
102} |
[::><i 103}
X 108 o | X
o o
[e] [e]
¢
= b = 3§'0
1 L
104} ¢ e ; °
1000 1100 1200 1300 1400 1500 1600
Temperature / K
3-ethyl 2,5-dimethyl 1,3-hexadiene
2 IS
o *® *—f—*
(o) ®
= 10%} @
*

1000 1100 1200 1300 1400 1500 1600

Temperature / K

1000 1100 1200 1300 1400 1500 1600

Temperature / K

Figure S6. Experimentally measured species concentration profiles from JP-10’s decomposition as a
function of temperature. Pyrolysis and oxidation experiments were conducted in a shock tube with an

initial JP-10 loading of 0.2 mol% diluted in Ar, P =7 atm, and T =500 ps.

Experimental error bars are

shown on a single data point to illustrate uncertainties in concentration (x 30%) and in temperature (= 50
K).



Overview of calculated rate coefficients

Table S1. Arrhenius parameters (k= 4 T" exp(-E,/RT)) (BMK/6-311G(2d,d,p) within the harmonic
oscillator approximation) for beta scissions relevant to the decomposition of JP-10 and that were added to

a dedicated library when generating the network.

A [em?® mol ™ s7]

n[-]

Ea [kcal mol™]

Reaction

1 Gj:) — @\/\ 1.44E+11 0.82 35.8

2 @3 — @ + H 5.01E+08 1.46 37.2

3 @\/\—’ @ N 721E+12 0.50 26.6
\ O

4 @\/\ — &/\% 1.51E+11 0.81 274
X

5 @\/\ — Q\/\ 1.50E+11 0.73 32.3
N X

6 @3 — =<1 2.96E+11 0.64 254

7 @3 — @f) 2.59E+11 0.57 372

8 @O — @[\ 2.77E+10 0.94 36.3

9 @3 - G:E\ 2.76E+08 1.62 54.6

~

10 @3 — @/> 3.71E+10 1.14 37.9

1 @O — = 8.33E+10 0.87 35.1

12 @O — & 1LI3E+11 0.98 35.2

13 @O — @ 8.27E+10 0.88 29.4




Table S2. Arrhenius parameters (k = AT exp(-E,/RT)) (BMK/6-311G(2d,d,p) + 1D-HR) for hydrogen
abstractions from JP-10. These values were used to derive rate rules (A~ = pre-exponential factor per

equivalent hydrogen atom).

A [em® mol™ s7']

E, [keal mol™|

Reaction
I @O H —» @O + H 2.87E+03 3.02 45
2 @O H —s G:O + H, 4.52E+03 3.02 8.3
3 G:O H —» @O + H 3.18E+03 3.02 7.7
4 G:O H —s @O + H, 3.84E+03 3.02 3.8
5 @O H —s G:O + H, 2.20E+03 3.02 5.3
6 G:O H —s @O + H, 4.02E+03 3.02 4.9
7 @O CHy — G:O + CH, 1.27E-02 424 5.8
8 @[> CHy —» @ + CH, 1.83E-02 4.24 7.8
9 @O CHy — G:O + CH, 7.26E-03 424 7.8
10 @O CHy — G:O + CH, 6.65E-03 424 5.4
o @E> CHy —» @E> + CH, 1.04E-02 424 6.3
12 @O CHy —» @ + CH, 1.51E-02 424 5.9
13 G:O HO — G:O + H,0 8.61E-+04 2.38 1.8
14 @O HO — G:O + H0 2.78E+05 2.38 -1.0
15 G:O HO' — @ + H,0 8 44E-+04 2.38 0.9
16 @O Ho' — @O + H,O 5.67E+04 238 2.7
17 @O HO — @O + H,0 6.88E-+04 2.38 1.6
18 G:O HO' — @O + H,0 1.51E+05 238 1.5




BMK/6-311G(2d,d,p)
geometries of reactants
(products) and transition states
for reactions considered in this
work

HO frequencies (cm™) in the transition state,
rotational barrier (k] mol"), fitted Fourier
coefficients for the 1D-HR treatment (kJ mol™),
substituted frequency (cm™) and reduced moment
of inertia (amu bohr?) are given for reactions from
Table S1 and S2. In the case of the rotational barrier
being lower than 1 kJ mol” or/and imaginary
frequencies were obtained for the internal rotation,
the 1D free rotor approximation was used. In this
case no Fourier coefficients are given.

Table 51

Reaction 1

REACTANT

C-0.637646 1.431625 0.000000
C 0.239855 0.847469 1.135247
C 1.630536 1.432199 0.783494
C 1.630536 1.432199 -0.783494
C 0.239855 0.847469 -1.135247
C 0.239855 -0.662399 -0.789828
C 0.239855 -0.662399 0.789828
H 2.442513 0.832506 1.205643
H 1.731424 2.449710 1.173414
H -0.085273 1.061503 2.156530
H 1.731424 2.449710 -1.173414
H 2.442513 0.832506 -1.205643
H 1.133488 -1.150100 1.189318
C-1.033384 -1.430316 1.245611
H 1.133488 -1.150100 -1.189318
C-1.033384 -1.430316 -1.245611
H -0.085273 1.061503 -2.156530
H -0.666609 2.525902 0.000000
H-1.662916 1.048410 0.000000
H -1.752264 -0.737767 -1.717245
H -0.803823 -2.184412 -2.010051
C-1.605799 -2.040850 0.000000
H -0.803823 -2.184412 2.010051
H -1.752264 -0.737767 1.717245
H -2.464257 -2.705289 0.000000

TRANSITION STATE

C 0.867037-0.132012 1.361099
C 0.893929 -1.191182 0.230859
C 2.203113 -0.782340 -0.517871
C 2.181626 0.781957 -0.422085
C 0.892231 1.074340 0.391478
C-0.336351 0.785629 -0.514966
C-0.256998 -0.742035 -0.652155
H 2.213105 -1.144195 -1.549473
H 3.077647 -1.198977 -0.006110
H 0.870407 -2.240207 0.534390
H 3.064609 1.153117 0.106955
H 2.157936 1.260968 -1.405424
H -0.384023 -1.208347 -1.625841
C-2.330009 -1.139527 0.182550
H -0.230693 1.282089 -1.486250
C-1.715084 1.217628 0.121040
H 0.872992 2.065647 0.851592
H 1.750488 -0.176276 2.005555
H -0.029860 -0.178129 1.983947
H-1.593921 1.301558 1.208015
H -2.026458 2.197280 -0.250758
C-2.688829 0.117869 -0.218195
H -2.828566 -2.020824 -0.213047
H -1.783755 -1.293252 1.109603
H -3.393906 0.257591 -1.033674

Frequencies = -538.519, 106.935, 148.968,
259.198, 278.347, 322.142, 386.274, 455.85,
472.609, 532.132, 637.683, 661.632, 738.103,
759.92, 773.306, 812.271, 845.422, 871.85,
904.597, 909.195, 920.715, 938.014, 941.424,
955.007, 966.127, 970.804, 977.003, 1013.39,
1037.1, 1050.1, 1056.1, 1091.93, 1141.12, 1153 4,
1189.19, 1213.33, 1222.33, 1238.38, 1253.15,
1270.88, 1285.78, 1288.3, 1305.29, 1311.48,
1319.71, 1342.39, 1353.21, 1355.9, 1424 .45,
1502.36, 1503.67, 1512.58, 1532.45, 1562.68,
3039.7, 3048.56, 3052.45, 3058.34, 3066.43,
3097.5,3099.51, 3105.17, 3106.01, 3111.81,
3118.63,3128.38,3157.62, 3166.64, 3214.09
Substituted frequencies = none

Reaction 2

REACTANT

C-0.637646 1.431625 0.000000
C 0.239855 0.847469 1.135247
C 1.630536 1.432199 0.783494
C 1.630536 1.432199 -0.783494
C 0.239855 0.847469 -1.135247
C 0.239855 -0.662399 -0.789828
C 0.239855 -0.662399 0.789828
H 2.442513 0.832506 1.205643
H 1.731424 2.449710 1.173414
H -0.085273 1.061503 2.156530
H 1.731424 2.449710 -1.173414
H 2.442513 0.832506 -1.205643
H 1.133488 -1.150100 1.189318
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C-1.033384 -1.430316 1.245611
H 1.133488 -1.150100 -1.189318
C-1.033384 -1.430316 -1.245611
H -0.085273 1.061503 -2.156530
H -0.666609 2.525902 0.000000
H-1.662916 1.048410 0.000000
H -1.752264 -0.737767 -1.717245
H -0.803823 -2.184412 -2.010051
C-1.605799 -2.040850 0.000000
H -0.803823 -2.184412 2.010051
H -1.752264 -0.737767 1.717245
H -2.464257 -2.705289 0.000000

TRANSITION STATE

C 2.544776 0.056600 0.038426
C 1.778913 1.132513 -0.237858
C 0.373328 0.740231 -0.661928
C 0.372277 -0.837253 -0.574838
C 1.769678 -1.240042 -0.015109
C-0.792241 1.144785 0.284555
C-0.723908 0.046594 1.373617
C-0.821325 -1.126267 0.367411
C-2.130249 -0.781614 -0.388073
C-2.118772 0.785783 -0.429784
H -2.155283 1.180007 -1.449729
H-2.972206 1.197487 0.117215
H-0.735816 2.177667 0.634345
H-3.001284 -1.151904 0.160855
H-2.153165 -1.228285 -1.386808
H 0.177818 1.108899 -1.675475
H 0.214038 -1.294547 -1.555242
H -0.808263 -2.133126 0.792285
H-1.569831 0.085460 2.067329
H 0.208411 0.062317 1.944413
H 1.691086 -1.693769 0.983461
H 2.270047 -1.979155 -0.652328
H 2.165531 2.136149 -0.383970
H 1.558283 1.903295 1.557798
H 3.595768 0.101520 0.307335

Frequencies = -811.126, 137.252, 207.72, 264.725,
322.359, 339.677, 404.927, 462.419, 512.696,
531.884, 570.328, 700.867, 732.647, 768.309,
793.422,797.38, 814.972, 849.481, 875.362,
909.352,919.834, 943.963, 966.804, 972.412,
979.146, 994.219, 996.668, 1036.54, 1044.79,
1062.53, 1076.26, 1083.39, 1126.25, 1148.64,
1160.52, 1173.93, 1208.01, 1231.02, 1237.17,
1255.7,1294.81, 1298.75, 1305.97, 1312.36,
1318.48, 1337.73, 1345.47, 1355.44, 1364.29,
1386.82, 1491.28, 1505.21, 1522.19, 1547.94,
1594.58, 3016.13, 3053.73, 3057.89, 3060.88,
3065.76, 3068.12, 3080.22, 3097.38, 3105.46,
3113.95,3118.19, 3122.88,3176.77, 3197.76
Substituted frequencies = none

Reaction 3

REACTANT

C-1.445579 -0.118730 1.331909
C-1.593313 1.089167 0.370629
C-2.516022 0.468673 -0.732222
C-1.990167 -1.004084 -0.826510
C-0.866612 -1.057107 0.243721
C 0.349081 -0.242361 -0.288446
C-0.206576 1.166429 -0.211046
H -2.440385 1.009490 -1.678996
H -3.562165 0.497792 -0.408574
H -1.977854 2.018753 0.794716
H -2.783504 -1.717987 -0.585658
H-1.612520 -1.251457 -1.822950
H 0.163931 2.003539 -0.794724
C 3.933716 -0.049752 -0.426005
H 0.584208 -0.526969 -1.324323
C 1.646077 -0.460071 0.544538
H -0.607496 -2.068649 0.566012
H -2.404869 -0.469086 1.726025
H -0.760786 0.071953 2.161884
H 1.432742 -0.230777 1.596352
H 1.935377-1.516378 0.486145
C 2.783427 0.406223 0.064418
H 4.714840 0.623513 -0.765980
H 4.136498 -1.115928 -0.498444
H 2.617791 1.481863 0.122596

TRANSITION STATE

C-1.240761 -0.247774 1.320821
C-1.389763 1.088495 0.551721
C-2.592732 0.730539 -0.392349
C -2.298896 -0.759689 -0.767385
C -0.994863 -1.077640 0.038729
C 0.128809 -0.264487 -0.613260
C-0.161903 1.055687 -0.339354
H -2.635256 1.387145 -1.264420
H -3.539132 0.823014 0.150878
H-1.539434 1.992082 1.144446
H -3.113627 -1.415341 -0.444615
H -2.155703 -0.905044 -1.841231
H 0.298689 1.923591 -0.797582
C 3.681038 0.792392 -0.088820
H 0.625297 -0.594499 -1.519402
C 1.936772 -0.850794 0.509138
H -0.795862 -2.142848 0.167278
H -2.155668 -0.536457 1.847816
H -0.396516 -0.257044 2.012462
H 1.721154 -0.330855 1.436389
H 1.679248 -1.905614 0.492765
C 3.054939 -0.395556 -0.266554
H 4.500590 1.103989 -0.727434
H 3.386851 1.466811 0.711324
H 3.383535-1.035968 -1.084792

Frequencies =-639.37, 39.7057, 75.0909, 156.653,

162.993, 225.299, 251.997, 375.59, 429.433,
440.702, 504.49, 642.765, 644.635, 688.402,
725.579,769.918, 790.997, 815.17, 833.646,
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862.391, 887.884, 898.91, 929.171, 938.858,
962.261, 966.608, 973.289, 980.109, 996.453,
1008.91, 1036.98, 1044.5, 1057.7, 1092.92,
1145.27,1149.47, 1199.76, 1200.62, 1223.69,
1244.47, 1287.9, 1289.58, 1309.07, 1312.1,
1314.17, 1334.98, 1367.85, 1431.47, 1456.51,
1498.64, 1503.18, 1516.32, 1551.01, 1589.98,
3054.85,3065.51, 3070.82, 3103.42, 3117.39,
3120.64, 3126.23, 3133.5, 3136.47, 3142.13,
3147.06, 3187.95, 3209.75, 3234.81, 3240.47
Substituted frequencies = none

Reaction 4

REACTANT

C-1.445579-0.118730 1.331909
C-1.593313 1.089167 0.370629
C-2.516022 0.468673 -0.732222
C-1.990167 -1.004084 -0.826510
C-0.866612 -1.057107 0.243721
C 0.349081 -0.242361 -0.288446
C-0.206576 1.166429 -0.211046
H -2.440385 1.009490 -1.678996
H -3.562165 0.497792 -0.408574
H-1.977854 2.018753 0.794716
H -2.783504 -1.717987 -0.585658
H-1.612520 -1.251457 -1.822950
H 0.163931 2.003539 -0.794724
C 3.933716 -0.049752 -0.426005
H 0.584208 -0.526969 -1.324323
C 1.646077 -0.460071 0.544538
H -0.607496 -2.068649 0.566012
H -2.404869 -0.469086 1.726025
H-0.760786 0.071953 2.161884
H 1.432742 -0.230777 1.596352
H 1.935377 -1.516378 0.486145
C 2.783427 0.406223 0.064418
H 4.714840 0.623513 -0.765980
H 4.136498 -1.115928 -0.498444
H 2.617791 1.481863 0.122596

TRANSITION STATE

C-1.479093 0.384303 1.300864
C-1.336642 1.382125 0.153523
C-2.638615-0.030122 -1.038737
C-2.011394 -1.270707 -0.426303
C -0.895980 -0.850778 0.580492
C 0.329622 -0.267504 -0.185863
C-0.174158 1.126443 -0.522435
H -2.397039 0.229547 -2.064133
H -3.633950 0.264013 -0.714610
H-1.877795 2.321901 0.110612
H-2.767415 -1.848200 0.118034
H -1.589960 -1.926330 -1.197039
H 0.239291 1.743344 -1.312712
C 3.900442 -0.291059 -0.435980
H 0.529947 -0.849639 -1.096535

C 1.634306 -0.273827 0.661506
H-0.619727 -1.678903 1.240382
H -2.508025 0.232506 1.637413
H -0.876052 0.694959 2.162370
H 1.450469 0.277493 1.593239
H 1.884655 -1.306953 0.930792
C 2.794025 0.353180 -0.071563
H 4.698591 0.208912-0.976117
H 4.046420 -1.343021 -0.201097
H 2.685518 1.408041 -0.323621

Frequencies = -576.371, 68.5937, 72.3475,
127.102,171.177, 212.838, 305.33, 356.732,
383.392, 444.279, 496.84, 534.327, 570.988,

657.14, 720.349, 750.51, 775.034, 797.698, 809.13,

860.476, 878.524, 918.161, 939.069, 956.788,
959.829, 971.942, 979.609, 1000.68, 1021.27,
1042.46, 1049.63, 1072.13, 1113.93, 1114.79,
1135.49, 1158.97, 1210.87, 1241.08, 1256.36,
1282.32, 1293.65, 1310.19, 1319.66, 1333.85,
1341.43, 1367.32, 1388.84, 1459.53, 1472.86,
1493.24, 1497.23, 1508.06, 1530.17, 1705.08,
3020.38, 3029.66, 3038.02, 3046.33, 3077.49,
3083.75,3087.8,3109.32, 3124.15, 3126.98,

3148.97,3189.95, 3210.65, 3217.19, 3223.36

Substituted frequencies = none

Reaction 5

REACTANT

C-1.445579 -0.118730 1.331909
C-1.593313 1.089167 0.370629
C-2.516022 0.468673 -0.732222
C-1.990167 -1.004084 -0.826510
C-0.866612 -1.057107 0.243721
C 0.349081 -0.242361 -0.288446
C-0.206576 1.166429 -0.211046
H -2.440385 1.009490 -1.678996
H -3.562165 0.497792 -0.408574
H -1.977854 2.018753 0.794716
H -2.783504 -1.717987 -0.585658
H-1.612520 -1.251457 -1.822950
H 0.163931 2.003539 -0.794724
C 3.933716 -0.049752 -0.426005
H 0.584208 -0.526969 -1.324323
C 1.646077 -0.460071 0.544538
H -0.607496 -2.068649 0.566012
H -2.404869 -0.469086 1.726025
H -0.760786 0.071953 2.161884
H 1.432742 -0.230777 1.596352
H 1.935377-1.516378 0.486145
C 2.783427 0.406223 0.064418
H 4.714840 0.623513 -0.765980
H 4.136498 -1.115928 -0.498444
H 2.617791 1.481863 0.122596

TRANSITION STATE
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C-1.441964 -0.616443 1.405899
C-1.606376 1.293138 0.248418
C-2.531625 0.529485 -0.697541
C-1.958385 -0.896258 -0.952510
C-0.842820 -1.090891 0.095626
C 0.327479 -0.119636 -0.264431
C-0.237708 1.244349 0.100473
H-2.619199 1.092312 -1.634571
H -3.534848 0.478777 -0.264765
H -2.049027 2.140975 0.769116
H -2.741756 -1.650442 -0.825758
H -1.561405 -0.999797 -1.966951
H 0.394187 1.978092 0.594426
C 3.929631 -0.081473 -0.473493
H 0.549369 -0.215115 -1.336343
C 1.636865 -0.423979 0.506467
H -0.493449 -2.131210 0.119503
H -2.447248 -0.947642 1.661366
H -0.790419 -0.427659 2.254717
H 1.473992 -0.239456 1.577003
H 1.885231-1.485756 0.392996
C 2.797178 0.411966 0.022205
H 4.730445 0.565613 -0.818023
H 4.096198 -1.153813 -0.546124
H 2.674276 1.493571 0.076737

Frequencies = -624.86, 66.5836, 92.3066, 126.17,
187.402, 242.084, 318.937, 366.811, 397.327,
427.239, 495.843, 566.105, 571.703, 647.922,
671.288, 714.843, 781.025, 817.338, 820.904,
870.624, 881.523,903.419, 943.205, 946.376,
963.48, 978.789, 987.264, 1001.43, 1038.66,
1051.88, 1068.12, 1093.91, 1109.95, 1143.52,
1172.14, 1197.14, 1226.12, 1235.26, 1242.34,
1291.93, 1311.49, 1322.66, 1335.78, 1343.28,
1351.39, 1365.54, 1410.86, 1463.45, 1482.11,
1490.89, 1494.41, 1510.28, 1527.49, 1704.08,
3026.14, 3036.1, 3038.18, 3046.39, 3055.89,
3084.3, 3085.61,3105.05,3119.31, 3131.81,
3145.52,3151.28,3177.69, 3218.83, 3222.87
Substituted frequencies = none

C-1.768127 -1.162802 0.032653
H -0.173335 1.268279 -1.523612
C-1.698456 1.237059 -0.005667
H 0.869129 2.125535 0.817444
H 1.698977 -0.107867 2.033961
H -0.083439 -0.059096 1.995738
H -1.990992 2.273291 0.137749
C-2.672791 0.094772 -0.037217
H -2.202909 -2.018327 -0.492023
H -1.635442 -1.456710 1.079232
H -3.247241 0.100925 -0.980338
H-3.411089 0.133037 0.772387

TRANSITION STATE

C 0.759650 -0.156879 1.386318
C 0.762652 -1.129301 0.183709
C 2.086371 -0.757914 -0.538710
C 2.258220 0.777620 -0.288934
C 1.105237 1.104769 0.637939
C-0.549730 0.786240 -0.821406
C -0.459663 -0.742696 -0.684107
H 2.050020 -1.007979 -1.603590
H 2.921338 -1.313371 -0.100512
H 0.726940 -2.188372 0.458265
H 3.226124 0.993069 0.186502
H 2.231167 1.362847 -1.215048
H -0.349667 -1.207619 -1.670990
C-1.832515-1.135946 -0.049353
H 0.035584 1.331494 -1.554915
C-1.737579 1.255280 -0.332742
H 0.973007 2.097697 1.057546
H 1.539242 -0.432624 2.114174
H -0.196229 -0.107964 1.915019
H -2.060466 2.289787 -0.390983
C-2.533788 0.186750 0.381029
H -2.446620 -1.650696 -0.793467
H -1.699360 -1.821800 0.792912
H -3.591036 0.201263 0.090722
H-2.513179 0.326736 1.471900

Frequencies = -579.996, 100.166, 162.789,
Reaction 6 220.112, 248.356, 281.725, 367.77, 438.038,
505.404, 652.081, 690.33, 718.124, 746.065,
754.943, 764.905, 797.967, 825.697, 864.611,
906.241,913.84,922.188, 931.144, 945.133,
958.017, 980.449, 986.916, 1006.48, 1037.62,
1054.77, 1071.3, 1091.71, 1128.33, 1147.61,
1162.73,1174.48, 1211.68, 124491, 1255.48,
1262.08, 1288.53, 1293.33, 1307.89, 1317.95,
1330.72, 1337.38, 1354.17, 1368.92, 1389.21,
1489.87, 1493.32, 1499.9, 1514.56, 1522.22,
1527.62, 3000.68, 3007.74, 3008.78, 3040.13,
3047.79,3054.94, 3056.7, 3067.98, 3075.12,
3102.51,3111.33,3113.99, 3173.95, 3176.16,
3194.96
Substituted frequencies = none

REACTANT

C 0.821241 -0.058592 1.381611
C 0.829532 -1.147005 0.278886
C 2.115014 -0.781419 -0.505727
C 2.152135 0.784224 -0.423849
C 0.875083 1.122244 0.385586
C-0.353376 0.829810 -0.529950
C-0.398826 -0.746615 -0.575907
H 2.079931 -1.147399 -1.536326
H 2.996838 -1.218626 -0.027573
H 0.801602 -2.183909 0.623881
H 3.046282 1.126564 0.106060
H 2.148548 1.257747 -1.410251
H -0.305435 -1.123501 -1.598840 Reaction 7



REACTANT

C 0.821241 -0.058592 1.381611
C 0.829532-1.147005 0.278886
C 2.115014 -0.781419 -0.505727
C 2.152135 0.784224 -0.423849
C 0.875083 1.122244 0.385586
C-0.353376 0.829810 -0.529950
C-0.398826 -0.746615 -0.575907
H 2.079931 -1.147399 -1.536326
H 2.996838 -1.218626 -0.027573
H 0.801602 -2.183909 0.623881
H 3.046282 1.126564 0.106060
H 2.148548 1.257747 -1.410251
H -0.305435 -1.123501 -1.598840
C-1.768127 -1.162802 0.032653
H-0.173335 1.268279 -1.523612
C-1.698456 1.237059 -0.005667
H 0.869129 2.125535 0.817444
H 1.698977-0.107867 2.033961
H -0.083439 -0.059096 1.995738
H -1.990992 2.273291 0.137749
C-2.672791 0.094772 -0.037217
H -2.202909 -2.018327 -0.492023
H-1.635442 -1.456710 1.079232
H -3.247241 0.100925 -0.980338
H-3.411089 0.133037 0.772387

TRANSITION STATE

C-0.867906 -0.106284 1.349464
C-0.774032 1.150130 0.440805
C-1.998219 0.922560 -0.492834
C-2.123771 -0.633423 -0.635248
C-0.990863 -1.209654 0.256796
C 0.333505 -1.177079 -0.493247
C 0.502163 1.163732 -0.379917
H -1.872423 1.424757 -1.456123
H -2.899470 1.332753 -0.027090
H -0.878947 2.075323 1.026719
H -3.099429 -0.970489 -0.273174
H -2.028041 -0.967630 -1.672403
H 0.392093 1.494568 -1.412195
C 1.926691 1.106013 0.132600
H 0.299379 -0.999986 -1.567420
C 1.543418 -1.256931 0.126942
H -1.234720 -2.195675 0.665007
H -1.771950 -0.055129 1.968904
H -0.005712 -0.241608 2.005071
H 1.585451 -1.548743 1.175936
C 2.581387 -0.259026 -0.325703
H 2.512975 1.954849 -0.241361
H 1.948791 1.149482 1.228261
H 2.686770 -0.252801 -1.416855
H 3.570996 -0.399906 0.118773

Frequencies = -430.979, 119.704, 220.087, 243.96,
335.462, 382.691, 404.935, 448.437, 469.429,
498.73, 530.606, 624.411, 712.47, 750.835, 783.89,

787.106, 832.375, 872.058, 883.673, 900.212,
901.903, 928.692, 943.477, 949.622, 976.483,
988.338, 1030.42, 1067.54, 1071.96, 1096.52,
1132.83, 1155.23, 1165.1, 1182.31, 1187.76,
1199.83, 1221.51, 1260.27, 1291.84, 1300.13,
1305.77, 1312.47, 1313.92, 1316.24, 1333.79,
1343.73, 1354.39, 1402.97, 1494.62, 1501.22,
1503.75, 1515.06, 1532.54, 1570.46, 3011.88,
3035.55,3045.31, 3045.93, 3056.06, 3066.18,
3081.72,3083.27, 3096.23, 3100.78, 3116.06,
3127.48,3137.59, 3141.02, 3147.47
Substituted frequencies = none

Reaction 8

REACTANT

C 0.821241 -0.058592 1.381611
C 0.829532 -1.147005 0.278886
C 2.115014 -0.781419 -0.505727
C 2.152135 0.784224 -0.423849
C 0.875083 1.122244 0.385586
C-0.353376 0.829810 -0.529950
C -0.398826 -0.746615 -0.575907
H 2.079931 -1.147399 -1.536326
H 2.996838 -1.218626 -0.027573
H 0.801602 -2.183909 0.623881
H 3.046282 1.126564 0.106060
H 2.148548 1.257747 -1.410251
H -0.305435 -1.123501 -1.598840
C-1.768127 -1.162802 0.032653
H -0.173335 1.268279 -1.523612
C-1.698456 1.237059 -0.005667
H 0.869129 2.125535 0.817444
H 1.698977 -0.107867 2.033961
H -0.083439 -0.059096 1.995738
H-1.990992 2.273291 0.137749
C-2.672791 0.094772 -0.037217
H -2.202909 -2.018327 -0.492023
H -1.635442 -1.456710 1.079232
H -3.247241 0.100925 -0.980338
H-3.411089 0.133037 0.772387

TRANSITION STATE

C -0.879534 -0.054970 1.376562
C-0.934128 1.102487 0.352744
C-2.159674 0.702541 -0.506479
C-2.075648 -0.862115 -0.540736
C-0.809517 -1.162596 0.299137
C 0.436308 -0.740179 -0.515783
C 0.357273 0.865636 -0.487032
H-2.121530 1.149022 -1.504580
H -3.087365 1.034417 -0.030234
H -0.995969 2.111373 0.767075
H -2.960012 -1.311535 -0.078937
H -1.994756 -1.257422 -1.557660
H 0.223956 1.253644 -1.501315
C 1.605723 1.468814 0.119822
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H 0.370423 -1.103192 -1.548228
C 1.751502 -1.126473 0.111215
H-0.755411 -2.191095 0.665364
H-1.778053 -0.117553 1.998712
H 0.002331 -0.024216 2.023326
H 1.752545 -1.736583 1.012219
C 2.849073 -0.389999 -0.231575
H 2.117967 2.263351 -0.416755
H 1.663137 1.536823 1.203178
H 2.933650 0.051129 -1.220955
H 3.780819 -0.477039 0.321537

Frequencies = -578.914, 113.589, 181.803,
262.982,323.449, 337.718, 390.997, 447.702,
496.778, 529.243, 553.369, 631.097, 708.042,
739.885, 747.786, 773.863, 801.19, 836.01,
872.196, 904.785, 918.576, 936.309, 941.837,
951.674, 956.113, 976.394, 1006.24, 1013.03,
1044.89, 1059.81, 1068.41, 1088.74, 1141.15,
1148.06, 1181.68, 1193.57, 1209.43, 1238.01,
1254.1, 1271.28, 1290.74, 1292.02, 1301.45,
1322.24, 1335.81, 1337.84, 1353.41, 1370.42,
1431.42, 1480.39, 1503.15, 1515.89, 1535.33,
1567.08, 3049.24, 3054.06, 3055.24, 3064.8,
307491, 3094.7,3099.12, 3105.01, 3105.81,
3116.07,3116.75, 3125.93, 3146.23, 3211.37,

TRANSITION STATE

C 1.252819 0.298071 1.318517
C 0.901853 -1.034758 0.593069
C 1.983416 -1.015540 -0.517875
C 1.972112 0.484388 -0.983012
C 1.038990 1.194082 0.044005
C-0.409103 0.808812 -0.150841
C-0.443517 -0.702033 -0.132764
H 1.755911 -1.708387 -1.332893
H 2.960538 -1.287469 -0.106440
H 0.898190 -1.937251 1.207866
H 2.977044 0.914640 -0.946006
H 1.599730 0.599168 -2.004566
H -0.349174 -1.041582 -1.177366
C-1.860635 -1.119380 0.293025
C-1.572976 1.515315 0.095752
H 1.226166 2.261282 0.171765
H 2.284622 0.313432 1.688010
H 0.569333 0.558909 2.130440
H -2.275203 1.249021 0.880258
H -1.594177 2.583120 -0.136862
C-2.783421 -0.255247 -0.559304
H-2.030517 -2.192393 0.125183
H -2.031487 -0.924394 1.359636
H -2.661477 -0.332703 -1.637757

3215.51
Substituted frequencies = none

Reaction 9

REACTANT

C 0.985157-0.015288 1.374658
C 0.927475 -1.132891 0.300001
C 2.125639 -0.738389 -0.602894
C 2.095449 0.829834 -0.582003
C 0.884241 1.151001 0.341115
C -0.384405 0.749101 -0.376653
C-0.373208 -0.779686 -0.471711
H 2.024923 -1.144219 -1.613668
H 3.063611 -1.115506 -0.184118
H 0.967129 -2.160952 0.668293
H 3.018179 1.234038 -0.153982
H 1.967023 1.259914 -1.578221
H -0.323212 -1.146568 -1.506245
C-1.734395 -1.182202 0.150851
C-1.773821 1.247857 -0.045245
H 0.884768 2.164008 0.748572
H 1.925703 -0.010477 1.936429
H 0.147891 -0.036192 2.078223
H -1.809492 1.594430 1.000827
H -2.095871 2.092607 -0.666089
C -2.666959 -0.007749 -0.230429
H -2.096896 -2.151263 -0.204942
H -1.644292 -1.237965 1.242698
H -2.959430 -0.098039 -1.282932
H -3.581078 0.026657 0.369004

H -3.806721 -0.097649 -0.224690

Frequencies = -945.069, 143.603, 152.874,
269.484,287.181, 319.268, 387.834, 435.345,
490.961, 514.794, 562.657, 624.898, 706.002,
726.29, 749.113, 781.915, 803.663, 837.186,
870.104, 888.523, 889.573,903.427, 915.375,
930.479, 958.371, 975.948, 995.401, 1012.95,
1032.5,1061.9, 1076.93, 1111.57, 1126.46,
1151.77,1169.34, 1172.57, 1204.8, 1233.23,
1259.18, 1268.88, 1280.34, 1301.5, 1303.55,
1323.45, 1333.79, 1340.49, 1407.97, 1429.74,
1472.28, 1491.09, 1509.99, 1511.45, 1537.15,
1554.35,2979.23, 3014.08, 3053.68, 3059.77,
3061.07,3070.37, 3086.53, 3098.21, 3102.5,
3112.34,3119.96, 3123.8, 3125.49, 3153.93,
3211.42

Substituted frequencies = none

Reaction 10

REACTANT

C 0.985157 -0.015288 1.374658
C 0.927475 -1.132891 0.300001
C 2.125639 -0.738389 -0.602894
C 2.095449 0.829834 -0.582003
C 0.884241 1.151001 0.341115
C-0.384405 0.749101 -0.376653
C-0.373208 -0.779686 -0.471711
H 2.024923 -1.144219 -1.613668
H 3.063611 -1.115506 -0.184118
H 0.967129 -2.160952 0.668293
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H 3.018179 1.234038 -0.153982
H 1.967023 1.259914 -1.578221
H-0.323212 -1.146568 -1.506245
C-1.734395 -1.182202 0.150851
C-1.773821 1.247857 -0.045245
H 0.884768 2.164008 0.748572
H 1.925703 -0.010477 1.936429
H 0.147891 -0.036192 2.078223
H -1.809492 1.594430 1.000827
H -2.095871 2.092607 -0.666089
C -2.666959 -0.007749 -0.230429
H -2.096896 -2.151263 -0.204942
H -1.644292 -1.237965 1.242698
H -2.959430 -0.098039 -1.282932
H -3.581078 0.026657 0.369004

TRANSITION STATE

C 1.201346 -0.537951 1.286087
C 1.124096 -1.207208 -0.107501
C 2.208989 -0.390432 -0.888776
C 2.063724 1.047409 -0.286567
C 0.882850 0.878555 0.732357
C-0.359855 0.589832 -0.091464
C-0.233683 -0.692155 -0.586343
H 2.035099 -0.415419 -1.967554
H 3.206116 -0.799547 -0.697914
H 1.260286 -2.288876 -0.148016
H 2.976753 1.349114 0.236887
H 1.839692 1.802408 -1.043424
H -0.703607 -1.079586 -1.484670
C-2.274716 -1.130051 0.293906
C-1.691501 1.286190 -0.070236
H 0.793813 1.690417 1.457186
H 2.192823 -0.605023 1.746690
H 0.439368 -0.909198 1.975712
H -1.832835 1.749077 0.916363
H -1.794231 2.090116 -0.810067
C-2.761045 0.173229 -0.306018
H -2.629913 -2.065876 -0.131215
H -2.102654 -1.149893 1.368406
H-2.915189 0.040203 -1.383213
H -3.726744 0.487569 0.112153

Frequencies = -550.684, 80.1541, 149.492,
186.236, 256.76, 295.038, 390.12, 444.053,
494,958, 510.212, 559.113, 626.434, 710.328,
741.187,781.707, 794.982, 822.24, 850.719,
862.343, 875.192, 884.006, 899.468, 936.408,
947.075, 965.212, 969.695, 984.531, 1037.32,
1043.57, 1055.19, 1068.95, 1123.42, 1144.03,
1153.5,1176.95, 1198.86, 1214.26, 1223, 1246.87,
1253.6, 1281.4, 1306.29, 1316.75, 1321.77, 1334.1,
1340.95, 1372.6, 1468.39, 1478.19, 1494.42,
1499.21, 1500.62, 1515.66, 1531.07, 3013.63,
3026.23, 3048.3, 3054.9, 3055.2, 3066.22, 3072.49,
3105.98,3108.31,3110.32,3118.93, 3121.84,
3124.62, 3180.16, 3208.05

Substituted frequencies = none

Reaction 11

REACTANT

C 0.985157 -0.015288 1.374658
C 0.927475 -1.132891 0.300001
C 2.125639 -0.738389 -0.602894
C 2.095449 0.829834 -0.582003
C 0.884241 1.151001 0.341115
C-0.384405 0.749101 -0.376653
C-0.373208 -0.779686 -0.471711
H 2.024923 -1.144219 -1.613668
H 3.063611 -1.115506 -0.184118
H 0.967129 -2.160952 0.668293
H 3.018179 1.234038 -0.153982
H 1.967023 1.259914 -1.578221
H -0.323212 -1.146568 -1.506245
C-1.734395 -1.182202 0.150851
C-1.773821 1.247857 -0.045245
H 0.884768 2.164008 0.748572
H 1.925703 -0.010477 1.936429
H 0.147891 -0.036192 2.078223
H -1.809492 1.594430 1.000827
H -2.095871 2.092607 -0.666089
C -2.666959 -0.007749 -0.230429
H -2.096896 -2.151263 -0.204942
H -1.644292 -1.237965 1.242698
H -2.959430 -0.098039 -1.282932
H -3.581078 0.026657 0.369004

TRANSITION STATE

C-1.168253-0.615117 1.259901
C-1.250109 0.853191 0.898496
C -2.244434 0.916579 -0.246783
C -1.993234 -0.432597 -1.011400
C -0.888879 -1.157156 -0.187440
C 0.471188 -0.556196 -0.430483
C 0.552378 0.832258 -0.421452
H-2.116766 1.797126 -0.883985
H -3.272996 0.951327 0.139520
H-1.182187 1.648815 1.635790
H -2.903685 -1.038118 -1.037686
H-1.671233 -0.269965 -2.043284
H -0.049663 1.492508 -1.033475
C 1.944457 1.272489 0.026024
C 1.761207 -1.171912 0.080123
H -0.920507 -2.245375 -0.280703
H -2.124212 -0.994913 1.650433
H -0.377786 -0.863360 1.971773
H 1.670315-1.461100 1.139937
H 2.039282 -2.078526 -0.469717
C 2.786969 -0.024474 -0.100113
H 2.350294 2.097032 -0.568538
H 1.908942 1.612220 1.069558
H 3.211402 -0.078355 -1.107861
H 3.611070 -0.071695 0.617002
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Frequencies = -658.78, 128.221, 150.683, 231.401,
251.68,277.373,364.11,417.453, 536.13, 554.77,
623.863, 638.348, 698.864, 763.566, 805.361,
830.813, 833.864, 876.927, 895.825, 898.669,
913.118,929.127, 937.861, 967.957, 979.715,
993.723, 1033.23, 1043.14, 1056.33, 1069.69,
1120.93, 1143.83, 1157.65, 1171.55, 1193.5,
1217.45, 1238, 1249.38, 1259.65, 1278.31,
1285.45, 1317.72, 1321.23, 1338.02, 1340.58,
1349.07, 1389.55, 1476.36, 1492.45, 1501.3,
1502.33, 1505.5, 1520.95, 1529.3, 2990.99,
3005.83, 3019.1, 3030.48, 3053.3, 3062.21,
3064.79, 3084.14, 3090.06, 3099.83, 3113.76,
3117.13,3118.18,3174.01, 3186.21

H 1.763520 1.482702 -1.601635
H -0.359869 -0.797967 -1.491842
C-1.701356 -1.233597 0.142355
C-1.864877 1.252554 -0.241044
H 0.663381 2.056626 1.341634
H 2.244280 -0.082107 1.712140
H 0.614419 -0.520900 2.262301
H -2.209969 1.945899 0.531539
H -1.954037 1.765909 -1.207119
C-2.691753 -0.091389 -0.257341
H -1.997456 -2.200288 -0.276629
H -1.656457 -1.331686 1.233159
H -3.070356 -0.278426 -1.267174
H -3.555657 -0.045335 0.410581

Substituted frequencies = none

Reaction 12

REACTANT

C 0.985157 -0.015288 1.374658
C 0.927475 -1.132891 0.300001
C 2.125639 -0.738389 -0.602894
C 2.095449 0.829834 -0.582003
C 0.884241 1.151001 0.341115
C -0.384405 0.749101 -0.376653
C-0.373208 -0.779686 -0.471711
H 2.024923 -1.144219 -1.613668
H 3.063611 -1.115506 -0.184118
H 0.967129 -2.160952 0.668293
H 3.018179 1.234038 -0.153982
H 1.967023 1.259914 -1.578221
H -0.323212 -1.146568 -1.506245
C-1.734395 -1.182202 0.150851
C-1.773821 1.247857 -0.045245
H 0.884768 2.164008 0.748572
H 1.925703 -0.010477 1.936429
H 0.147891 -0.036192 2.078223
H -1.809492 1.594430 1.000827
H -2.095871 2.092607 -0.666089
C -2.666959 -0.007749 -0.230429
H -2.096896 -2.151263 -0.204942
H -1.644292 -1.237965 1.242698
H -2.959430 -0.098039 -1.282932
H -3.581078 0.026657 0.369004

TRANSITION STATE

C 1.200632 -0.179399 1.399205
C 1.032377 -1.101285 0.173687
C 2.136553 -0.596131 -0.812639
C 2.191919 0.923245 -0.776521
C 0.576331 1.100068 0.833835
C-0.473836 0.749092 0.030126
C-0.352990 -0.697194 -0.394186
H 1.928102 -0.962914 -1.824764
H 3.098343 -1.018917 -0.501192
H 1.134960 -2.169344 0.384899
H 3.038794 1.400966 -0.290750

Frequencies = -546.656, 92.3949, 149.767,
159.436, 220.589, 320.265, 363.088, 416.037,
507.661, 539.811, 570.736, 610.834, 679.625,
757.455, 759.376, 795.826, 819.331, 839.072,
875.653, 887.414, 889.562, 912.086, 940.12,
963.876, 984.932, 994.689, 1007.58, 1033.74,
1050.34, 1077.08, 1097.09, 1139.38, 1145.58,
1163.72, 1190.55, 1224.96, 1231.36, 1257.78,
1261.29, 1277.28, 1288.72, 1303.66, 1317.96,
1326.69, 1331.76, 1360.94, 1380.49, 1471.7,
1488.64, 1500.49, 1509.01, 1519.79, 1526.05,
1542.46,2984.83, 3028.84, 3035.13, 3037.2,
3046.72,3062.22, 3083.27, 3086.66, 3095.36,
3098.75, 3099.86, 3116.36, 3127.97, 3180.42,
3228.68

Substituted frequencies = none

Reaction 13

REACTANT

C 0.985157 -0.015288 1.374658
C 0.927475 -1.132891 0.300001
C 2.125639 -0.738389 -0.602894
C 2.095449 0.829834 -0.582003
C 0.884241 1.151001 0.341115
C-0.384405 0.749101 -0.376653
C-0.373208 -0.779686 -0.471711
H 2.024923 -1.144219 -1.613668
H 3.063611 -1.115506 -0.184118
H 0.967129 -2.160952 0.668293
H 3.018179 1.234038 -0.153982
H 1.967023 1.259914 -1.578221
H-0.323212 -1.146568 -1.506245
C-1.734395 -1.182202 0.150851
C-1.773821 1.247857 -0.045245
H 0.884768 2.164008 0.748572
H 1.925703 -0.010477 1.936429
H 0.147891 -0.036192 2.078223
H -1.809492 1.594430 1.000827
H -2.095871 2.092607 -0.666089
C -2.666959 -0.007749 -0.230429
H -2.096896 -2.151263 -0.204942
H -1.644292 -1.237965 1.242698
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H -2.959430 -0.098039 -1.282932
H -3.581078 0.026657 0.369004

TRANSITION STATE

C 1.001369 -0.488921 1.497339
C 0.942310-1.171111 0.144240
C 2.142456 -0.605140 -0.646215
C 2.110518 0.940425 -0.432199
C 0.785194 1.346343 0.211233
C-0.399851 0.809315 -0.235833
C-0.350291 -0.679256 -0.569003
H 2.068169 -0.871162 -1.705270
H 3.082555 -1.019934 -0.268509
H 0.977848 -2.267224 0.198066
H 2.936485 1.259733 0.209842
H 2.227775 1.469141 -1.385612
H -0.281823 -0.890276 -1.644665
C-1.706435 -1.202213 -0.030471
C-1.805975 1.225619 0.152834
H 0.775409 2.290861 0.754836
H 1.961784 -0.445159 2.008113
H 0.134135-0.520133 2.151501
H -1.858628 1.418294 1.235046
H-2.134616 2.140079 -0.352724
C -2.666880 -0.006507 -0.223611
H -2.041527 -2.107394 -0.545042
H-1.621190 -1.437568 1.036914
H-2.962591 0.058713 -1.277086
H -3.578282 -0.089304 0.374704

Frequencies = -596.832, 111.702, 160.739,
226.113,291.804, 329.498, 365.125, 440.664,
526.739, 527.735, 564.612, 597.317, 670.82,
732.324,771.369, 793.176, 812.392, 861.04,
880.676, 893.337, 900.34, 914.947, 931.164,
956.782,978.17,1018.38, 1033.58, 1044.3,
1076.42, 1087.82, 1102.27, 1131.59, 1167.68,
1176.39, 1195.96, 1224.9, 1245.01, 1258.68,
1275.72,1289.27, 1313.82, 1318.58, 1333.09,
1343.87, 1350.02, 1364.99, 1367.34, 1464.76,
1486.49, 1497.96, 1510.76, 1522.88, 1525.55,
1535.19, 3009.64, 3030.42, 3037.47, 3045.4, 3048,
3053.79, 3056.08, 3076.67, 3083.5, 3102.91,
3103.95,3111.82,3117.71, 3147.59, 3213.45

Substituted frequencies = none

Table S2

o

C-0.641536 1.510738 0.000000
C 0.226346 0.915465 1.137240
C 1.621030 1.492728 0.784089
C 1.621030 1.492728 -0.784089

C 0.226346 0.915465 -1.137240
C 0.226346 -0.593165 -0.789307
C 0.226346 -0.593165 0.789307
H 2.430263 0.888879 1.205506
H 1.727861 2.509972 1.173149
H -0.099595 1.132990 2.157705
H 1.727861 2.509972 -1.173149
H 2.430263 0.888879 -1.205506
H 1.119444 -1.083145 1.190169
C-1.038968 -1.383953 1.208303
H 1.119444 -1.083145 -1.190169
C-1.038968 -1.383953 -1.208303
H -0.099595 1.132990 -2.157705
H -0.650499 2.605407 0.000000
H -1.673342 1.149648 0.000000
H -1.879817 -0.697462 -1.366218
H -0.892444 -1.941417 -2.138142
C-1.339939 -2.295525 0.000000
H -0.892444 -1.941417 2.138142
H -1.879817 -0.697462 1.366218
H -0.654002 -3.151784 0.000000
H-2.361779 -2.687076 0.000000

(o,

C-2.615506 -0.056530 -0.174066
C-1.656640 -1.237276 0.089433
C -0.304900 -0.783114 -0.517707
C -0.357537 0.795096 -0.535192
C-1.727842 1.180443 0.079169
C 0.954564 -1.091801 0.336618
C 0.925761 0.059853 1.372379
C 0.905514 1.185559 0.301691
C 2.104837 0.797392 -0.524120
C 2.207639 -0.714653 -0.501192
H 2.197756 -1.167308 -1.501656
H 3.129218 -1.055067 -0.004345
H 0.975453 -2.106605 0.741386
H 2.583238 1.437803 -1.257760
H -0.195434 -1.189236 -1.528237
H -0.280592 1.188499 -1.552698
H 0.893837 2.215745 0.664945
H 1.821250 0.093073 1.999426
H 0.040453 0.048264 2.013236
H -1.628945 1.346756 1.158596
H -2.134484 2.097212 -0.357633
H -2.009871 -2.178987 -0.340762
H -1.554730 -1.389920 1.170853
H -2.941142 -0.069402 -1.221462
H -3.511342 -0.080634 0.454020

(O

C-0.894490 0.034847 1.399658
C-0.916209 1.113171 0.272382
C-2.182093 0.689080 -0.524550
C-2.149271 -0.889322 -0.432189
C-0.874382 -1.096712 0.373653
C 0.369474 -0.855307 -0.466018
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C 0.342141 0.737559 -0.558529
H-2.152791 1.045290 -1.558495
H -3.086540 1.087767 -0.055232
H -0.928712 2.156947 0.599570
H -3.030591 -1.264883 0.096237
H -2.108223 -1.366702 -1.414572
H 0.237418 1.071506 -1.595587
C 1.701109 1.205771 0.017838
H 0.277653 -1.313230 -1.454978
C 1.739136 -1.207375 0.166596
H-1.795401 0.050381 2.019028
H-0.011268 0.086495 2.039116
H 1.640214 -1.296544 1.254290
H 2.130418 -2.158334 -0.205308
C 2.640936 -0.002928 -0.175634
H 2.065426 2.114286 -0.470976
H 1.604070 1.425791 1.087952
H 2.958801 -0.061378 -1.223948
H 3.541419 0.049903 0.443670

(D

C -0.609885 1.508998 0.000000
C 0.214948 0.952148 1.141770
C 1.621203 1.513126 0.784744
C 1.621203 1.513126 -0.784744
C 0.214948 0.952148 -1.141770
C 0.214948 -0.569004 -0.791163
C 0.214948 -0.569004 0.791163
H 2.421082 0.896638 1.206314
H 1.738186 2.529037 1.171510
H-0.117608 1.173193 2.157690
H 1.738186 2.529037 -1.171510
H 2.421082 0.896638 -1.206314
H 1.106351 -1.060291 1.195355
C-1.058348 -1.346562 1.206461
H 1.106351 -1.060291 -1.195355
C-1.058348 -1.346562 -1.206461
H-0.117608 1.173193 -2.157690
H -1.680189 1.687143 0.000000
H -1.892538 -0.648873 -1.351695
H -0.923577 -1.899863 -2.140482
C-1.361953 -2.258980 0.000000
H -0.923577 -1.899863 2.140482
H -1.892538 -0.648873 1.351695
H-0.679770 -3.118227 0.000000
H -2.385799 -2.645196 0.000000

O

C 0.985157 -0.015288 1.374658
C 0.927475 -1.132891 0.300001
C 2.125639 -0.738389 -0.602894
C 2.095449 0.829834 -0.582003
C 0.884241 1.151001 0.341115
C-0.384405 0.749101 -0.376653
C-0.373208 -0.779686 -0.471711
H 2.024923 -1.144219 -1.613668

H 3.063611 -1.115506 -0.184118
H 0.967129 -2.160952 0.668293
H 3.018179 1.234038 -0.153982
H 1.967023 1.259914 -1.578221
H -0.323212 -1.146568 -1.506245
C-1.734395 -1.182202 0.150851
C-1.773821 1.247857 -0.045245
H 0.884768 2.164008 0.748572
H 1.925703 -0.010477 1.936429
H 0.147891 -0.036192 2.078223
H -1.809492 1.594430 1.000827
H -2.095871 2.092607 -0.666089
C -2.666959 -0.007749 -0.230429
H -2.096896 -2.151263 -0.204942
H -1.644292 -1.237965 1.242698
H -2.959430 -0.098039 -1.282932
H -3.581078 0.026657 0.369004

(D

C 0.821241 -0.058592 1.381611
C 0.829532 -1.147005 0.278886
C 2.115014 -0.781419 -0.505727
C 2.152135 0.784224 -0.423849
C 0.875083 1.122244 0.385586
C-0.353376 0.829810 -0.529950
C -0.398826 -0.746615 -0.575907
H 2.079931 -1.147399 -1.536326
H 2.996838 -1.218626 -0.027573
H 0.801602 -2.183909 0.623881
H 3.046282 1.126564 0.106060
H 2.148548 1.257747 -1.410251
H -0.305435 -1.123501 -1.598840
C-1.768127 -1.162802 0.032653
H-0.173335 1.268279 -1.523612
C-1.698456 1.237059 -0.005667
H 0.869129 2.125535 0.817444
H 1.698977 -0.107867 2.033961
H -0.083439 -0.059096 1.995738
H-1.990992 2.273291 0.137749
C-2.672791 0.094772 -0.037217
H -2.202909 -2.018327 -0.492023
H -1.635442 -1.456710 1.079232
H -3.247241 0.100925 -0.980338
H -3.411089 0.133037 0.772387

C-0.637646 1.431625 0.000000
C 0.239855 0.847469 1.135247
C 1.630536 1.432199 0.783494
C 1.630536 1.432199 -0.783494
C 0.239855 0.847469 -1.135247
C 0.239855 -0.662399 -0.789828
C 0.239855 -0.662399 0.789828
H 2.442513 0.832506 1.205643
H 1.731424 2.449710 1.173414
H -0.085273 1.061503 2.156530
H 1.731424 2.449710 -1.173414
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H 2.442513 0.832506 -1.205643
H 1.133488 -1.150100 1.189318
C-1.033384 -1.430316 1.245611
H 1.133488 -1.150100 -1.189318
C-1.033384 -1.430316 -1.245611
H -0.085273 1.061503 -2.156530
H -0.666609 2.525902 0.000000
H-1.662916 1.048410 0.000000
H -1.752264 -0.737767 -1.717245
H -0.803823 -2.184412 -2.010051
C-1.605799 -2.040850 0.000000
H -0.803823 -2.184412 2.010051
H -1.752264 -0.737767 1.717245
H -2.464257 -2.705289 0.000000

H
H 0.000000 0.000000 0.000000

Hy
H 0.000000 0.000000 0.370924
H 0.000000 0.000000 -0.370924

CH,

C 0.000000 0.000000 0.000000
H 0.000000 1.081981 0.000000
H 0.937023 -0.540990 0.000000
H -0.937023 -0.540990 0.000000

CH,

H -0.630190 0.630190 -0.630190
C 0.000000 0.000000 0.000000
H 0.630190 -0.630190 -0.630190
H 0.630190 0.630190 0.630190
H -0.630190 -0.630190 0.630190

HO'
O 0.000000 0.000000 0.107873
H 0.000000 0.000000 -0.862984

H,O

H 0.000000 0.757178 -0.468975
O 0.000000 0.000000 0.117244
H 0.000000 -0.757178 -0.468975

Reaction 1

TRANSITION STATE 1

C-0.865844 0.007407 1.351205
C-0.795354 1.175848 0.337314
C -2.049468 0.893583 -0.534094
C-2.076297 -0.647462 -0.580671
C-0.883113 -1.096076 0.264087
C 0.400132 -0.768002 -0.552115
C 0.457488 0.809246 -0.497691
H -1.978955 1.343400 -1.529855
H -2.954640 1.287720 -0.055208

H-0.768322 2.183181 0.760118
H-2.211066 -1.129096 -1.551031
H 0.395948 1.245714 -1.499630
C 1.825179 1.155223 0.143412
H 0.311200 -1.132781 -1.580002
C 1.734240 -1.259186 0.066714
H -0.935638 -2.130319 0.613326
H-1.778733 0.019064 1.954481
H -0.000970 -0.048437 2.016528
H 1.609842 -1.445516 1.140294
H 2.084275 -2.190086 -0.388545
C 2.706414 -0.078900 -0.142375
H 2.246326 2.083878 -0.252527
H 1.714680 1.281711 1.227257
H 3.046209 -0.059124 -1.185145
H 3.592984 -0.133518 0.496572
H -3.174300 -1.045908 0.092355
H-3.919103 -1.279976 0.606284

Frequencies = -1375.28, 115.323, 173.274, 218.43,

271.848, 288.706, 324.998, 375.99, 407.637,
492.222, 536.706, 561.789, 656.819, 739.857,

762.6, 800.013, 852.047, 872.73, 881.219, 902.663,

907.807, 918.649, 928.247, 934.947, 963.157,
971.219, 1001.24, 1020.21, 1033.71, 1049.31,
1053.33, 1063.34, 1100.75, 1136.19, 1156.82,
1161.7, 1175.54, 1200.68, 1210.81, 1229.78,

1235.85, 1238.73, 1265.07, 1269.75, 1289.71,
1304.76, 1307.85, 1321.08, 1325.38, 1329.52,
1349.42, 1353.39, 1367.57, 1374.08, 1492.47,
1496.3, 1502.65, 1521.45, 1526.54, 1612.51,

3037.13, 3039.79, 3040.53, 3048.11, 3060.79,
3063.82, 3075.09, 3085.75, 3092.17, 3097.36,
3101.11, 3106.34, 3107.22, 3116.42, 3120.68
Substituted frequencies = none

TRANSITION STATE 2

C 0.822378 -0.192012 1.433143
C 0.828014 -1.203414 0.258621
C 2.130795 -0.792577 -0.477530
C 2.133526 0.740971 -0.306262
C 0.876386 1.060334 0.509816
C-0.364853 0.834684 -0.394807
C-0.381378 -0.731028 -0.588478
H 2.130231 -1.102349 -1.529026
H 3.010024 -1.239026 0.000087
H 0.789177 -2.260810 0.532000
H 2.012652 1.303023 -1.551943
H -0.246351 -1.005823 -1.639292
C-1.774484 -1.198410 -0.094271
H -0.245836 1.356341 -1.347720
C-1.733737 1.195376 0.233315
H 0.895126 2.032299 1.007388
H 1.700486 -0.284621 2.079353
H -0.078894 -0.235145 2.050521
H -1.664998 1.198163 1.327923
H -2.082862 2.184848 -0.075837
C-2.668174 0.054019 -0.219742
H -2.152266 -2.052113 -0.664394
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H -1.720481 -1.505041 0.957672
H -2.954682 0.202782 -1.268004
H -3.586413 -0.011686 0.371615
H 3.066423 1.191894 0.035669
H 1.917834 1.619603 -2.408843

Frequencies = -1361.85, 124.288, 182.332,
239.303, 301.132, 318.349, 332.959, 378.689,
437.725,490.469, 532.467, 556.173, 667.466,
743.111,761.177, 804.093, 856.01, 871.57,
874.912, 903.995, 906.297, 926.734, 933.965,
937.651,969.817, 973.445, 999.474, 1013.9,
1035.38, 1055.44, 1062.54, 1078.61, 1086.04,
1132.11, 1148.55, 1161.91, 1182.3, 1203.58,
1205.4, 1226.33, 1234.21, 1242.5, 1265.88,
1279.96, 1297.78, 1306.18, 1314.05, 1322.06,
1328.02, 1333.47, 1346.71, 1356.72, 1368.99,
1376.24, 1498.85, 1507.3, 1511.6, 1519.39,
1536.36, 1691.75, 3040.27, 3040.7, 3043.81,
3046.58, 3066.18, 3071.06, 3083.16, 3088.03,
3096.27, 3098.9, 3102.72, 3109.71, 3113.88,
3118.8,3127.2

Substituted frequencies = none

Reaction 2

TRANSITION STATE

C 0.885705 0.052216 1.362500
C 0.852853 -1.171454 0.403562
C 2.119920 -0.914335 -0.457168
C 2.150165 0.655281 -0.591465
C 0.894877 1.047603 0.193246
C-0.368406 0.711756 -0.600848
C -0.399200 -0.870610 -0.463755
H 2.062115 -1.414507 -1.428383
H 3.015853 -1.277790 0.054995
H 0.832436 -2.157139 0.876922
H 2.111067 0.991727 -1.630702
H -0.318858 -1.355166 -1.441901
C-1.767163 -1.201928 0.183755
H -0.270788 1.023712 -1.644585
C-1.715647 1.206756 -0.017949
H 0.918280 2.413517 0.604238
H 1.792658 0.093869 1.972226
H 0.010235 0.130332 2.010209
H-1.602556 1.452306 1.044392
H-2.076618 2.106556 -0.523648
C -2.665236 0.000318 -0.175112
H -2.168823 -2.158114 -0.164208
H-1.663481 -1.266517 1.273695
H -2.994373 -0.079582 -1.218465
H -3.558678 0.072666 0.452184
H 3.052194 1.070518 -0.132003
H 0.932120 3.259995 0.874439

Frequencies = -1261.02, 127.628, 181.234,
230.254, 251.971, 285.207, 322.357, 329.295,
398.449, 490.548, 520.851, 549.967, 660.62,
722.555, 744.747, 789.477, 833.932, 843.26,

873.26, 890.067, 911.352, 923.793, 927.675,
941.136, 965.35, 983.167, 1006.53, 1014.66,
1053.13, 1056.37, 1067.64, 1071.22, 1089.6,
1125.33, 1142.34, 1152.89, 1187.92, 1200.43,
1207.53, 1222.63, 1236.26, 1253.31, 1268.73,
1275.09, 1301.46, 1307.44, 1319.31, 1323.45,
1324.29, 1342.38, 1349.1, 1364.16, 1376.23,
1501.25, 1502.9, 1505.89, 1513.64, 1526.72,
1531.84, 1888.25, 3038.09, 3042.98, 3058.01,
3058.7, 3062.94, 3067.73, 3071.52, 3083.86,
3093.92, 3099.19, 3100.66, 3104.14, 3114.75,
3122.74,3133.16

Substituted frequencies = none

Reaction 3

TRANSITION STATE 1

C-0.892326 -0.000021 1.278232
C-0.860276 1.142241 0.260038
C-2.076717 0.784678 -0.634426
C -2.076908 -0.784532 -0.634274
C-0.860327 -1.142171 0.259909
C 0.432380-0.791266 -0.532395
C 0.432477 0.791417 -0.532228
H-1.976823 1.204538 -1.639424
H -3.001694 1.171530 -0.197737
H -0.874158 2.158754 0.658851
H-1.977561 -1.204676 -1.639207
H 0.378675 1.192891 -1.549465
C 1.768116 1.207205 0.133016
H 0.378458 -1.192524 -1.549711
C 1.767995 -1.207334 0.132726
H-0.874122 -2.158725 0.658624
H -2.138026 -0.000053 1.936168
H -0.184103 -0.000101 2.107376
H 1.623317 -1.355379 1.210078
H 2.163256 -2.141453 -0.276711
C 2.701024 -0.000083 -0.097218
H 2.163463 2.141384 -0.276202
H 1.623472 1.355017 1.210401
H 3.059695 0.000020 -1.133917
H 3.576409 -0.000207 0.559220
H-3.001799 -1.171007 -0.197068
H-2.951079 -0.000814 2.318443

Frequencies = -1322.28, 121.46, 176.225,251.612,

262.78, 283.141, 317.449, 319.586, 407.275,
516.269, 533.537, 568.639, 654.58, 741.907,
747.458,792.679, 831.573, 868.59, 871.689,
897.572,901.579, 923.343, 924.009, 930.873,
938.293, 998.841, 1008.75, 1010.7, 1046.36,
1050.28, 1051.53, 1062.11, 1088.4, 1114.29,
1159.56, 1176.09, 1194.57, 1196.12, 1208.14,
1208.18, 1234.56, 1245.62, 1259.15, 1268.92,
1296.54, 1304.87, 1308.35, 1310.72, 1331.35,
1337.11, 1347.64, 1351.07, 1365.67, 1371.32,
1497.49, 1498.88, 1503.93, 1521.2, 1522.9,
1809.85, 3038.64, 3039.51, 3041.96, 3054.67,
3059.05, 3063.84, 3071.29, 3090.3, 3093.95,
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3097.65,3102.63, 3114.31, 3114.46, 3117.32,
3141.9
Substituted frequencies = none

TRANSITION STATE 2

C 0.934955 -0.000106 1.324972
C 0.891152-1.142813 0.305489
C 2.159486 -0.786121 -0.527471
C 2.159468 0.786159 -0.527454
C 0.891242 1.142863 0.305735
C-0.348425 0.790015 -0.553915
C-0.348379 -0.789653 -0.554236
H 2.109939 -1.206559 -1.536621
H 3.060674 -1.175680 -0.045392
H 0.891172 -2.159866 0.703057
H 2.109703 1.206598 -1.536596
H-0.233168 -1.186585 -1.567749
C-1.724135 -1.209685 0.020921
H -0.233522 1.187359 -1.567303
C-1.724077 1.209692 0.021750
H 0.891448 2.159848 0.703473
H 1.761035 -0.000221 2.040704
H -0.152924 -0.000395 2.243091
H-1.651424 1.367532 1.103281
H -2.092052 2.138383 -0.424318

C 2.130151 0.842322 -0.389630
C 0.892247 1.058884 0.520738
C-0.375163 0.789107 -0.292525
C-0.364416 -0.740503 -0.565910
H 2.067897 -0.977205 -1.675495
H 3.062111 -1.153513 -0.226145
H 0.928597 -2.263461 0.425150
H 2.050752 1.406094 -1.322475
H -0.287945 -0.965967 -1.636496
C-1.725704 -1.241709 -0.021355
H-0.274166 1.433131 -1.473267
C-1.749644 1.165366 0.264376
H 0.888340 2.011370 1.055286
H 1.859050-0.302797 1.987275
H 0.078797 -0.328214 2.065566
H -1.699838 1.232621 1.360665
H -2.102343 2.134196 -0.105439
C-2.655923 -0.015069 -0.153344
H -2.094192 -2.118337 -0.561958
H -1.630540 -1.519383 1.035577
H-2.961194 0.106681 -1.199368
H -3.562170-0.095170 0.453808
H 3.038555 1.169600 0.124657
H-0.231809 1.868774 -2.296271

Frequencies = -1289.63, 126.63, 174.399, 240.036,

C-2.641452 0.000128 -0.259141
H -2.092103 -2.137974 -0.425988
H-1.651624 -1.368457 1.102309
H -2.947183 0.000480 -1.312790
H -3.548896 -0.000058 0.351973
H 3.060743 1.175751 -0.045567
H -0.780828 -0.003033 2.874532

Frequencies = -1307.42, 137.053, 174.833,

237.045,264.317,295.658, 322.798, 370.436,
404.904, 527.341, 545.487, 574.345, 668.387,
729.347,755.497, 789.694, 831.417, 867.856,
873.281, 894.629,915.607, 926.587, 931.179,

276.656,296.825,319.947, 342.244, 397.151,
490.272, 534.067, 553.411, 640.112, 727.229,
751.218,798.826, 831.722, 867.12, 881.332,
896.762, 909.017, 911.795, 927.133, 937.835,
971.769, 975.44, 1006.21, 1028.01, 1052.89,
1058.82, 1068.65, 1085.02, 1100.22, 1136.77,
1146.32,1162.77, 1178.3, 1195.3, 1214.02,
1226.91, 1242.56, 1249.62, 1259.57, 1270.79,
1285.73,1311.69, 1321.19, 1324.1, 1332.7,
1343.71, 1349.31, 1355.43, 1371.66, 1491.35,
1504.03, 1505.52, 1514.93, 1522.35, 1535.59,
1633.66,3018.11, 3045.67, 3050.72, 3051.86,
3056.88,3062.76, 3070.28, 3075.57, 3096.82,
3101.29,3102.07, 3110.85, 3113.56, 3120.12,

934.512,951.644, 965.915, 1003.01, 1015.98,
1028.55, 1041.89, 1056.38, 1064.03, 1085.69,
1088.3, 1163.4, 1172.75, 1199.95, 1206.5, 1214.3,
1217.39, 1226.45, 1243.58, 1253.94, 1271.51,
1302.02, 1306.74, 1314.65, 1315.14, 1337.53,
1337.71, 1354.6, 1358.07, 1369.5, 1376.87,
1502.56, 1509.72, 1510.82, 1524.32, 1529.53,
1869.64, 3031.63, 3055.58, 3058.43, 3059.34,
3060.64, 3066.13, 3071.67, 3088.82, 3100.38,
3105.87,3110.51, 3112.65, 3115.23, 3118.94,
3124.64

Substituted frequencies = none

Reaction 4

TRANSITION STATE

C 0.939088 -0.226667 1.398250
C 0911826 -1.196611 0.188729
C 2.142554 -0.708189 -0.617842

3123.59
Substituted frequencies = none

Reaction 5

TRANSITION STATE 1

C 0.937519 -0.123197 1.373129
C 0.987586 -1.148347 0.212086
C 2.213804 -0.643437 -0.589912
C 2.128469 0.913345 -0.429869
C 0.860487 1.108379 0.438709
C-0.375213 0.773985 -0.433189
C-0.292721 -0.798249 -0.585923
H 2.174643 -0.962548 -1.635681
H 3.142885 -1.029651 -0.159962
H 1.047964 -2.200880 0.501147
H 2.049818 1.433882 -1.388950
H -0.195997 -1.097812 -1.633925
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C-1.614183 -1.353873 0.008323
H-0.313760 1.279063 -1.404423
C-1.738630 1.040278 0.208791
H 0.801617 2.084985 0.925704
H 1.841108 -0.135121 1.990775
H 0.063592 -0.235624 2.020550
H-1.717676 1.381509 1.247123
H -2.287930 2.103895 -0.429631
C-2.616243 -0.176104 -0.073815
H -1.966426 -2.242284 -0.524508
H -1.466358 -1.636927 1.056765
H -3.020561 -0.108695 -1.092586
H -3.459875 -0.274842 0.614369
H 3.011232 1.301524 0.087126
H -2.649518 2.782850 -0.943876

Frequencies = -1375.99, 126.597, 158.623,
236.519,273.598, 282.271, 340.858, 378.193,
400.453,497.29, 527.981, 574.99, 697.003, 745.81,
760.656, 804.673, 841.927, 866.145, 872.999,
909.358, 910.215, 929.04, 940.262, 941.16,
973.158,974.258, 1001.2, 1015, 1049.25, 1057.91,
1063.47, 1087.67, 1094.24, 1140.73, 1148.08,
1164.35, 1173.86, 1202.09, 1211.76, 1228.71,
1229.58, 1243.17, 1258.25, 1285.28, 1290.06,
1305.3, 1312.7, 1324.03, 1326.78, 1332.16,
1339.65, 1351.37, 1369.12, 1375.14, 1505.15,
1505.74, 1512.48, 1524.39, 1536.84, 1657.51,
3033.89, 3049.63, 3052.28, 3053.94, 3059.12,
3064.98, 3076.57, 3092.44, 3095.87, 3098.59,
3102.32,3105.47,3114.36,3115.86, 3119.73
Substituted frequencies = none

TRANSITION STATE 2

C-0.887358 -0.083132 1.368776
C-0.930614 1.118437 0.394161
C -2.190095 0.784323 -0.448080
C-2.163786 -0.782502 -0.527727
C -0.872877 -1.149424 0.246657
C 0.334784 -0.705153 -0.627586
C 0.317545 0.865162 -0.484993
H -2.156567 1.255424 -1.435142
H -3.096272 1.134305 0.055339
H -0.952240 2.111626 0.849985
H -2.145673 -1.152086 -1.557199
H 0.217383 1.354218 -1.459332
C 1.677818 1.241892 0.156727
H 0.174603 -1.025858 -1.664690
C 1.732955-1.136513 -0.187213
H -0.824151 -2.191952 0.569547
H -1.780564 -0.150741 1.998186
H -0.002617 -0.106679 2.008183
H 1.702941 -1.477532 1.124681
H 2.121077 -2.062078 -0.617117
C 2.632106 0.093697 -0.239211
H 2.033419 2.222655 -0.171293
H 1.584814 1.272555 1.248369
H 2.997977 0.239953 -1.265952
H 3.507924 0.011793 0.413068

H -3.040826 -1.212288 -0.034438
H 1.755894 -1.704040 2.028732

Frequencies = -1385.04, 142.69, 165.571, 279.397,

290.953, 315.899, 356.505, 397.514, 414.239,
524.001, 532.72, 591.207, 712.418, 741.897,

759.406, 801.122, 835.097, 871.079, 879.225,
908.095, 915.141, 923.664, 933.475, 943.492,
974.427,976.486, 1005.72, 1011.61, 1047.34,
1059.83, 1063.41, 1067.28, 1083.97, 1143.56,
1153.42,1168.96, 1195.74, 1204.4, 1216.44,

1228.4, 1241.2, 1255.07, 1283.34, 1293.9, 1297.13,

1303.64, 1316.51, 1321.13, 1326.87, 1335.66,
1342.79, 1360.2, 1361.68, 1373.32, 1500.54,
1505.59, 1513.31, 1523.33, 1545.58, 1607.22,
3018.16, 3038.45, 3050.56, 3057.4, 3063.14,
3064.49,3067.77, 3085.84, 3097.41, 3103.32,
3104.62,3107.41,3114.7,3118.36, 3127.41

Substituted frequencies = none

Reaction 6

TRANSITION STATE 1

C 0.873859 -0.000006 1.388954
C 0.924488 -1.137484 0.338866
C 2.223655 -0.784180 -0.428632
C 2.223657 0.784181 -0.428623
C 0.924489 1.137481 0.338876
C-0.279728 0.790194 -0.572157
C-0.279731 -0.790190 -0.572161
H 2.226781 -1.203961 -1.438958
H 3.100518 -1.174656 0.096684
H 0.901512 -2.158518 0.728001
H 2.226790 1.203974 -1.438944
H -0.132999 -1.189666 -1.580122
C-1.674282 -1.219578 -0.035132
H -0.132990 1.189674 -1.580116
C-1.674280 1.219584 -0.035133
H 0.901514 2.158512 0.728018
H 1.740666 -0.000009 2.057552
H -0.036575 -0.000008 1.994629
H-1.614220 1.428678 1.041500
H -2.050282 2.122561 -0.522855
C-2.562124 0.000004 -0.266847
H -2.050286 -2.122555 -0.522852
H-1.614218 -1.428670 1.041500
H -3.145143 0.000004 -1.190301
H -3.526060 -0.000021 0.698490
H 3.100519 1.174648 0.096702
H -4.095535 -0.000018 1.423010

Frequencies =-1369.88, 121.355, 128.533,

255.165,268.301, 272.971, 329.695, 343.959,
395.452,492.512, 525.249, 579.797, 670.023,
737.502, 761.906, 797.268, 835.039, 866.368,
870.019, 899.181, 904.913, 926.521, 933.268,
944.409, 965.769, 976.942, 1010.19, 1030.87,
1045.33, 1057.54, 1059.76, 1072.82, 1074.93,
1140.83,1143.2,1166.99, 1174.1, 1210.86,
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1215.63, 1222.25, 1233.36, 1253.46, 1263.11,
1279.97, 1292.08, 1306.65, 1309.11, 1315.6,
1325.3, 1332.72, 1346.7, 1354.93, 1364.75,
1367.82, 1495.08, 1501.57, 1506.23, 1513.85,
1535.32, 1677.68, 3033.91, 3036.42, 3058.28,
3058.52, 3062.59, 3068.47, 3075.73, 3098.83,
3100.53, 3103, 3106.35, 3109.21, 3110.42,
3120.14, 3122.41

Substituted frequencies = none

TRANSITION STATE 2

C-0.642032 1.555538 0.000000
C 0.227279 0.961815 1.136949
C 1.621723 1.539130 0.783969
C 1.621723 1.539130 -0.783969
C 0.227279 0.961815 -1.136949
C 0.227279 -0.546935 -0.789423
C 0.227279 -0.546935 0.789423
H 2.430832 0.935500 1.205619
H 1.727792 2.556276 1.173222
H -0.098077 1.178567 2.157660
H 2.430832 0.935500 -1.205619
H 1.119423 -1.039190 1.187749
C-1.037610 -1.333453 1.222395
H 1.119423 -1.039190 -1.187749
C-1.037610 -1.333453 -1.222395
H -0.098077 1.178567 -2.157660
H -0.653299 2.650099 0.000000
H-1.674036 1.193513 0.000000
H -1.860852 -0.644210 -1.461011
H-0.865171 -1.947141 -2.112495
C-1.406051 -2.162665 0.000000
H-0.865171 -1.947141 2.112495
H -1.860852 -0.644210 1.461011
H -0.520387 -3.182464 0.000000
H -2.364169 -2.686159 0.000000
H 1.727792 2.556276 -1.173222
H 0.128435 -3.858521 0.000000

Frequencies = -1355.94, 122.83, 132.731, 249.17,

258.991, 283.87, 330.983, 336.621, 402.524,
491.519, 526.687, 617.741, 679.784, 735.988,

766.427,, 794, 837.278, 868.285, 873.952, 905.549,

910.969, 926.409, 937.116, 941.151, 967.541,
980.629, 1002.58, 1014.89, 1046.32, 1060.39,
1064.38, 1081.51, 1083.2, 1146.08, 1158.04,
1168.85, 1190.42, 1206.35, 1214.43, 1225.85,
1236.46, 1251.69, 1252.8, 1278.34, 1297.03,
1308.43, 1310.16, 1317.49, 1327.2, 1330.11,
1345.16, 1357.17, 1372.77, 1373.29, 1494.49,
1500.54, 1505.47, 1514.23, 1534.6, 1601.28,
3020.17, 3022.14, 3054.72, 3063.57, 3065.39,
3072.79, 3080.84, 3091.91, 3096.51, 3096.8,
3099.24,3104.42,3114.97,3117.54, 3129.2
Substituted frequencies = none

Reaction 7

TRANSITION STATE 1

C-0.506254 0.123335 1.266091
C-0.158718 1.343929 0.378954
C-1.379406 1.372640 -0.580642
C-1.679120 -0.132759 -0.788369
C-0.639028 -0.858125 0.074670
C 0.737470 -0.701343 -0.629412
C 1.065524 0.829039 -0.418938
H-1.158269 1.894445 -1.517490
H -2.229960 1.882885-0.111116
H 0.018113 2.286763 0.903064
H -1.750374 -0.474053 -1.824276
H 1.150832 1.356106 -1.374599
C 2.425510 0.865265 0.324030
H 0.659052 -0.954061 -1.691262
C 1.919996 -1.475740 0.007274
H -0.897076 -1.891676 0.321159
H -1.442795 0.249750 1.817684
H 0.284777 -0.146712 1.970114
H 1.692457-1.726121 1.050593
H 2.132854 -2.412393 -0.516171
C 3.095235-0.476682 -0.039218
H 3.028213 1.734829 0.046082
H 2.264258 0.910799 1.408025
H 3.497005 -0.426490 -1.058774
H 3.917610 -0.744276 0.631274
H -2.849015 -0.399038 -0.293242
C -4.094801 -0.698911 0.260508
H -4.071385 -0.290794 1.270477
H -4.814646 -0.207290 -0.392955
H -4.150097 -1.786567 0.231713

Frequencies = -1631.57, 63.678, 72.5055, 116.896,

132.93, 182.966, 252.644, 308.259, 315.814,
364.344, 440.283, 488.325, 523.374, 542.069,
560.067, 613.906, 662.929, 743.986, 764.166,
797.13, 868.155, 875.689, 896.775, 907.938,
919.248,922.178, 931.032, 934.78, 965.887,
979.975, 1003.1, 1020.55, 1047.93, 1054.27,
1056.02, 1060.1, 1107.23, 1137.56, 1151.2,
1157.35, 1178.84, 1200.03, 1206.18, 1225.93,
1237.15,1264.37, 1268.33, 1287, 1300.16,
1305.91, 1319.33, 1322.62, 1328.73, 1347.72,
1350.06, 1363.94, 1371.37, 1385.37, 1416.57,
1461.73, 1468.9, 1491.86, 1498.79, 1502.64,
1514.94,1523.41, 3031.37,3035.12, 3043.05,
3045.41, 3059.99, 3060.62, 3073.66, 3074.5,
3082.9, 3086.18, 3093.44, 3098.4, 3099.91,
3105.25,3107.27, 3130.59, 3198.26, 3200.82
cos =,

sin =,

barrier = 0.01

Substituted frequency = 116.90 (from HO analysis)

Reduced moment of inertia = 11.807

TRANSITION STATE 2

C-0.028940 -1.549506 1.014039
C 0.104511 -1.516211 -0.528593
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C 1.625415 -1.261943 -0.690507
C 1.937527-0.316350 0.497059
C 0.590122-0.136916 1.216068
C-0.330868 0.738535 0.325927
C-0.651004 -0.212919 -0.891631
H 1.867454 -0.815285 -1.662109
H 2.189932 -2.196996 -0.607574
H -0.257804 -2.397328 -1.064604
H 2.374524 0.825558 0.027472
H-0.276610 0.201042 -1.833451
C -2.196437 -0.322648 -0.940490
H 0.191019 1.642527 0.002544
C-1.703329 1.118323 0.936486
H 0.673064 0.212287 2.247913
H 0.564203 -2.344530 1.476170
H-1.061727 -1.626662 1.364896
H-1.968567 0.424081 1.743118
H-1.703223 2.127282 1.359278
C-2.695907 0.955031 -0.234468
H -2.573783 -0.422545 -1.962427
H -2.530235 -1.204259 -0.379518
H-2.609719 1.812418 -0.913368
H -3.738936 0.890095 0.089873
H 2.755596 -0.647053 1.141666
C 2.875518 1.982283 -0.544441
H 3.905247 1.734859 -0.801265
H 2.247818 2.173427 -1.414606
H 2.792101 2.745012 0.229307

Frequencies = -1670.11, 53.5204, 64.8042, 86.146,
159.935, 184.2,277.189, 310.237, 317.666, 386.81,
423.784,497.038, 515.116, 530.726, 544.292,
615.322,669.652, 750.108, 760.728, 805.864,
866.355, 872.695, 885.897, 908.709, 928.836,
936.499, 938.698, 951.465, 974.684, 976.715,
1010.66, 1014.65, 1054.85, 1061.34, 1065.92,
1080.01, 1098.9, 1142.13, 1147.26, 1161.35,
1188.34, 1208.29, 1210.67, 1225.27, 1239.08,
1265.45, 1280.14, 1299.35, 1305.92, 1313.72,
1316.38, 1326.14, 1333.77, 1354.59, 1357.24,
1362.73, 1375.23, 1382.32, 1413.49, 1462.34,
1466.99, 1501.6, 1505.61, 1507.18, 1521.32,
1528.85, 3037.57, 3042.85, 3044.67, 3050.89,
3053.11, 3054.96, 3065.73, 3083.94, 3090.25,
3096.49, 3100.06, 3100.56, 3101.63, 3111.31,

3112.67,3119.06, 3189.2,3192.92
cos =.03, .03, 1.32, .03, .03, .23,
sin=0, 0, -.23, 0, .01, -.02,

barrier = 1.47

Substituted frequency = 94.37 (from rotational

profile)

Reduced moment of inertia = 11.878

Reaction 8

TRANSITION STATE

C 0.656080 -0.480294 1.287038
C-0.111117 -1.629782 0.574633

C 1.004777 -2.215789 -0.330142
C 1.822677 -0.941661 -0.758692
C 1.062237 0.184390 -0.040805
C-0.279950 0.436498 -0.740399
C-1.108304 -0.849771 -0.321520
H 0.593151 -2.756312 -1.187855
H 1.633631 -2.912562 0.232567
H -0.589844 -2.368887 1.223391
H 1.841625-0.799168 -1.842842
H -1.389732 -1.444826 -1.196150
C-2.378096 -0.314060 0.386610
H-0.151739 0.494039 -1.825553
C-1.107625 1.645737 -0.236978
H 1.789516 1.293620 0.094486
H 1.510679 -0.837322 1.869690
H 0.024594 0.144067 1.923153
H -0.775713 1.938898 0.765960
H -1.000352 2.519618 -0.885868
C-2.555314 1.115212 -0.168070
H -3.249770 -0.952072 0.213693
H -2.215375 -0.268256 1.470379
H-2.981129 1.071259 -1.178148
H -3.214613 1.737063 0.445096
H 2.857829 -1.004368 -0.408487
C 2.533892 2.413537 0.252675
H 1.875418 3.135976 0.735046
H 3.375107 2.115965 0.878766
H 2.831178 2.709158 -0.753425

Frequencies = -1682.38, 58.5496, 77.558, 93.2351,

129.78, 173.354, 263.588, 305.679, 316.118,
362.264, 394.692, 470.433, 509.691, 525.945,
538.177,551.643, 661.32, 733.038, 757.604,
811.128, 840.317, 869.918, 875.215, 8§94.359,
919.302, 926.619, 928.135, 957.352, 962.479,
999.458, 1007.6, 1015.54, 1052.33, 1057.71,
1067.7, 1096.39, 1102.57, 1153.46, 1167.31,
1175.86, 1199.36, 1202.17, 1221.31, 1229.39,
1242.83, 1265.8, 1270.04, 1303.4, 1305.17,
1315.52,1318.4, 1327.42, 1341.25, 1351.21,
1353.82, 1369.27, 1377, 1389.15, 1467.81,
1469.26, 1496.95, 1502.95, 1504.9, 1508.67,
1524.06, 1533.61, 3039.86, 3045.5, 3050.26,
3052.19, 3053.24, 3054.94, 3063.12, 3065.29,
3073.39, 3091.23, 3093.67, 3098.49, 3103.86,
3110.22,3117.47,3118.91, 3186.79, 3191.07

cos =,
sin =,
barrier = 0.19

Substituted frequency = 93.24 (from HO analysis)

Reduced moment of inertia = 11.829

Reaction 9

TRANSITION STATE 1

C -0.852430-0.807380 -0.191581
C-0.532967 -0.094696 1.131262
C-1.447833 1.154061 1.030579
C-1.430682 1.489748 -0.500471
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C-0.513783 0.388199 -1.094236
C 0.944666 0.699828 -0.656437
C 0.931309 0.368538 0.888992
H-1.077139 1.978592 1.646656
H-2.461322 0.915181 1.365793
H -0.666912 -0.677548 2.045757
H -1.045217 2.492339 -0.708083
H 1.158322 1.253557 1.492680
C 2.028854 -0.705824 1.094632
H 1.184805 1.752450 -0.840215
C 2.043296 -0.205110 -1.267929
H-0.628610 0.239098 -2.170556
H -2.146075 -1.108748 -0.251629
H -0.340067 -1.750848 -0.392832
H 1.603836 -1.145540 -1.622384
H 2.544505 0.265277 -2.118950
C 2.995480 -0.496599 -0.089607
H 2.519048 -0.618553 2.068709
H 1.591718 -1.710199 1.035848
H 3.630582 0.377680 0.099060
H 3.651444 -1.354267 -0.267084
H -2.436873 1.425382 -0.924300
C-3.470882 -1.429286 -0.279289
H -3.639754 -2.007147 0.629373
H -4.009684 -0.481955 -0.293586
H -3.602768 -2.013621 -1.189752

Frequencies = -1690.62, 69.2545, 81.5148,
123.904, 135.894, 181.011, 268.285, 290.411,
317.723, 367.956, 433.73, 458.735, 502.959,
549.412, 561.229, 660.998, 679.537, 744.621,
761.41, 801.69, 843.199, 871.217, 875.976,
901.812, 906.35, 925.33, 926.684, 946.492,
1001.29, 1005.35, 1014.16, 1021.34, 1050.73,
1056.4, 1060.94, 1074.63, 1087.6, 1156.11,
1159.99, 1175.96, 1197.23, 1201.57, 1213.56,
1222.64, 1234.88, 1260.67, 1265.76, 1297.27,
1301.17, 1309.44, 1312.18, 1329.35, 1333.07,
1347.45, 1348.26, 1360.17, 1367.18, 1371.54,
1420.74, 1465.17, 1475.86, 1500.81, 1504.13,
1508.84, 1525.07, 1527.41, 3039.77, 3039.96,
3044.61, 3048.35, 3059.35, 3059.74, 3061.98,
3067.82, 3095.22, 3095.78, 3098.55, 3101.74,
3105.61,3108.14, 3118.49, 3120.75, 3195 .4,

3198.07

cos =,

sin=,
barrier = 0.22

Substituted frequency = 123.90 (from HO analysis)
Reduced moment of inertia = 11.777

TRANSITION STATE 2

C 0.735003 1.226016 -0.000024
C 0.954148 0.215282 1.139045
C 2.386114 -0.281690 0.784677
C 2.386107 -0.281709 -0.784682
C 0.954115 0.215204 -1.139046
C-0.036407 -0.923198 -0.789003
C-0.036433 -0.923095 0.789106

H 2.585984 -1.272597 1.204606
H 3.142023 0.405133 1.176415
H 0.857607 0.594890 2.159073
H 2.586006 -1.272618 -1.204591
H 0.322689 -1.877467 1.187205
C-1.510170-0.700388 1.211761
H 0.322804 -1.877593 -1.186964
C-1.510141 -0.700652 -1.211753
H 0.857539 0.594737 -2.159098
H 1.422651 2.078158 -0.000068
H -0.442463 1.865198 0.000073
H -1.695557 0.364704 -1.382688
H-1.760136 -1.231130 -2.135399
C -2.334987 -1.186055 0.000048
H-1.760210 -1.230644 2.135523
H -1.695564 0.365016 1.382442
H -2.382255 -2.282053 0.000170
H -3.362833 -0.809815 -0.000005
H 3.141987 0.405134 -1.176443
C-1.489911 2.737726 -0.000102
H -2.402962 2.143563 -0.000582
H-1.361321 3.326162 0.908802
H -1.360627 3.326571 -0.908641

Frequencies = -1786.12, -12.8563, 97.0067,
111.265, 124.377, 190.881, 244.893, 275.511,
316.199, 330.402, 413.782, 470.346, 503.776,
540.52, 547.786, 666.539, 692.146, 730.738,
768.641, 806.257, 830.223, 870.853, 872.818,
902.662, 917.234, 929.234, 940.562, 956.422,
963.496, 1009.59, 1012.53, 1025.1, 1056.73,
1061.5, 1075.91, 1077.68, 1087.88, 1155.85,
1168.18, 1182.05, 1194.34, 1207.7, 1216.73,
1217.63, 1223.31, 1252.97, 1270.06, 1301.33,
1307.48, 1308.41, 1314.25, 1317.78, 1332.69,
1336.86, 1356.36, 1357.37, 1370.12, 1376.83,
1415.62, 1458.96, 1474.02, 1497.91, 1500.27,

1503.31, 1520.1, 1521.72, 3041.88, 3046, 3049.3,

3056.54, 3057.25, 3061.35, 3061.56, 3063.6,
3081.76, 3089.23, 3094.37,3101.54, 3105.09,
3107.89,3110.25, 3114.4, 3191.59, 3192.43
cos =,

sin=,

barrier = 1.18

Substituted frequency = 0 (from rotational profile)

Reduced moment of inertia = 11.793

Reaction 10

TRANSITION STATE

C 1.129926 -1.304607 0.942613
C 1.080100 -1.226416 -0.604168
C 2.201152-0.193773 -0.888950
C 2.089925 0.800313 0.319017
C 0910862 0.221079 1.145489
C-0.394356 0.435947 0.365340
C-0.284152 -0.531592 -0.854005
H 2.060580 0.302048 -1.854138
H 3.180865 -0.680938 -0.904956
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H 1.200214 -2.171008 -1.141040
H 1.899936 1.828653 0.002275
H-0.274177 0.012186 -1.806514
C -1.548969 -1.422539 -0.771547
H -0.462045 1.651763 -0.064523
C-1.732091 0.149930 1.060978
H 0.876122 0.571231 2.179894
H 2.099107 -1.647397 1.320389
H 0.339834 -1.920435 1.380790
H -1.580474 -0.531648 1.909852
H -2.201425 1.058509 1.454284
C-2.579153 -0.544087 -0.028475
H-1.895213 -1.750203 -1.756242
H -1.339439 -2.321030 -0.178446
H -2.985756 0.209489 -0.713925
H-3.419519 -1.115065 0.377341
H 3.008360 0.796860 0.913812
C-0.626294 2.957571 -0.549419
H-1.681211 3.016789 -0.816468
H -0.349987 3.604609 0.282478
H 0.042526 3.034631 -1.406087

Frequencies = -1595.81, 77.5973, 87.6402,
107.201, 154.194, 171.048, 257.954, 304.625,
312.132,375.449, 396.369, 498.069, 509.692,
529.446, 539.696, 565.396, 691.241, 747.402,
762.579, 801.994, 842.449, 869.054, 882.4,
905.179, 910.105, 921.588, 929.254, 941.129,
972.066, 976.519, 1007.8, 1033.26, 1053.97,
1061.63,1079.22, 1091.56, 1115.63, 1142.46,
1151.41,1160.88, 1193.4, 1206.81, 1208.8,
1234.16, 1243.54, 1257.74, 1273.24, 1290.95,
1309.4, 1322.93, 1325.48, 1332.85, 1335.77,
1341.38, 1351.36, 1368.77, 1376.01, 1397.01,
1459.46, 1461.74, 1496.58, 1500.15, 1505.79,
1510.62, 1521.48, 1534.03, 3024.89, 3039.4,
3044.48,3048.35, 3054.29, 3054.99, 3055.98,
3062.74, 3080.19, 3097.05, 3097.99, 3101.52,
3104.51,3106.61,3114.61,3121.4,3193.85,
3196.85

cos =-.02, -.02, 1.69, -.02, -.02, -.03,
sin=0,0, .14, 0, -.01, .04,

barrier = 1.65

Substituted frequency = 73.53 (from rotational
profile)

Reduced moment of inertia = 11.885

Reaction 11

TRANSITION STATE 1

C-1.455970 0.096368 1.315286
C-1.780312 0.800742 -0.026578
C -2.574634 -0.306099 -0.765511
C-1.867685 -1.624911 -0.299194
C-0.754319 -1.111065 0.647332
C 0.330233 -0.419582 -0.216763
C-0.381230 0.914556 -0.681711
H -2.544323 -0.172984 -1.851093

H -3.625016 -0.296869 -0.459048
H -2.310562 1.754139 0.044704
H -1.458086 -2.201395 -1.134107
H -0.464060 0.968525 -1.771810
C 0.506637 2.072521 -0.155912
H 0.600278 -1.049664 -1.072878
C 1.597697 0.030227 0.521929
H -0.356253 -1.874583 1.320573
H -2.353532 -0.187578 1.873979
H -0.798693 0.674625 1.970031
H 1.540040 -0.057292 1.611555
H 2.576791 -0.761309 0.185906
C 1.909212 1.444024 0.024769
H 0.510554 2.933355 -0.831762
H 0.135624 2.419554 0.815596
H 2.417073 1.390492 -0.947755
H 2.552004 2.010437 0.704605
H -2.565764 -2.272466 0.240031
C 3.594580 -1.574017 -0.288030
H 3.619272 -1.391482 -1.362026
H 4.489451 -1.236219 0.233257
H 3.289947 -2.585861 -0.023449

Frequencies = -1653.45, 41.1456, 75.6914,
78.1314, 139.447, 174.669, 255.321, 297.106,
321.483,395.3, 443.602, 487.614, 526.58, 534.013,
544.178, 621.069, 718.88, 749.178, 760.51,
808.577, 846.423, 867.676, 885.382, 907.811,
923.211, 930.126, 941.203, 964.453, 968.497,
978.702,1013.7, 1017.53, 1055.52, 1059.29,
1061.95,1087.2,1112.8, 1142.71, 1153.21, 1155.3,
1172.74,1207.42, 1210.35, 1231.94, 1240.02,
1258.25, 1276.65, 1289.06, 1304.82, 1311.86,
1315.35, 1329.06, 1331.83, 1338.76, 1344.44,
1362.54, 1372.06, 1383.75, 1409.88, 1457.26,
1466.85,1497.12, 1505.31, 1509.18, 1517.49,
1536.21, 3029.61, 3034.93, 3042.44, 3051.68,
3058.65, 3058.8,3064.41, 3065.57, 3079.9,
3092.51, 3093.89, 3096.03, 3099.73, 3104.36,
3115.13,3116.68, 3197.33, 3200.05

cos =,

sin=,

barrier =0.71

Substituted frequency = 41.15 (from HO analysis)
Reduced moment of inertia = 11.873

TRANSITION STATE 2

C-0.758207 0.880693 -1.044105
C-1.316596 -0.559984 -0.965301
C -2.630743 -0.339893 -0.171124
C-2.259814 0.819988 0.817200
C-0.769937 1.096960 0.489008
C 0.055736 -0.112277 1.008435
C-0.295117 -1.249283 -0.028136
H -2.948476 -1.249175 0.348130
H -3.442741 -0.039550 -0.840262
H -1.456223 -1.077572 -1.918121
H -2.402290 0.541605 1.865581
H-0.741877 -2.117411 0.467232
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C 1.053508 -1.650558 -0.678058
H -0.274032 -0.373360 2.021489
C 1.585249 0.005586 0.990907
H -0.407480 2.064657 0.844411
H-1.426736 1.567961 -1.572782
H 0.237565 0.941116 -1.486276
H 1.973967 0.961055 0.192972
H 2.039319 0.309243 1.937729
C 2.118419-1.292841 0.381610
H 1.077508 -2.705194 -0.967139
H 1.227602 -1.057060 -1.583146
H 2.161361 -2.078029 1.150026
H 3.126085 -1.188385 -0.035241
H -2.868952 1.707974 0.622692
C 2.563163 1.955854 -0.597780
H 2.762118 1.480602 -1.558410
H 1.822671 2.753296 -0.649340
H 3.466641 2.232763 -0.055493

Frequencies = -1672.95, 51.2788, 83.4717,
105.566, 138.347, 186.258, 267.53, 314.632,
320.065, 394.187, 411.861, 483.082, 501.975,
542.974, 558.454, 617.175, 734.048, 751.244,
757.001, 796.862, 835.291, 868.835, 879.233,
907.242,920.114, 931.886, 942.127, 957.156,
970.627,976.008, 1007.48, 1022.48, 1054.91,
1059.77, 1060.36, 1065.52, 1094.05, 1133.03,
1145.64,1170.47,1171.81, 1205.77, 1214.03,
1226.09, 1233.8, 1256.02, 1283.06, 1287.22,
1299.06, 1307.81, 1317.43, 1324.52, 1331.73,
1340.3, 1352.14, 1360.99, 1373.79, 1395.93,
1421.38, 1461.47, 1467.01, 1493.22, 1502.22,
1505.56, 1524.18, 1534.42, 3017.45, 3039.57,
3053.08, 3054.93, 3055.14, 3064.2, 3067.48,
3070.08, 3076.18, 3091.94, 3096.19, 3098.92,
3102.77, 3106, 3115.74,3135.84, 3190.93, 3198.79

cos = .04, .04, 2.39, .04, .04, .15,
sin=0, 0, .02, .01, 0, .03,
barrier = 2.48

Substituted frequency = 108.55 (from rotational

profile)

Reduced moment of inertia = 11.897

Reaction 12

TRANSITION STATE 1

C-1.092151 -0.000005 1.430649
C-1.313008 1.136102 0.400947
C-2.719831 0.783530 -0.144319
C-2.719826 -0.783540 -0.144323
C-1.313001 -1.136106 0.400941
C-0.270833 -0.789491 -0.692168
C-0.270836 0.789501 -0.692162
H -2.887530 1.203222 -1.140803
H-3.500125 1.175091 0.515519
H-1.227975 2.157553 0.780896
H -2.887523 -1.203228 -1.140809
H-0.577914 1.190417 -1.662923
C 1.192771 1.215104 -0.387597

H -0.577914 -1.190399 -1.662931
C 1.192776 -1.215091 -0.387613
H -1.227960 -2.157559 0.780883
H -1.837895 -0.000010 2.232051
H -0.094222 -0.000003 1.877066
H 1.308715-1.410195 0.687217
H 1.480345 -2.127289 -0.917395
C 2.036648 0.000011 -0.780223
H 1.480335 2.127311 -0.917365
H 1.308706 1.410192 0.687236
H 2.365394 0.000015 -1.823610
H 3.142864 0.000002 -0.081487
H-3.500117 -1.175110 0.515513
C 4.246445 -0.000009 0.748751
H 3.842928 -0.000009 1.761079
H 4.787472 -0.911338 0.496285
H 4.787497 0.911305 0.496290

Frequencies = -1658, 49.844, 77.2811, 116.306,
130.015, 186.037, 254.697, 289.725, 316.811,

369.237,447.13, 481.419, 519.73, 520.215, 533.54,

656.522, 667.192, 740.567, 769.331, 801.846,
830.385, 868.383, 893.735, 897.97, 913.248,
942.08,946.912, 958.364, 975.742, 980.578,
1015.36, 1042.7, 1049.78, 1055.56, 1062.34,
1083.22,1090.93, 1141.4, 1150.39, 1163.95,
1174.69, 1211.84, 1221.69, 1234.26, 1247.81,
1265.89, 1266.01, 1291.87, 1305.76, 1313.24,
1316.91, 1327.37, 1328.85, 1336.8, 1357.53,
1368.51, 1373.25, 1377.67, 1410.44, 1463.02,
1468.52, 1494.69, 1495.64, 1503.52, 1510.23,
1529.44, 3030.65, 3032.54, 3050.15, 3057.76,
3060.03, 3062.53, 3067.26, 3075.02, 3082.6,
3089.18, 3096.32, 3100.77,3101.83, 3108.99,
3111.02,3120.87,3195.95,3197.36

cos =,

sin =,

barrier = 0.39

Substituted frequency = 116.31 (from HO analysis)

Reduced moment of inertia = 11.820

TRANSITION STATE 2

C-1.696980 0.008885 -1.203613
C-1.374528 -1.133848 -0.209647
C-2.323591 -0.791150 0.966488
C-2.323715 0.776426 0.978162
C-1.374716 1.136760 -0.192742
C 0.073426 0.787493 0.230784
C 0.073550 -0.790672 0.219077
H-1.974356 -1.219741 1.910601
H -3.328912 -1.179463 0.776731
H -1.489261 -2.152508 -0.589350
H -1.974545 1.190968 1.928552
H 0.290197 -1.198177 1.211166
C 1.183139-1.215360 -0.777726
H 0.290082 1.180275 1.228790
C 1.182856 1.227084 -0.759699
H -1.489643 2.160938 -0.557240
H-2.742541 0.011212 -1.527777
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H -1.053643 0.015524 -2.087849
H 0.747674 1.477488 -1.738010
H 1.718767 2.116935 -0.412306
C 2.093011 0.006862 -0.889286
H 1.719284 -2.110070 -0.443414
H 0.748083 -1.451456 -1.759640
H 2.842680-0.001140 0.170798
H 2.806627 0.012917 -1.717308
H -3.329098 1.167365 0.794214
C 3.629218 -0.010045 1.328248
H 2.925373 -0.015442 2.159777
H 4.220705 -0.921463 1.249520
H 4.222516 0.901227 1.262476

Frequencies = -1628.12, -61.5813, 40.6583,
83.2788, 143.664, 168.336, 258.82, 304.579,
320.587, 387.398, 449.875, 492.06, 521.107,
526.293, 559.093, 669.405, 680.097, 739.956,
776.374, 801.35, 835.067, 870.559, 902.916,
908.804, 909.379, 932.423, 937.644, 947.747,
974.921, 976.243, 1016.09, 1017.85, 1056.74,
1060.72, 1063.14, 1087.53, 1088.21, 1142.94,
1151.42,1162.24, 1175.77, 1213.08, 1226.15,
1232.56, 1232.75, 1257.05, 1263.39, 1292.7,
1308.86, 1311.61, 1315.57, 1325.78, 1328.45,
1341.74, 1358.93, 1370.86, 1372.95, 1390.9,
1413.08, 1458.99, 1465.91, 1495.06, 1503.26,
1503.6, 1518.77, 1537.69, 3020.42, 3022.78,
3049.39, 3053.98, 3059.24, 3059.33, 3063.82,
3071.5, 3082.96, 3089.3, 3089.68, 3095.84,
3100.82,3104.91, 3110.03, 3111.05, 3197.71,
3199.98

cos =,

sin=,

barrier = 0.35

Substituted frequency = -61.58 (from HO analysis)
Reduced moment of inertia = 11.881

Reaction 13

TRANSITION STATE 1

C-0.601126 0.037258 1.210585
C-0.247622 1.309755 0.400810
C-1.416468 1.359197 -0.619117
C-1.698421 -0.145274 -0.889590
C -0.655178 -0.882660 -0.034355
C 0.735280 -0.648306 -0.684678
C 1.026124 0.869368 -0.362964
H-1.149178 1.903966 -1.530183
H-2.297763 1.841695 -0.185039
H -0.124939 2.229346 0.978139
H -1.727302 -0.444093 -1.941619
H 1.148991 1.456914 -1.278266
C 2.349130 0.876712 0.444504
H 0.696462 -0.832611 -1.762916
C 1.907332 -1.444462 -0.055632
H -0.881293 -1.937876 0.143583

H-1.571425 0.107137 1.710373
H 0.163743 -0.247627 1.936894
H 1.641772 -1.770941 0.957172
H 2.159913 -2.338335 -0.633307
C 3.062195 -0.424056 0.019072
H 2.945912 1.773708 0.255707
H 2.137211 0.843502 1.520123
H 3.506727 -0.294879 -0.975431
H 3.859742 -0.724514 0.705251
H -2.765277 -0.370650 -0.466357
0 -3.867720 -0.640155 0.413268
H -3.569010 -1.518701 0.687925

Frequencies = -442.233, 68.5467, 79.1167,
138.354, 165.386, 180.552, 255.822, 310.593,
323.44,384.186, 486.415, 532.397, 548.366,
666.293, 687.115, 742.332, 753.904, 789.751,
822.084, 871.17, 886.77, 904.516, 914.169,
920.174, 929.442, 941.59, 969.566, 977.157,
1001.15, 1020.95, 1038.68, 1053.9, 1055.8,
1063.08, 1106.06, 1146.23, 1160.04, 1179.68,
1198.17, 1201.88, 1228.06, 1237.98, 1251.71,
1270.55, 1291.06, 1300.76, 1304.01, 1313.17,
1326.41, 1329.98, 1336.09, 1343.74, 1353.32,
1364.32,1374.98, 1379.91, 1492.6, 1501.66,
150891, 1511.82, 1529.55, 1640.43, 3033.91,
3044.12,3046.3, 3056.5, 3064.01, 3076.09,
3076.79, 3084.94, 3090.7, 3095.97, 3100.83,
3105.28,3108.5,3111.35, 3135.59, 3841.9
cos = 1.46, 1.89, .29, -.01, .04, 0,

sin=-1.17, .12, .05, 0, .01, .02,

barrier = 4.04

Substituted frequency = 135.43 (from rotational
profile)

Reduced moment of inertia = 3.352

TRANSITION STATE 2

C 0.095508 -1.428760 1.144724
C 0.135126 -1.573433 -0.396378
C 1.635175-1.302281 -0.684561
C 1.993562 -0.219581 0.375145
C 0.677495 0.011344 1.142480
C-0.305957 0.758799 0.203869
C-0.679095 -0.342036 -0.864456
H 1.805887 -0.958486 -1.709148
H 2.237399 -2.203428 -0.529426
H -0.225531 -2.522623 -0.800930
H 2.344681 0.760766 -0.179536
H -0.375302 -0.037468 -1.870518
C -2.220707 -0.483632 -0.797144
H 0.192372 1.609996 -0.265387
C-1.647514 1.197060 0.841588
H 0.805349 0.482089 2.120743
H 0.738685 -2.149965 1.658617
H -0.910273 -1.485106 1.568573
H -1.853679 0.608543 1.744242
H-1.644521 2.251844 1.131692
C-2.702502 0.870894 -0.236586
H -2.658368 -0.726289 -1.769794
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H -2.498030 -1.286666 -0.103024
H -2.669249 1.630530 -1.027102
H -3.724251 0.838851 0.153555
H 2.835390 -0.492697 1.018065
O 2.646940 2.028682 -0.704327
H 2.537378 2.520408 0.121905

Frequencies = -534.881, 61.0623, 109.888,
138.795, 169.661, 184.587, 281.577, 309.824,
317.722, 387.902, 482.26, 527.272, 545.741,
664.331, 686.831, 742.075, 752.414, 799.405,
842.733, 873.386, 875.428, 900.376, 923.178,
927.395, 935.407, 940.466, 960.699, 973.178,
1005.67, 1014.66, 1042.66, 1055.17, 1060.52,
1080.35, 1089.54, 1135.37, 1155.35, 1182.45,
1205.3, 1207.78, 1217.18, 1226.54, 1241.22,
1264.17, 1272.47, 1289.38, 1305.44, 1313.08,
1315.42, 1323.88, 1331.54, 1339.84, 1351.5,
1355.81, 1372.15, 1381.32, 1436.53, 1497.57,
1501.96, 1507.27, 1516.7, 1523.31, 3036.33,
3045.03, 3048.87, 3060.62, 3068.02, 3071.96,
3082.43, 3086.1, 3089.25, 3094.77, 3101 .4,
3105.91, 3109.56, 3112.07, 3123.16, 3839.6

cos = 1.33,3.34, .52, -.61, -.02, .07,
sin=1.12, -.06, -.65, .03, .06, 0,
barrier = 6.16

Substituted frequency = 129.56 (from rotational

profile)
Reduced moment of inertia = 3.369

Reaction 14

TRANSITION STATE

C 0.796869 -0.265370 1.264958
C 0.270010 -1.573181 0.617110
C 1.463350-1.956728 -0.299765
C 2.008728 -0.564394 -0.787955
C 1.037437 0.411363 -0.099652
C-0.338792 0.350444 -0.780093
C-0.882701 -1.050097 -0.277760
H 1.148540 -2.594687 -1.130585
H 2.228721 -2.495769 0.266314
H -0.030744 -2.366043 1.306966
H 1.991850 -0.459282 -1.875712
H-1.058168 -1.730649 -1.116713
C -2.220727 -0.739431 0.440516
H -0.233695 0.376724 -1.868376
C-1.382842 1.396345 -0.319024
H 1.458715 1.529807 -0.065079
H 1.715571 -0.411800 1.840595
H 0.056613 0.241679 1.888737
H-1.100204 1.805877 0.657689
H -1.456779 2.238603 -1.011512
C-2.691396 0.590105 -0.185206
H -2.946875 -1.549716 0.326891
H-2.051191 -0.600110 1.515286
H -3.114003 0.401584 -1.179753
H -3.453648 1.100858 0.410634
H 3.034501 -0.400838 -0.446564

O 1.748266 2.815844 0.235381
H 1.465053 2.792678 1.159362

Frequencies = -670.942, 45.8521, 74.7319,
113.987, 142.246, 181.878, 265.501, 320.632,
325.745, 397.849, 486.995, 517.883, 550.35,
579.861, 665.652, 731.826, 753.907, 799.426,
832.352, 845.089, 872.266, 883.495, 899.816,
921.469, 927.946, 941.732, 967.641, 994.077,
1003.68, 1013.2, 1034.13, 1055.71, 1058.26,
1073.3,1082.22, 1104.82, 1131.04, 1160.54,
1193.67,1199.21, 1209.56, 1227.01, 1244.69,
1252.44,1269.38, 1280.91, 1307.01, 1309.29,
1320.39, 1322.95, 1332.38, 1343.45, 1345.99,
1363.92, 1377.5, 1415.02, 1500.19, 1503.06,
1506.41,1513.21, 1528.22, 1537.92, 3038.99,
3045.26, 3057.03, 3057.74, 3069.26, 3073.05,
3076.39, 3083.4,3097.91, 3101.92, 3104.15,
3105.9,3117.32,3125.77, 3130.55, 3861.14
cos = .81, .86, .15, -.10, .11, .15,

sin=-.53, .49, .13, -.18, .01, -.01,

barrier =2.49

Substituted frequency = 133.60 (from rotational
profile)

Reduced moment of inertia = 3.378

Reaction 15

TRANSITION STATE 1

C-0.832662 -0.402647 -0.797768
C -0.588668 -0.889038 0.641972
C -1.548121 0.030077 1.440944
C-1.497052 1.379105 0.644077
C-0.511666 1.076011 -0.513912
C 0.918727 0.963867 0.082240
C 0.864675 -0.398351 0.883872
H -1.229579 0.137100 2.481771
H -2.564081 -0.371672 1.432177
H -0.726123 -1.957632 0.827473
H-1.155529 2.219557 1.255140
H 1.041120 -0.244204 1.953009
C 1.987322 -1.280649 0.283134
H 1.119666 1.812433 0.743790
C 2.074430 0.801844 -0.937794
H -0.589507 1.759208 -1.362230
H -1.985724 -0.501357 -1.109456
H -0.262157 -0.893205 -1.590403
H 1.686613 0.436255 -1.896484
H 2.591183 1.745802 -1.133436
C 2.989906 -0.269752 -0.309948
H 2.436858 -1.945024 1.026738
H 1.585856 -1.910188 -0.520544
H 3.586837 0.176892 0.494629
H 3.681448 -0.720611 -1.027991
H -2.485959 1.620509 0.246844
0 -3.319296 -0.727444 -1.191545
H -3.317901 -1.607103 -0.789571
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Frequencies =-776.262, 68.0568, 96.4722,
138.016, 176.764, 190.55, 277.256, 304.945,
324.562, 380.077, 455.413, 529.264, 548.907,
656.408, 677.845, 740.236, 751.371, 795.249,
843.138, 871.28, 873.384, 898.587, 899.707, 916.9,
928.513,930.714, 940.212, 1003.6, 1011.02,
1014.93, 1034.64, 1047.77, 1056.58, 1065.02,
1076.21, 1091, 1158.23, 1175.14, 1198.4, 1203.3,
1214.87,1219.26, 1233.59, 1261.95, 1262.99,
1297.87, 1305.86, 1311.6, 1314.53, 1325.42,
1328.8, 1342.52, 1346.7, 1352.38, 1353.86, 1367.5,
1374.14, 1505.16, 1505.98, 1506.66, 1523.12,
1542.25,3037.31, 3043.06, 3048.31, 3061.51,
3066.79, 3073.75, 3077.17, 3093.95, 3096.09,
3101.02,3106.74,3110.54,3116.54, 3118.57,
3133.77,3847.75

cos =.29,2.39, .12, .07, .10, .14,

sin = -.96, .31, -.10, -.04, -.02, .03,

barrier = 3.75

Substituted frequency = 169.44 (from rotational
profile)

Reduced moment of inertia = 3.335

TRANSITION STATE 2

C 0.809375 1.199935 -0.128321
C 0.937366 0.295070 1.109646
C 2.341079 -0.316648 0.833444
C 2.360432 -0.477920 -0.729035
C 0.969410 0.069421 -1.162873
C -0.104255 -0.953814 -0.722825
C-0.117982 -0.808597 0.849126
H 2.472636 -1.267286 1.358404
H 3.133244 0.361046 1.165031
H 0.850448 0.780712 2.084568
H 2.494774 -1.516664 -1.044750
H 0.183224 -1.740327 1.338190
C-1.581713 -0.465569 1.224302
H 0.189063 -1.963552 -1.027044
C-1.557084 -0.667975 -1.179656
H 0.912652 0.363071 -2.212921
H 1.552462 2.000647 -0.200135
H -0.250288 1.764277 -0.234520
H -1.685434 0.395860 -1.404299
H -1.828109 -1.237620 -2.073412
C-2.413221 -1.029110 0.052567
H -1.868600 -0.877400 2.196373
H-1.716244 0.619497 1.257133
H -2.499213 -2.119531 0.142141
H -3.424027 -0.613630 0.008405
H 3.165729 0.114202 -1.173182

1015.18, 1026.38, 1050.76, 1059.65, 1062.13,
1079.78, 1088.15, 1162.56, 1171.15, 1189.53,
120491, 1215.39, 1220.08, 1223.65, 1255.78,
1274.24,1291.12, 1301.71, 1308.43, 1315.28,
1318.99, 1337.82, 1343.01, 1350.33, 1358.93,
1379.01, 1381.89, 1453.04, 1501.87, 1502.73,
1504.04, 1521.89, 1524.77,3033.31, 3056.92,
3058.75,3061.42, 3066.68, 3069, 3076.28,

3088.28,3099.3,3101.37, 3103, 3110.63, 3112.85,

3121.49,3122.52, 3850.33

cos =2.40, .64, .90, -.22, .03, -.09,
sin = 2.20, -.45, .05, -.29, .01, -.02,
barrier = 4.39

Substituted frequency = 101.99 (from rotational

profile)
Reduced moment of inertia = 3.344

Reaction 16

TRANSITION STATE

C 0941418 -1.279178 1.081304
C 0.924332 -1.395533 -0.463069
C 2.158733 -0.538581 -0.842982
C 2.130679 0.618992 0.212758
C 0.893536 0.272384 1.083502
C-0.375388 0.533717 0.248988
C-0.351414 -0.597825 -0.837813
H 2.099215 -0.169262 -1.870638
H 3.076121 -1.128202 -0.752637
H 0.943182 -2.409665 -0.870250
H 2.027294 1.601923 -0.252695
H -0.269953 -0.184640 -1.848048
C-1.704825 -1.336841 -0.677786
H-0.311324 1.561921 -0.278119
C-1.741572 0.444429 0.958255
H 0.886608 0.752587 2.065737
H 1.859939 -1.671535 1.529275
H 0.081676 -1.745349 1.569946
H -1.647894 -0.161075 1.869537
H -2.122448 1.427080 1.250885
C-2.646232 -0.278889 -0.061763
H-2.072174 -1.736116 -1.627385
H -1.594249 -2.179689 0.015234
H -2.964792 0.428406 -0.836398
H -3.543772 -0.711146 0.390239
H 3.040246 0.618646 0.820681
0-0.125890 2.969881 -0.695139
H 0.143832 3.291027 0.177381

0 -1.307441 2.599896 -0.208199
H -1.083229 3.068763 0.607366

Frequencies =-901.84, 77.7975, 105.959, 143.316,
159.565, 191.325, 267.342, 313.613, 320.423,
385.692, 496.825, 523.073, 537.064, 552.655,
663.4, 730.458, 763.251, 788.507, 832.242,
833.451, 876.218, 878.841, 905.116, 923.824,
930.705, 943.053, 955.047, 966.882, 1010.66,

Frequencies =-318.736, 66.9611, 100.374,
141.273, 180.589, 197.271, 271.233, 316.324,
329.354, 403.749, 487.141, 529.804, 548.538,
636.729, 669.612, 741.636, 754.589, 801.182,
840.87, 870.135, 883.165, 906.885, 912.265,
926.418, 930.337, 940.498, 970.197, 976.882,
1005.74, 1031.45, 1054.76, 1059.54, 106791,
1083.48,1093.35, 1145.07, 1158.11, 1189.76,
1197.99, 1206.68, 1217.96, 1232.12, 1252.62,
1264.18, 1272.69, 1287.92, 1291.91, 1312.85,
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1322.35,1329.76, 1339.19, 1345.7, 1352.53,
1356.42, 1369.85, 1494.54, 1499.73, 1506.89,
1508.17, 1520.56, 1534.91, 1725.89, 3037.55,
3046.09, 3051.97, 3054.49, 3061.42, 3065.19,
3068.97, 3097, 3100.76, 3101.18, 3104.24,
3106.75,3110.75, 3116.25,3124.03, 3838.6
cos = .85, 3.44, .95, -.36, -.09, -.01,

sin=-.12, -.54, .32, .22, 0, .01,

barrier = 5.06

Substituted frequency = 147.82 (from rotational
profile)

Reduced moment of inertia = 3.356

Reaction 17

TRANSITION STATE 1

C-1.426876 0.077198 1.332947
C-1.735688 0.863986 0.035892
C-2.610370 -0.155655 -0.737314
C-1.970325 -1.535297 -0.355543
C -0.810955 -1.134452 0.593018
C 0.292424 -0.466639 -0.264222
C-0.347973 0.926791 -0.649116
H -2.596975 0.031725 -1.815113
H -3.651053 -0.102448 -0.403675
H -2.204310 1.843204 0.165399
H -1.608645 -2.088914 -1.226866
H -0.451080 1.034003 -1.733181
C 0.622546 2.004580 -0.099849
H 0.518225 -1.068546 -1.149922
C 1.600992 -0.118035 0.468844
H -0.445352 -1.952976 1.217937
H -2.327757 -0.181388 1.898222
H -0.725933 0.586021 2.000518
H 1.519185-0.184087 1.560035
H 2.424140 -0.913347 0.170544
C 1.987856 1.285632 -0.014005
H 0.654120 2.897722 -0.730542
H 0.309989 2.319590 0.902763
H 2.432084 1.214020 -1.014161
H 2.703547 1.790860 0.641550
H -2.692960 -2.170517 0.165354
O 3.541891 -1.576864 -0.311634
H 4.197867 -0.928658 -0.019700

Frequencies = -591.555, 67.5405, 80.9024,
129.298, 148.25, 177.972, 259.55, 301.123,
321.835,396.221, 483.028, 529.421, 540.831,
665.654, 672.57, 747.334, 763.494, 810.668,
847.792, 863.397, 873.925, 899.124, 911.956,
929.416, 943.402, 947.636, 969.345, 980.572,
1000.76, 1018.63, 1050.92, 1061.23, 1061.65,
1083.75,1107.85, 1143.82, 1156.67, 1169.61,
1192.22, 1210.63, 1216.72, 1232.78, 1247.74,
1257.85, 1282.51, 1294.15, 1304.2, 1308.03,
1325.52, 1328.78, 1334.98, 1339.2, 1344.39,
1353.37,1369.93, 1378.03, 1426.78, 1500.94,
1508.53, 1510.08, 1518.31, 1536.82, 3043.21,
3046.93, 3056.02, 3059.78, 3060.9, 3067.06,

3067.89, 3075.51, 3087.43, 3096.61, 3097.73,
3107.25,3107.42,3117.46, 3118.84, 3849.28
cos =1.17, .58, .24, -.05, .07, .04,

sin = .85, -.43, .10, -.02, 0, 0,

barrier = 2.43

Substituted frequency = 109.79 (from rotational
profile)

Reduced moment of inertia = 3.243

TRANSITION STATE 2

C-0.780459 0.846874 -1.041889
C-1.259473 -0.622724 -0.953882
C-2.577423 -0.471839 -0.151104
C-2.260132 0.702660 0.837927
C-0.792147 1.063374 0.493466
C 0.108401 -0.093256 1.002173
C-0.195576 -1.252884 -0.023653
H -2.846914 -1.396680 0.367807
H -3.406966 -0.210133 -0.814729
H -1.376483 -1.148853 -1.904730
H -2.374793 0.413921 1.886835
H -0.594132 -2.137595 0.483468
C 1.165479 -1.592002 -0.682806
H -0.178423 -0.367234 2.023890
C 1.633034 0.115207 0.954278
H -0.488399 2.050595 0.854381
H -1.494843 1.492732 -1.563048
H 0.206951 0.966158 -1.490196
H 1.914117 0.963948 0.194368
H 2.077725 0.441028 1.898658
C 2.216966 -1.177291 0.367556
H 1.238143 -2.645980 -0.965336
H 1.307285 -0.993280 -1.589445
H 2.279727 -1.935679 1.160518
H 3.220383 -1.042277 -0.045830
H-2.918066 1.557269 0.653790
O 2.290494 2.032726 -0.688686
H 1.558710 2.621543 -0.453314

Frequencies = -373.872, 57.3794, 116.575,
148.781, 174.785, 210.606, 281.849, 318.839,
345.463, 408.814, 499.243, 530.048, 571.79,

682.38, 710.71, 740.605, 757.369, 795.415, 834.67,

865.351, 877.982, 909.876, 913.644, 924.827,
931.423, 947.285, 973.136, 981.689, 1004.86,
1016.61, 1050.89, 1057.49, 1063.45, 1065.84,
1089.52, 1150.12, 1159.3, 1172.74, 1204.93,
1210.06, 1218.13, 1232.47, 1249.19, 1257.89,
1285.82, 1295.86, 1300.09, 1310.99, 1316.21,
1323.76, 1327.16, 1335.59, 1346.29, 1356.02,
1358.6, 1378.73, 1489.19, 1505.47, 1514.52,
1526.72, 1549.98, 1603.53, 3023.89, 3046.27,
3056.93, 3062.38, 3065.89, 3069.97, 3073.41,
3083.53, 3097.22, 3097.75, 3101.8, 3103.03,
3113.78,3118.08, 3145.88, 3836.84

cos =2.30,2.93, .51, -37,.23, .04,

sin=1.54, -.18, -.55, -.05, .01, -.08,

barrier = 6.67
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Substituted frequency = 169.09 (from rotational

profile)
Reduced moment of inertia = 3.382

Reaction 18

TRANSITION STATE 1

C 1.121051 -0.121925 1.421057
C 1.258244 -1.181966 0.299866
C 2.659509 -0.843879 -0.269284
C 2.726772 0.717498 -0.146770
C 1.355115 1.082345 0.475221
C 0.265705 0.864431 -0.604146
C 0.196574 -0.709840 -0.724017
H 2.774881 -1.190511 -1.300596
H 3.443159 -1.317028 0.329996
H 1.142970 -2.225316 0.604759
H 2.880796 1.209986 -1.111647
H 0.451758 -1.047822 -1.733038
C-1.271157 -1.092742 -0.395995
H 0.557576 1.326697 -1.552013
C-1.165313 1.324259 -0.213183
H 1.325350 2.073161 0.935540
H 1.894485-0.214531 2.190108
H 0.141556 -0.117895 1.906298
H -1.250834 1.409342 0.876505
H -1.430996 2.292866 -0.643751
C-2.067040 0.182453 -0.698946
H-1.612898 -1.961958 -0.965317
H-1.371772 -1.329269 0.670079
H -2.350379 0.273301 -1.753473
H -3.085509 0.200524 -0.090068
H 3.543292 1.022372 0.514780
0 -4.154593 -0.091170 0.729388
H -4.293450 -0.998354 0.423933

Frequencies = -638.375, 46.1279, 79.7274,
120.928, 128.676, 189.791, 255.551,295.1, 319.64,
387.585, 481.216, 520.446, 528.445, 650.238,
687.858, 745.229, 755.987, 797.287, 833.942,
850.509, 870.016, 899.603, 908.971, 933.762,
944.448, 948.336, 959.707, 978.261, 1003.5,
1042.06, 1048, 1051.9, 1056.1, 1070.02, 1090.23,
1142.27,1160.37,1162.88, 1191.11, 1211.28,
1221.7,1233.3, 1254.32, 1263.67, 1274.56,
1291.37, 1305.69, 1307.35, 1315.95, 1326.71,
1334.45, 1339.93, 1342.18, 1360.74, 1368.74,
1372.56, 1413.84, 1495.98, 1498.96, 1504.43,
1516.56, 1531.88, 3047.44, 3049.32, 3053.92,
3061.59, 3064.52, 3067.18, 3077.22, 3082,
3094.12,3102.66, 3104.8, 3107.52, 3115.3,

3118.83,3121.47,3846.47

cos =.57,1.10, .21, .04, .08, .07,
sin=-.81, .37, -.07, .01, 0, 0,
barrier = 2.45

Substituted frequency = 134.93 (from rotational

profile)
Reduced moment of inertia = 3.263

TRANSITION STATE 2

C 2.192792 -0.823885 0.009927
C 1.256183 -0.771177 1.221413
C 0.131827 0.205286 0.791181
C 0.138225 0.201998 -0.789914
C 1.263577 -0.778335 -1.206366
C-1.312302 -0.234050 1.134714
C-1.620950 -1.242463 -0.000663
C-1.304619 -0.241494 -1.139382
C -2.264087 0.925560 -0.792380
C-2.269382 0.930041 0.775934
O 3.187646 1.537350 -0.056046
H-1.929585 1.881512 1.195900
H -3.274143 0.736178 1.163058
H -1.427192 -0.605530 2.156261
H -1.920836 1.874355 -1.215175
H 0.329897 1.204153 1.195905
H 0.352501 1.195833 -1.193513
H -1.412587 -0.617054 -2.159973
H -2.664176 -1.573597 -0.002486
H-0.972874 -2.123051 0.002787
H 0.853566 -1.781772 -1.386383
H 1.777110 -0.462609 -2.118327
H 1.760043 -0.459281 2.140937
H 0.844648 -1.773900 1.400028
H 2.816832 0.179196 -0.008441
H 2.945131 -1.618070 0.016352
H -3.266795 0.730131 -1.184091
H 2.419712 1.885813 0.418738

Frequencies = -668.681, 66.2501, 97.1433, 144.13,

161.124,179.579, 263.112, 318.681, 319.274,
398.321,491.052, 517.665, 532.203, 665.863,
727.881, 740.76, 799.842, 800.63, 834.403,

867.764, 874.019, 907.128, 909.334, 925.673,
927.889,946.114, 975.747, 976.275, 1003.93,
1013.77,1051.11, 1058.15, 1061.75, 1070.43,
1080.29, 1143.34, 1149.76, 1170.86, 1186.58,
1211.44, 1216.58, 1226.99, 1246.21, 1254.85,

1276.29, 1292.67, 1303.85, 1307.05, 1310.8, 1320,

1327.88, 1342.49, 1347.25, 1361.19, 1369,
1375.35, 1490.06, 1499.95, 1505.03, 1505.43,
1521.05, 1540.61, 3028.89, 3032.79, 3047.06,
3052.28, 3056.96, 3061.59, 3080.12, 3092.16,
3098.86, 3100.89, 3103.18,3106.47, 3107.39,
3111.77,3113.58, 3843.29

cos =,

sin =,

barrier =0.19

Substituted frequency = 161.12 (from HO analysis)

Reduced moment of inertia = 3.425
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Fitted Correlations for Experimental Ignition Delays

The correlation t= A - (P/1 atm)" - exp(B/T) was used to fit stoichiometric ignition delays at the given
mole % JP-10 from each experimental dataset.

Table 3S. Fitted parameters for ignition delay correlation T = A - (P/1 atm)" - exp(B/T)

Dataset Equivalence | Mol % JP- | A [seconds] n B
ratio (@) 10
Colket and Spadaccini 1.0 0.15 9.95 X 10" -0.549 22480 K
Davidson et al. 1.0 0.20 1.23 x 10" -0.553 26040 K
Mikolaitis et al. 1.0 1.48 5.10 x 107 -0.162 14910 K
Wang et al. 1.0 0.24 8.79 X 10° -0.943 6519 K

34




	JP10_manuscript_final
	JP10_supporting_information_final

