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ABSTRACT: Theoretical calculations of the rate constants and product branching
ratios in the pyrolysis of exo-tetrahydrodicyclopentadiene (JP-10) and its initial
decomposition products at combustion-relevant pressures and temperatures were
performed and compared to the experimental results from the recently reported
molecular beam photoionization mass spectrometry study of the pyrolysis of JP-10
(Zhao et al. Phys. Chem. Chem. Phys. 2017, 19, 15780—15807). The results allow us
to quantitatively assess the decomposition mechanisms of JP-10 by a direct
comparison with the nascent product distribution—including radicals and thermally
labile closed-shell species—detected in the short-residence-time molecular beam
photoionization mass spectrometry experiment. In accord with the experimental
data, the major products predicted by the theoretical modeling include methyl
radical (CH;), acetylene (C,H,), vinyl radical (C,H,), ethyl radical (C,H;), ethylene
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(C,H,), allyl radical (C4Hj), 1,3-butadiene (C,Hy), cyclopentadienyl radical (CsHs), cyclopentadiene (CsHg), cyclopentenyl
radical (CsH,), cyclopentene (CsHy), fulvene (C4H), benzene (C¢Hy), toluene (C,Hg), and S-methylene-1,3-cyclohexadiene
(C;Hg). We found that ethylene, allyl radical, cyclopentadiene, and cyclopentenyl radical are significant products at all
combustion-relevant conditions, whereas the relative yields of the other products depend on temperature. The most significant
temperature trends predicted are increasing yields of the C2 and C4 species and decreasing yields of the C1, C6, and C7 groups
with increasing temperature. The calculated pressure effect on the rate constant for the decomposition of JP-10 via initial C—H
bond cleavages becomes significant at temperatures above 1500 K. The initially produced radicals will react away to form closed-
shell molecules, such as ethylene, propene, cyclopentadiene, cyclopentene, fulvene, and benzene, which were observed as the
predominant fragments in the long-residence-time experiment. The calculated rate constants and product branching ratios should
prove useful to improve the existing kinetic models for the JP-10 pyrolysis.

1. INTRODUCTION

The single-component hydrocarbon fuel Jet Propellant-10 (JP-
10) is used in detonation engines, missiles, and supersonic
combustion ramjets, where a fuel is required to have high
thermal stability, high-energy density, and low freezing point.
Because of its broad applications, the principal constituent of
JP-10, tricyclo[5.2.1.07]decane (exo-tetrahydrodicyclopenta-
diene; exo-TCD; C,oH,s; Figure 1), has attracted significant
attention of researchers, and numerous experimental, theoreti-
cal, and modeling studies of its pyrolysis and combustion have
been reported in the literature.' ™ A detailed overview on the
JP-10 studies was provided in our recent publication,*’ and here
we only briefly reiterate its key points.

The previous studies yielded important information on the
formation of closed-shell hydrocarbon intermediates and
products in the pyrolysis of JP-10. These species were mainly
analyzed off-line and ex situ using gas chromatography—mass
spectrometry (GC-MS), which however is not suitable for the
detection of radical transient species and thermally labile
closed-shell molecules. Consequently, the crucial information
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on the initial steps of JP-10 pyrolysis—the role and identity of
radicals and short living closed-shell intermediates—can be
missed. Moreover, the observation of bicyclic polycyclic
aromatic hydrocarbons (PAHs) such as naphthalene (C,;,Hj)
indicated that consecutive reactions of the initial decomposition
products were facilitated by excessive pressures thus changing
the “molecular inventory” due to the initial decomposition. In
summary, a novel approach probing the open- and closed-shell
products online and in situ is required to overcome the
deficiencies of the previous studies.

Recently, we started a combined experimental and theoretical
research program focused on the mechanism of the initial
decomposition of JP-10."" The goal is to provide a detailed
input for kinetic modeling of combustion flames in JP-10-based
engines. In this project, the pyrolysis experiments were
performed in high-temperature reactors to probe the
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Figure 1. Potential energy diagram for initial decomposition channels of JP-10. The numbers next to black arrows show reaction endothermicities for
initial C—H bond cleavages in JP-10. The numbers next to blue arrows show barriers for various initial S-scission processes in the R1 and R4—R6
radicals. All energies calculated at the G3(MP2,CC)//B3LYP/6-311G(d,p) level (given in kJ mol™").

decomposition of JP-10. Two sets of experiments with
residence times of a few 10 us and of 100 ms were performed
under combustion-like temperatures. The emerging product
distributions were probed online and in situ in a supersonic
molecular beam exploiting soft photoionization with single
photon vacuum ultraviolet (VUV) light followed by a mass
spectroscopic analysis of the ions in a Re-TOF (TOF = time of
flight)."' * Our experimental setup allowed detection of
thermally labile closed-shell species as well as short living
radicals. Molecular beam experiments were combined with
high-level electronic structure calculations to study the
decomposition of JP-10 over a broad range of combustion-
relevant temperatures and pressures systematically. In the
present paper we extend our previous theoretical studies of
potential energy surfaces (PES) of JP-10 dissociation
channels** with calculations of rate constants and branching
ratios to get a more quantitative insight on the pyrolysis
mechanism of JP-10 and to account for the initial molecular
inventory required for reliable kinetic modeling of JP-10
oxidation in combustion, which follows the initial pyrolysis
step.

The most detailed theoretical calculations on this system
prior to our recent work were reported by Vandewiele et al."”
who employed the automatic Reaction Mechanism Generator
(RMG) in conjunction with CBS-QB3 and CASPT2
calculations for the most important decomposition pathways
to develop a kinetic model for the JP-10 pyrolysis via various
biradical and radical mechanisms. While the kinetic model by
Vandewiele et al. was rather successful in the description of the
experimental data available at that time, this model appeared to
be insufficient to account for the new, more detailed
observations utilizing molecular beam photoionization mass
spectrometry (MB PIMS) allowing to detect the short living
radical and thermally labile closed-shell molecules. The ab initio
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calculations accompanying the MB PIMS experiments*’ were
aimed to find a facile pathway on the pertinent PESs to every
species (a radical or a molecule) observed experimentally and
thus qualitatively explain all the observations. Essentially, the
calculations were guided by the MB PIMS experimental data,
which provided an unprecedented most detailed molecular
inventory in the JP-10 pyrolysis at its initial fast (on a 10—100
us time scale) stage. The present work moves a step forward
and provides temperature- and pressure-dependent rate
constants and product branching ratios for all considered
reactions and ultimately, relative product yields in the overall
pyrolysis process (including the primary and fast secondary and
consequent reactions) on the given time scale within the
considered mechanisms. The calculated branching ratios are
compared with the MB PIMS experimental values, and their
trends with temperature are also investigated and reported.

2. COMPUTATIONAL METHODS

For the most part, the PESs for the JP-10 pyrolysis obtained by
high-level, chemlcally accurate ab initio calculations and
described previously" were used to compute the rate constants
and relative product yields presented here. In addition, PESs for
several important reaction channels not considered earlier were
studied here using the same computational strategy as in the
previous work.”" Briefly, the strategy explores decomposition
pathways, where a cleavage of a bond leads directly either to a
radical intermediate or to a bimolecular product. This approach
is warranted based on a theoretical study by Vandewiele et al,,
who found that possible biradical pathways are expected to
contribute to the total product yield no more than 19%.”
Optimized Cartesian coordinates and calculated vibrational
frequencies of all stationary structures are given in Supporting
Information. The energies and molecular properties of local
minima and transition states on the PESs pertinent to the
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unimolecular decomposition of JP-10 and its immediate
primary and secondary dissociation products were computed
at the G3(MP2,CC)//B3LYP/6-311G(d,p) level of
theory.””™®" T1 diagnostics were checked for each calculated
structure during coupled cluster calculations to verify the range
of the multireference character of the wave function. It was
found that the values never exceeded 0.02 for singlets and 0.03
for doublets thus indicating that the wave functions do not
possess a strong multireference character, and hence the
CCSD(T) approach should provide adequate energies. To give
a reader a sense of typical T1 values, T1 diagnostics on the
CoH,, PES (Figure S1 in Supporting Information) are shown
for all stationary points. Within the G3(MP2,CC) scheme the
computed energetics are expected to provide a chemical
accuracy within 10 kJ mol™". The calculations were performed
using the Gaussian 09°> and MOLPRO 2010%° program
packages.

Rate constants for individual reaction steps were computed
using Rice—Ramsperger—Kassel—Marcus (RRKM) theory for
unimolecular reactions®* utilizing the rigid-rotor, harmonic-
oscillator (RRHO) model for the calculations of densities of
states and partition functions for molecular complexes and the
number of states for transition states. For the barrierless
reactions such as a C—H bond cleavage in a closed-shell
molecule, the flux over a transition state was evaluated within
variable reaction coordinate-transition state theory (VRC-
TST).”> In this case the potential energy calculations were
performed using the multireference second-order perturbation
theory CASPT2 method*®®” with the cc-pvdz®® basis set. This
method is suitable for a computationally efficient treatment of
the multireference character of the wave function for radical—
radical reactions.”” Because of computational limitations, the
minimal (2e,20) active space was a default choice in the
CASPT2 calculations, which is generally adequate for the
description of static electronic correlation in a process of a
single bond cleavage or a reverse process of bond formation
from two radicals. A failure in an active space choice could be
seen in an irregular character of the calculated minimal energy
reaction path (MEP) on a PES for a radical—radical association.
For instance, in the case of C,H; + cyclopentenyl (CsH,)
association—the reverse process for dissociation of 3-vinyl-1-
cyclopentene—the calculations with a (2e,20) active space
resulted in a nonmonotonic MEP. In this case, we assumed that
all delocalized 7 orbitals of the CiH, fragment are of
importance and need to be included in the active space. In
fact, one must include the entire 7 system, which consists of
two 7 electrons in the C,H; fragment and three 7 electrons in
the C;H, fragment. Together with the unpaired electron in
C,H,, this resulted in a (6e,60) active space. The (6e,60) active
space proved to be adequate for the C,H; + C;H, association
reaction, as it produced a smooth and monotonic MEP.

Temperature—pressure dependences of the phenomenolog-
ical rate constants were computed by solving the one-
dimensional master equation’’ employing the MESS package.”'
Lennard-Jones parameters (g, cm™, ¢, A) = (237, 5.02) needed
for the calculation of the pressure dependence of rate constants
for the C;,H,/N, systems were taken from our previous study
of the n-decane/N, system’” of a similar molecular size. For
smaller C,H,/N, systems (y < 10) we derived the Lennard-
Jones parameters using the general rule’” for calculating these
parameters based on the number of carbon atoms using C
parameters as the reference. The “universal” parameters for the
hydrocarbons in the nitrogen bath gas, n = 0.86 and a3y, = 228
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cm™",”" for the temperature dependence of the range parameter
a for the deactivating wing of the energy transfer function a(T)
= a30(T/300 K)" were used in the “exponential down”
model” of the collisional energy transfer in the master
equation. Having the rate constants computed, kinetic
equations for a sequence of unimolecular reactions involved
in the initial steps of the JP-10 pyrolysis were solved within the
steady-state approximation. For the majority of radicals found
in the present modeling of the pyrolytic decomposition of JP-
10, it was observed that at temperatures above 1000 K the
collisional time scales were longer than the time scales for their
chemical transformations/decompositions, and chemically
significant eigenvalues could not be identified in the master
equation, and hence, the corresponding phenomenological
pressure-dependent rate constants could not be evaluated. This
means that these species are unstable at the high temperatures
and rapidly equilibrate (“merge”) with their isomerization/
decomposition products. In such a case, the pressure-depend-
ent rate constants can be reasonably approximated by the high-
pressure (HP) limit rate constants, and consequently, unless a
pressure-dependent calculation is specified explicitly, product
branching ratios were obtained in the HP limit.

An implementation of the strategy described above and
methods to study the complete mechanism of JP-10 pyrolysis is
a challenging task due to numerous decomposition pathways
with a large number of possible isomers, transition states, and
bimolecular products. To overcome this problem we developed
a software package, Pyrol, to automate the implementation of
our strategy for computational studies of pyrolysis of
hydrocarbon molecules. Starting with a closed-shell entity
Pyrol first creates a map of all possible initial C—H bond
cleavages. If there is a C—C bond cleavage that leads to a direct
fragmentation, this channel can be added manually to the
reaction map. Next, Pyrol generates input files for Gaussian 09
and MOLPRO 2010 to calculate energies and molecular
properties for the species of interest. After the calculations of
the initial bond cleavages are finished, the software gathers the
results, and a decision whether some of the decomposition
channels are too unfavorable and can be excluded can be made.
Next, Pyrol analyzes all possible C—C f-scissions in the radicals
produced by the initial C—H (C—C) bond cleavages, and the
decomposition map is updated accordingly. Again, there is a
possibility to edit the map manually to remove or add some
desirable channels, such as possibly favorable C—H f-scissions
and H migrations. After the decomposition map is updated, the
Gaussian 09 and MOLPRO 2010 input scripts for f-scission
routes are generated. This process is repeated recursively, until
a bond cleavage in each channel ends up with final bimolecular
products considered to be stable under given conditions. The
resulting PES and calculated molecular properties are then
processed by the kinetics facility of Pyrol to generate input files
for rate constant calculations by the MESS package. Finally,
after the rate constant calculations by MESS are completed,
Pyrol solves unimolecular kinetic equations using the steady-
state approximation to obtain temperature and pressure
dependences for the overall decomposition rate constant and
for the product branching ratio.

3. COMPUTATIONAL RESULTS

3.1. Initial C—H Bond Cleavages. The JP-10 molecule
decomposition by homolytic cleavage of various C—H bonds
can produce six types of C,H;s radicals (RI-R6) plus a
hydrogen atom.*” The calculated energetics of these reactions*’
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(Figure 1) showed that the R1, R4, RS, and R6 pathways are
more favorable, as their computed endothermicities are 397—
406 kJ mol™', as compared to 423 and 437 kJ mol™" for the R3
and R2 pathways, respectively. Consecutively, only decom-
position processes to the Rl and R4—R6 radicals were
considered here. The calculated rate constants for the C—H
bond cleavages at the pressure of 1 atm (Figure 2) exhibit well-
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Figure 2. Calculated temperature dependences of rate constants for
the main channels of C—H bond clevage in JP-10 (CyoHjs) at 1 atm
pressure.

defined Arrhenius behavior and grow from 3.1 X 107=5.7 x
107 s™" at 1000 K to § X 10'=7.6 X 10*s™" at 1500 K and to 3
X 10°—4.2 X 10° s7! at 2250 K. These values are in a good
agreement with the experimental observation at the Advanced
Light Source (ALS) experimental observation® that on the
10—100 us time scale no significant fraction of C,gHy4 is
consumed at temperatures below 1000 K, and nearly full
decomposition is observed above 1600 K, as the computed
lifetime of JP-10 at 1650 K is only ~38 us. The calculated
pressure dependence of the total rate constant for the
decomposition of JP-10 via initial C—H bond cleavages is
shown in Figure 3. The calculated effect of the pressure increase
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Figure 3. Calculated pressure dependences of the rate constant for the
decomposition of JP-10 (C;oH) via initial C—H bond cleavages.

from 30 Torr to 100 atm is a 16-fold increase of the rate
constant at 2000 K and 1.45-fold increase at 1500 K, whereas
no significant pressure effect is observed at 1000 K.

The calculated branching ratios for the R1, R4, RS, and R6
products of the C—H bond cleavages at various temperatures
and pressures are summarized in Table 1. Overall, the
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Table 1. Calculated Temeprature and Pressure Dependences
of the Branching Ratio for the Main Channels of C—H Bond
Clevage in JP-10 (C,oH,4)

T = 1000 K
R1 R4 RS R6
30 Torr 18.1 2.6 314 479
1 atm 18.1 2.6 31.4 47.9
10 atm 18.1 2.6 314 479
100 atm 18.1 2.6 314 479
T = 1500 K
R1 R4 RS R6
30 Torr 18.1 32 29.7 48.9
1 atm 18.1 3.3 29.6 49.1
10 atm 18.1 33 29.6 49.1
100 atm 18.1 3.3 29.5 49.1
T = 2000 K
R1 R4 RS R6
30 Torr 18.0 3.4 29.3 49.3
1 atm 17.9 3.5 29.0 49.6
10 atm 17.8 3.6 28.8 49.8
100 atm 17.7 3.6 28.7 50.0

calculations showed that R1, RS, and R6 are expected to be
the predominant channels for the JP-10 pyrolysis. The
branching ratio shows little dependence on both temperature
and pressure. Importantly, the branching ratio calculations
support our computational strategy, as contributions of the R2
and R3 channels are expected to be an order of magnitude
lower than that of the R4 channel and thus of no significance
for accounting for the molecular inventory of the JP-10
pyrolytic process. Following the initial C—H bond cleavages, all
possible C—C bond f-scissions in R1 and R4—R6 radicals were
outlined in our previous work*® and are shown here in Figure 1.
The intermediates accessed after first fB-scissions can further
isomerize or dissociate giving a variety of JP-10 pyrolytic
products. PES calculations for the R1 and R4—Ré dissociation
channels were performed and explained in great detail in our
previous work (Figures 16—22 and computational results in ref
40), which allows us to proceed here with kinetic calculations of
rate constants and product branching ratios.

3.2. Decomposition of the R1 Radical. By initial C—C f-
scission R1 can isomerize to the radical intermediates R1—1,
R1-2, and R1-3 via barriers of 150, 106, and 122 kJ mol™,
respectivelzr (Figure 1).* Ultimately, after various isomerization
processes,” these three radical intermediates decompose into
eight primary products shown here in Scheme 1 (primary
decompositions are indicated by black arrows), which include
methyl, CH;, vinyl, C,H;, cyclopentenyl, C;H,, 1,4-pentadien-
5-yl, CsH, Cg¢H,, cyclopentene-allyl, CgH,, radicals and
ethylene, C,H,, 1,3-butadiene, C,Hy, cyclopentene,CsHjg, as
well as CgH, and CoH,, closed-shell fragments. The calculated
rate constant for the primary decomposition of the R1 radical is
shown in Figure 4. The rate constant grows from 7.2 X 106 57!
at 1000 K to 3.6 X 10" s7! at 2500 K. Thus, in this temperature
range, R1 is expected to undergo full decomposition on the
time scale of the ALS experiment (10—100 ys). Table 2 shows
the branching ratios for the eight products of the primary
decomposition of the R1 radical described above calculated in
the 1000—2500 K temperature range. The calculations showed
that at 1000 K R1 yields mainly cyclopentenyl radical, C;H, +
cyclopentene, CsHg (R1—2_p1). With increasing temperature,
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Scheme 1. Primary and Secondary Channels of
Decomposition of R1
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Figure 4. Calculated rate constants for the primary decompositions of
the R1 and R4—R6 radicals.

the relative yield of R1—-2 pl falls, whereas the yields of
ethylene, C,H, + cyclopentene-allyl, CgH;; (R1-2 p3) and
cyclopentene, C;Hg + 1,4-pentadien-S-yl, C;H, (R1-3_pS)
increase. The yield of R1—1_pl, another significant product,
which consists of 1,3-butadiene, C,H; + C¢H, (R1—1_pl),
fluctuates in the 5.3—12.8% range without a definitive
temperature trend. The yield of the methyl radical, CH; +
CoH,, (R1-3_p1) product steadily grows with temperature to
reach 1.1% at 2500 K, which translates into ~0.2% maximal
contribution to the total molecular inventory of the JP-10
pyrolysis. In the present study, the PES for the Rl
decomposition reported in the previous work was extended
to include the decomposition of the CoH,;, (R1—3_p1) closed-
shell fragment. The result is shown in Figure S1 in Supporting
Information. The calculations showed that C;H;, (R1-3 pl)
will decompose further to H + H + indane, C;H,, (which
would eventually decay to indene, CoHy), and ethylene, C,H, +
benzyl radical, C;H, + H. This is in an accord with our
experiment, where indane, indene, and toluene (a product of
benzyl + H recombination) were observed as trace products.
On the basis of the calculated branching ratios, RI—1_p4, R1—
1_pS, and R1—3_p3 were deemed as insignificant products in
the total molecular inventory of the JP-10 pyrolysis, with each
of them contributing ~0.1%. It is worth noting that the low-
yield fragment CgH;, (R1—1_p4) is a precursor for the
experimentally observed trace product 1,3,5-cyclooctatriene,
CgHyp.

Under typical combustion temperatures, the radical frag-
ments 1,4-pentadien-S-yl, CsH,, C4Hy, and cyclopentene-allyl,
CgH,, are expected to undergo rapid secondary decomposi-
tions. This is confirmed by the ALS experiment,”’ where the
aforementioned radicals were not observed. Products of the
secondary decompositions (indicated by blue arrows in Scheme
1) must be accounted for a proper modeling of JP-10
combustion flames. Let us start with the secondary
fragmentation of the 14-pentadien-S-yl radical, CsH, (R1—
3_pS), which leads to the acetylene, C,H, + allyl, C,H;
product.” The calculated rate constant for this proces is
shown in Figure 5. The rate constant increases from 7.9 X 10°
s™'at 1000 K to 1.9 X 10" s™" at 2500 K. Thus, 1,4-pentadien-
5-yl is expected to undergo full decomposition on the time
scale of the ALS experiment. Indeed, significant yields of both
allyl and acetylene were detected in the experiment.”’

The C¢H, radical (R1—1_p1) dissociates further either by -
scission to ethylene, C,H, + C,H; via a 157 kJ mol™" barrier for
the C,H, loss or via a 45 kJ mol™" barrier for the reverse f-
scission, that is, a six-member ring closure, to H + 1,3-
cyclohexadiene, C¢Hg.*” The calculated branching ratio (Table
3) for these products shows a strong temperature trend. The

Table 2. Calculated Branching Ratio for the Primary Decomposition of R1

temperature
product 1000 K 1250 K 1500 K 1750 K 2000 K 2250 K 2500 K
C,H; + CgHy, (R1-1_p4) 0 0 0 0.1 0.2 0.5 0.7
C4Hg + C¢H, (R1-1_p1) 5.3 12.1 11 10.5 11 11.9 12.8
C,H, + CgHy; (R1-1_pS) 0 0 0 0.1 0.2 0.3 0.4
CsH, + CsHg (R1-2_pl) 89.4 76.3 68.9 63 57.7 532 49.3
C,H, + CgHy; (R1-2_p3) 4.7 8.7 12.8 16.5 19.5 219 23.7
C,H, + CgH,; (R1-3 p3) 0 0.2 0.4 0.5 0.6 0.6 0.6
CH; + CHy, (R1-3_pl) 0.3 0.4 0.5 0.6 0.8 0.9 1.1
CiH, + CsHg (R1-3_pS) 0.2 2.3 6.3 8.7 10 10.8 11.4
4924 DOI: 10.1021/acs.jpca.8b02934
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Figure S. Calculated rate constants for the secondary decompositions
in the R1 channel.

lower-barrier pathway to H + 1,3-cyclohexadiene, CgHg,
dominates at 1000 K, while with growing temperature this
product is replaced by C,H, + C,H; due to a higher entropy of
the latter pathway. The C,H; radical formed here can serve as a
precursor for both 1,2,3-butatriene and vinylacetylene. The rate
constant for the secondary decomposition of the C4H, radical is
shown in Figure S. The rate constant increases from 9.7 X 10
™! at 1000 K to 9.9 X 10" s™" at 2500 K, which confirms that
the decomposition of CsHy (R1—1_p1) is faster than the time
scale of 10 ps. This is in line with the experimental results,
where the C4H, radical was not detected; instead, its
fragmentation products such as 1,3-cyclohexadiene, butatriene,
and vinylacetylene were observed.*’

PES for the secondary decomposition of the cyclopentene-
allyl, CgH,, radical fragment of the R1—2 p3 product was
described in great detail in the previous work.” In summary, H-
loss pathways to the H + CgH;, (R1—2 pS, R1-2 p4)
products via barriers of 172 and 243 kJ mol™', respectively,
compete with a five-member ring opening via a barrier of 131 kJ
mol™" and subsequent fragmentation via a barrier of 266 kJ
mol™, which leads to the 1,3-butadiene, C;Hs + C,H; (R1—
2_p6) product. Alternatively, the five-member ring opening can
be followed by a six-member ring closure via a barrier of 166 kJ
mol™ to the intermediate, which is a precursor of the H + 2,5-
dihydrostyrene, CgH;, (R1—1_p7) and vinyl, C,H; + 1,4-
cyclohexadiene, C¢Hg (R1—1 p8) products. The calculated
temperature dependence of the branching ratio for the products
described above is presented in Table 4. The result shows that
the relative yields of the products strongly depend on
temperature. The R1—2_p4 product of the direct H loss, H
+ CgH,, prevails at 1000 K followed by vinyl, C,H;, + 1,4
cyclohexadiene, C¢Hg (R1—1_p8) and H + 2,5-dihydrostyrene,
CgHjop (R1—1_p7). At higher temperatures, the yield of these
products becomes low as compared to the yield of the higher-
entropy 1,3-butadiene, C,Hy, + C,Hs (R1—2_p6) product. The
calculated low yields of 2,5-dihydrostyrene, CgH,,, and 1,4
cyclohexadiene, C¢Hg, are in accord with the fact that in
experiment styrene (2,5-dihydrostyrene is a precursor of

styrene) and 1,4-cyclohexadiene were observed in trace
quantities.4

In summary, R1 is the third largest contributor (~18% of the
total molecular inventory) to the products of the JP-10
pyrolysis. The calculations predict that at temperatures of
interest, R1 largely yields the five-member ring products
cyclopentene and cyclopentenyl. R1 also provides small yields
of cyclohexadienes, toluene, styrene, cyclooctatriene, and
indane. The yield of smaller fragments such as methyl, vinyl,
allyl, acetylene, ethylene, and 1,3-butadiene, produced in a
variety of the R1 decomposition channels, shows a tendency to
grow with increasing temperature.

3.3. The R4 Radical. Initial isomerization of the R4 radical
can proceed by five C—C f-scission channels via barriers
ranging from 108 to 146 kJ mol™" and leading to the five
intermediates R4—1—R4—5 (Figure 1). Secondary isomer-
ization of these intermediates, including H migrations, was
studied in our previous work,*’ where six primary products of
the initial decomposition of the R4 radical were identified
(Scheme 2). The primary decomposition of R4 is the source of
the experimentally observed methyl, CH; (R4—4_pl), ethyl,
C,H (R4—3_pl), and allyl, C;Hg (R4—5_p1), radicals. The
larger C;H, (R4—S p2) and CeH;; (R4—1_pl, R4—3 p2)
radical fragments were not detected, and hence, their secondary
decomposition on the ALS experimental time scale is
implicated to be fast. The inventory of the closed-shell
fragments produced in the primary decomposition of R4
consists of ethylene, C,H, (R4—1 pl, R4—3 p2), C;Hy (R4—
5_p2), C;Hyp (R4=5_pl), CsHy, (R4-3_pl), and CoH,,
(R4—4 _pl). Figure 4 shows the calculated temperature
dependence of the rate constant for the primary decomposition
of the R4 radical. The rate constant grows from 1.6 X 10" s™" at
1000 K to 7.4 X 10" s™" at 2500 K. Similar to R1, the primary
C—C p-scissions in R4 is a fast process relative to the
experimental time scale of 10—100 wus. The temperature
dependence of the calculated branching ratio for the products
of the primary decomposition of R4 is shown in Table 5. The
ethylene, C,H,, and two different CgH,;, (R4—1 pl, R4—
3_p2) radicals account for ~70% of the overall yield in the
1000—2500 K temperature range. The yield of the R4 — R4—
3_pl channel (ethyl, C,H;, + CgH,,) decreases with increasing
temperature from 23.8% at 1000 K to 2.8% at 2500 K. This
channel involves entropically unfavorable H-migration steps,
which are less competitive at higher temperatures as compared
to the channels leading to C,H, elimination. The yields of the
methyl, CH; + CoH;, (R4—4_pl) and of allyl, C;H; + C;H,,
(R4—S_p1) products steadily grow with temperature from 1.5
to 182% and from 5 to 12.3%, respectively. Since at
temperatures and pressures of interest R4 itself is a low-yield
channel (less than 4%), the low-yield R4—5 p2 product (less
than 0.1% of all products of the R4 decomposition) was
deemed as not significant for the total molecular inventory of
the JP-10 pyrolysis.

Let us first briefly describe the secondary decomposition of
the CgH;; (R4—1_pl) radical fragment (Figure 19 in ref 40).

Table 3. Calculated Branching Ratio for the Secondary Decomposition of R1-1_pl

temperature
product 1000 K 1250 K 1500 K 1800 K 2000 K 2250 K 2500 K
H + 1,3-cyclohexadiene, C4Hy 99.3 91.9 66.9 32.1 18.6 9.9 5.7
C,H; + ethylene, C,H,, 0.7 8.1 33.1 67.9 81.4 90.1 94.3
4925 DOI: 10.1021/acs.jpca.8b02934
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Table 4. Calculated Branching Ratio for the Secondary Decomposition of Cyclopentene-Allyl, C;H,;; (R1-2_p3)

temperature
product 1000 K 1250 K 1500 K 1750 K 2000 K 2250 K 2500 K
H + CgH,o (R1-2_pS) 0 0.3 0.6 0.8 1.1 1.6 24
H + CgH,, (R1-2_p4) 62.5 58.2 39.7 21.8 17.2 15.8 16.6
C Hs + C4H (R1-2_p6) LS 14.3 44.7 71.7 78.7 81.1 80.2
H + CgH,, (R1-1_p7) 10.9 6.6 3.2 1 0.5 0.2 0.1
C,H; + CeH; (R1-1_p8) 25.1 20.6 11.8 4.7 2.5 1.3 0.7

Scheme 2. Primary and Secondary Channels of Decomposition of R4
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Table 5. Calculated Branching Ratios for the Primary Decomposition of R4

temperature
product 1000 K 1250 K 1500 K 1750 K 2000 K 2250 K 2500 K
C,H, + CgHy; (R4—1_pl) 58.4 $3.5 492 46.3 44.3 43.2 4.6
C,H, + CgH,; (R4-3_p2) 114 18.5 22 234 23.7 23.8 23.9
C,H; + CgHyo (R4—3_pl) 23.8 14.3 9 6.1 4.4 3.5 2.8
CH; + CHy, (R4—4_pl) LS 4 7.6 11.5 14.8 17 182
C;H; + C;H,o (R4—5_p1) N 9.8 12.2 12.8 12.7 12.5 12.3
CsH; + CsHg (R4—5_p2) 0 0 0 0 0 0.1 0.1

The p-scission process, which breaks the bicyclic framework ring product R4—1_p13. R4—1_pl3 is a known precursor for

and produces a six-member ring with two out-of-ring CH, H + fulvene, C;Hs and H + benzene, C¢H,.”> The barrier for
groups, is followed either by a series of energetically favorable the five-member ring closure pathway is 111 kJ mol™" lower
1,2-H migrations or by a series of entropically favorable C—C than the barrier to the higher entropy C,H, + C,H; product.
bond f-scissions. The H-migration pathway eventually leads An interplay of enthalpy versus entropy in the channels
either to the H + o-xylene, CgH,, or methyl, CH; + toluene, described above results in a strong temperature dependence of

C,H; products. The C—C bond f-scission pathway leads first the calculated branching ratios (Table 6). At 1000 K, the
to ethylene, C,H, + C¢H, (R4—1_pl12), which can either pyrolysis of the CgH;; radical (R4—1 pl) yields mainly
dissociate to acetylene, C,H, + C,Hy or form a five-member (97.5%) atomic hydrogen and o-xylene; at 1500 K, the

4926 DOI: 10.1021/acs.jpca.8b02934
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Table 6. Calculated Branching Ratios for the Secondary Decomposition of R4-1_p1 (C¢Hj,)

temperature
product 1000 K 1250 K 1500 K 1750 K 2000 K 2250 K 2500 K
H + o-xylene, CgH,, 97.50 74.70 35.10 15.50 9.20 7.30 6.70
CH; + toluene, C,Hy 0.00 0.00 0.00 0.00 0.00 0.00 0.00
C,H, + C,H, + C,H; 0.01 0.83 13.69 45.55 70.91 82.87 88.08
C,H, + H + fulvene, C;Hy 0.04 175 10.64 15.72 11.71 7.14 4.20
C,H, + H + benzene, C;Hy 2.46 22.72 40.56 23.24 8.17 2.69 0.93

ethylene, C,H, + H + C¢Hy (fulvene or benzene) products
account for ~50% of the products; and at temperatures above
2000 K, the highly fragmented ethylene, C,H, + acetylene,
C,H, + C,H; product becomes prevalent (88% at 2500 K).
The C,Hj; radical fragment was not observed directly in the
ALS experiment, but it serves as a precursor of vinylacetylene
and 1,2,3-butatriene observed at high temperatures.40 The
computed rate constants for the secondary decompositions of
the CgH;; (R4—1_pl) and the CH, (R4—1_p12) radicals are
presented in Figure 6. The calculations show that the secondary
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Figure 6. Calculated rate constants for the secondary decompositions
in the R4 channel.

decomposition of CgH;; (R4—1_pl) is relatively slow at lower
temperatures of interest (3.5 X 10° s at 1000 K). On the 10
us time scale full decomposition of the CgH;; (R4—1 pl)
radical is achievable at 1250 K and higher temperatures (8.2 X
10° s7" at 1200 K; 3.9 x 10" s7! at 2500 K). Regarding the
C¢H; (R4—1_p12) radical, the 1000 K temperature is high
enough for its full decomposition on the experimental time
scale (4.5 x 10° s™! at 1000 K and 2.6 X 10" s™* at 2500 K).

The secondary decomposition of the CgH,; radical (R4—
3_p2) proceeds by two consecutive f-scissions. The first one
results in five-member ring opening, and the second leads to
ethylene, C,H, + C¢H, (R4—1 pl13) and finally to the
experimentally observed fulvene and benzene.*’ The calculated
rate constants for the secondary decompositions of the CgH;
(R4—3 p2) and C¢H, (R4—1 pl3) radicals are shown in
Figure 6. The calculations predict that the secondary
decomposition of the CgH;; (R4—3_p2) fragment is very

fast, with the rate constant changing from 7.7 X 107 s~! at 1000
K to 2.6 X 10" s7' at 2500 K. The rate constant for the
secondary decomposition of the C4H, (R4—1 pl3) radical
increases from 1.2 X 10°s™" at 1000 K to 4.8 X 10'% s™" at 2500
K. The calculated branching ratio for the secondary
decomposition of the CgH;; (R4—3 p2) radical to the
products containing fulvene and benzene (Table 7) shows
that benzene eventually concedes to fulvene as the temperature
grows from 1000 to 2500 K.

PES for the decomposition of the CgH,, (R4—3_p1) closed-
shell fragment was not calculated previously and is presented
here in Figure S2 (Supporting Information). This secondary
decomposition proceeds by H-loss, CgH,, (R4—3 pl) — H +
CgH, (R4—3 pl—1, R4—3 p1—8). The rate constant for this
process was calculated to be relatively slow (Figure 6). After the
H-loss, the CgHy radicals (R4—3 pl—1 and R4—3 pl-8)
undergo five-member ring opening followed either by a
fragmentation to ethylene, C,H, + fulvenyl radical, C4Hg or
to vinyl, C,H; + fulvene, C4Hg. There is also an alternative
pathway to the allene, C;H, + cyclopentadienyl, C;H; product.
However, in addition to the C—C f-scission, before the
fragmentation this pathway requires two H-migrations. The
calculated branching ratios (Table 8) for the secondary
decomposition of R4—3_pl predict that only the C,H, and
C¢H,, fragments are formed in the 1000—2500 K temperature
range. The calculations showed that the yield of ethylene, C,H,
+ fulvenyl radical, C;Hs grows with increasing temperature.

In this work we also performed PES calculations for the
secondary decomposition of the C;H;, (R4—4 p1) closed-shell
fragment. The resulting surface is shown in Figure S3
(Supporting Information). The calculations predict that the
pyrolysis of CoH;, (R4—4_pl) mainly proceeds by two
consecutive H-losses to yield H + H + indane, CoH (. Finally,
since R4 itself yields less than 4% of the molecular inventory of
the JP-10 pyrolysis (Table 1), we do not consider here
secondary fragmentations in the low-yield channels, such as
further decompositions of R4—5_p1 and R4—5_p2.

To summarize, the R4 channel is the least important of the
channels of the JP-10 pyrolysis considered here. The yield of
this channel varies in the 2.6—3.6% range at the temperatures
and pressures of interest. The R4 channel is a source of the
experimentally observed methyl, ethyl, and allyl radicals. The
computed molecular inventory of the R4 decomposition
includes some major closed-shell molecules (ethylene, fulvene,
and benzene) observed in the experiment. R4 also yields the

Table 7. Calculated Branching Ratios for the Secondary Decomposition of the CgH,; (R4-3_p2) Radical

temperature
product 1000 K 1250 K 1500 K 1750 K 2000 K 2250 K 2500 K
C,H, + H + fulvene, C¢Hg 14 72 20.8 40.3 58.8 72.6 81.7
C,H, + H + benzene, C¢Hg 98.6 92.8 79.2 59.7 412 274 18.3
4927 DOI: 10.1021/acs.jpca.8b02934
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Table 8. Calculated Branching Ratios for the Secondary Decomposition of CgH,, (R4-3_pl)

temperature
product 1000 K 1250 K 1500 K 1750 K 2000 K 2250 K 2500 K
H + C,H, + fulvenyl, CHg 13.2 43.1 64.4 70.3 70.7 70.2 69.6
H + C,H, + fulvene, C¢Hj 86.8 56.9 35.6 29.7 29.3 29.8 304
H + C,H, + cyclopentadienyl, CsH; 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Scheme 3. Primary and Secondary Channels of Decomposition of RS-1
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Table 9. Calculated Branching Ratios for the Primary Decomposition of RS
temperature
product 1000 K 1250 K 1500 K 1750 K 2000 K 2250 K 2500 K
C;H; + C/Hy (R5—1_pl) 324 29.5 26.9 24.1 223 20.0 18.0
C,H, + CgH,, (R5—1_p3) 0.0 0.0 0.1 06 12 22 3.1
CH, + CsHg (RS—1_p2) 4.4 5.0 §5.3 S4 S4 5.4 54
H + C,oH,, (R5—1_pl1) 24.4 26.0 272 28.4 29.0 29.6 30.1
H + C,oH,, (RS—1_pl2) 387 39.7 40.5 417 4.1 427 433

minor products o-xylene and toluene (R4—1 p1), indane and
indene (R4—4 pl), as well as fulveneallene and fulveneallenyl
(R4—S_p1). The relative product yields in the R4 channel are
predicted to depend significantly on temperature; that is, the
reaction flux to the products containing six-member ring
fragments in the lower temperature range shifts to the products
containing five-member fragments when the temperature
increases to the combustion relevant range.

3.4. The R5 Radical. The RS radical can undergo three
possible C—C bond f-scissions via barriers of 97—140 kJ mol™"
forming RS—1, RS—2, and RS—3 (Figure 1). The decom-
position of RS via R5—1 is favored over the channels via RS—2
or R5—3. Consequently, only pathways involving R5—1 were
studied in our previous work (see Figure 21 in ref 40) and are
shown here in Scheme 3. The inventory of radicals produced in
the primary decomposition of RS—1 includes allyl, C;H; (RS—
1_pl), cyclopentenyl, CsH; and the open-chain CgH,;; (RS—
1_p3) fragment. The inventory of closed-shell fragments in the
primary decomposition of RS—1 consists of ethylene, C,H,
(R5—1_p3), 3-vinyl-1-cyclopentene, C,H;, (RS—1 pl), 14-
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pentadiene, CsHg (RS—1_p2), and of two C,oH;, (RS—1_pll,
RS—1_p12) fragments.

Let us briefly describe five primary channels of R5—1
decomposition. There are two C—C bond f-scission pathways
where a five-member ring is breached first. This can be followed
by a fragmentation to allyl, C;Hy + 3-vinyl-1-cyclopentene,
C,H,o (RS—1_pl). Alternatively, after the first S-scission, RS—
1 can also dissociate to cyclopentenyl, CsH, + 1,4-pentadiene,
CsHg (RS—1_p2). 1,4-Pentadiene was not observed in the ALS
experiment, likely because it can be easily interconverted into
significantly more stable CiHg isomers cyclopentene (a
significant product observed in experiment) and 1,3-pentadiene
(a trace product). There is also a high barrier pathway where
the first B-scission is followed by another one leading to the
open-chain C,yH; intermediate and finally to ethylene, C,H, +
CgH;; (RS—1_p3). It turned out that in addition to the
previously studied C—C p-scission pathways of RS—1
decomposition, H-loss also provides two viable channels
leading to the H + C,(H, (RS—1_pl1, RS—1_p12) products
(the updated PES for the decomposition of RS—1 is given in
Figure S4 in Supporting Information). The calculated temper-
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Table 10. Calculated Branching Ratio for the Secondary Decomposition of C;H,, (RS-1_p1)

temperature
product 1000 K 1250 K 1500 K 1750 K 2000 K 2250 K 2500 K
C,H; + cyclopentenyl, C;H, 0.0 0.0 0.6 4.4 10.4 21.5 339
H + C,H; + penta-1,2,4-triene, CsHy 0.0 0.0 0.3 2.0 4.1 6.0 6.1
H + C,H; + cyclopentadiene, CsHg 29 7.8 14.8 23.0 264 27.8 26.6
H + H + C;Hg (RS—1_pl3) 0.3 0.6 1.0 1.7 2.1 2.3 2.4
H + H + C;Hg (RS—1_pl4) SS.S 48.4 41.8 33.5 27.4 20.4 15.0
H + H + CH, (RS—1_plS) 413 432 414 353 294 219 16.0

ature dependence of the rate constant for the primary
decomposition of the RS radical is shown in Figure 4. The
results (7.3 X 10° s™! at 1000 K to 4.3 X 10" s™! at 2500 K)
show that the decomposition of the radical RS is somewhat
slower than those of R1 and R4. However, the temperature of
1200 K and higher is sufficient for full primary decomposition
of RS on the time scale of the ALS experiment. The
temperature dependence of the calculated branching ratios
for the primary products of the RS decomposition is shown in
Table 9. The calculations predict that in the 1000—2500 K
temperature range, allyl, C;H; + 3-vinyl-1-cyclopentene, C,H
(R5—1_pl),and H + C;oH;, (RS—1_pl1, RS—1 pl2) are the
main products of the primary decomposition of RS. Since the
C,H,,, CgH,}, and CoH,, fragments were not observed in the
ALS experiment, we proceed below with consideration of their
secondary decompositions.

Let us start first with the CgH,; radical, which is produced in
the low-yield RS—1 p3 channel (Table 9). CgH,; undergoes a
high-barrier C—C bond f-scission leading to acetylene, C,H,
and the open-chain C¢Hy product. After that, through a reverse
P-scission, a six-member ring radical, C4H,, is formed. This
radical fragment serves as a precursor for the experimentally
observed 1,3- and 1,4-cyclohexadiene isomers.*’

Second, both of the C,(Hy, closed-shell fragments (RS—
1_pl11,RS—1 pl2) have the same mechanism of the secondary
decomposition. It starts with an H-loss, which is followed by -
scission of the C—C bond connecting two five-member rings.
The final products of the C;oH;, (RS—1 pll, RS—1 pl2)
secondary decomposition include H, cyclopentadiene, CsH,
and two isomers of the cyclopentenyl, C;H, radical.

Lastly, the secondary decomposition of 3-vinyl-1-cyclo-
pentene, C;H;, (RS—1_pl) produces H, vinyl, C,H;, 1,24
pentatriene, CsHg, cyclopentadiene, CsHg, cyclopentenyl,
CsH,, and several C,Hg closed-shell fragments. The calculated
PES for the secondary decomposition of C;H,, (RS—1_pl) is
presented in Figure SS (Supporting Information). The H-loss
mechanism here competes with the loss of the vinyl side-chain
C,H;, which leads to the C,H; + cyclopentenyl, C;H, product.
The computed endothermicities for the R5—1 p4—3, RS—
1_p4—7 H-loss pathways are 291 and 343 kJ mol™},
respectively, while the computed endothermicities for the loss
of the vinyl side chain is 345 kJ mol™'. The C,H, radical
fragments (RS—1_p4—3, RS—1_p4—7) can undergo further
decomposition, again, either by H-loss leading to the H + C,H,
(RS—1_p13, RS—1 pl4, and RS—1_pl1S) products or by the
vinyl group elimination leading to the C,H; + cyclopentadiene,
CsHg and C,H; + 1,2,4-pentatriene, CsHg products. The
calculated temperature dependence of the branching ratios for
the secondary decomposition of C;H,o (RS—1_p1) is shown in
Table 10. The result reveals that the H + H + C,H; products
prevail at lower temperatures. At temperatures above 2000 K,
the C,H; + CH,/C,H; + CHg + H channels become
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favorable. The calcualted rate constants for the secondary
decompositions of the C;H;, (RS—1 pl) and C,H, (RS—
1_p4—3, RS—1 p4—7) fragments are presented in Figure 7. As
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Figure 7. Calculated rate constants for the secondary decompositions
in the RS channel.

one would expect, the secondary decomposition of the closed-
shell fragment C,H, is the rate-limiting process for the RS—
1_pl channel. Temperatures higher than 1500 K are required
for the full secondary decomposition of C;H;, (RS—1 p1) on
the 10—100 us time scale.

The present calculations predict that RS is the second-largest
channel in the JP-10 pyrolysis yielding, at the temperatures and
pressures of interest, 28.7—31.4% of the decomposition
products. While RS mainly decomposes to the cyclic C5
fragments, it is also a source of the experimentally observed
vinyl and allyl radicals. Ethylene and cyclopentadiene are the
major closed-shell molecules predicted here in the RS
decomposition. The fact that the cyclopentenyl isomers
predicted by the present calculations were not observed in
ALS implicates their fast transformation to CS5 cyclic closed-
shell molecules cyclopentadiene (via H loss) or cyclopentene
(via H addition). RS also contributes to the formation of the
trace acetylene and cyclohexadiene products. Fulveneallene can
be produced through dehydrogenation of 3-vinyl-1-cyclo-
pentene RS—1 pl. Because of the higher barriers, the primary
decomposition of RS was calculated to be 1 order of magnitude
slower than that of R1 and R4 at 1000 K. However, when the
temperature is higher than 1500 K, the differences in the rate
constants for these decompositions become small.

3.5. The R6 Radical. The primary decomposition of R6
starts with the C—C bond p-scission breaking the tricyclic
framework to produce the R6—1 radical intermediate over a
141 kJ mol™ barrier (Figure 1)."° Next, there are two
competing channels of the primary dissociation (Scheme 4).
R6—1 can undergo a direct fragmentation to allyl, C;Hs +
C,H;o (R6—1_pl). The alternative product, ethylene, C,H, +
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Scheme 4. Primary and Secondary Channels of
Decomposition of R6-1
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CgH;; (R6—1_p2) is produced first by C—C f-scission, which
breaks another five-member ring followed by second C—C f-
scission eliminating C,H,. The calculated rate constant for the
primary decomposition of the R6 radical (Figure 4) increases
from 1.4 X 10° s™" at 1000 K to 9.0 X 10° s™" at 2500 K. This is
the slowest decomposition among all C,;H s fragments of JP-
10 considered in this work. Temperatures above 1000 K are
needed for the full decomposition of R6 to the primary
products on the 10—100 us time scale. The temperature
dependence of the calculated branching ratios of the R6—1_pl
and R6—1 p2 products (Table 11) shows that elevated
temperatures result in a more even mixture of these products,
whereas at temperatures closer to 1000 K, allyl, C;Hs + C,H,
(R6—1_pl) is the main product.

Both radical CgH;; (R6—1_p2) and closed-shell C,;H;, (R6—
1_pl) fragments were not observed in the ALS experiment, as
they have likely underwent secondary decomposition. The

CgH;; (R6—1_p2) radical fragment dissociates further to allyl,
C,H; + cyclopentadiene, C;Hy.* The calculated rate constant
for this reaction is shown in Figure 8. In this work we updated
our previous study’’ of the PES for the secondary
decomposition of the closed-shell fragment C,H;, (R6—
1_pl). The result is shown in Figure S6 (Supporting
Information). Among four possible decomposition pathways
of C;H,, (R6—1_p1) initiated by a cleavage of a C—H bond we
considered only two channels corresponding to the weakest C—
H bonds. These pathways lead to the bicyclic C;H, radical
fragments R6—1_pl—1 and R6—1_pl1—7 (Scheme 4) with the
computed strengths of the cleaved C—H bond being 401 and
431 kJ mol "/, respectively. After the C—H bond cleavage, R6—
1_pl—1 can undergo further decomposition via two com-
petitive C—C bond f-scissions. One results in reformation of
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Figure 8. Calculated rate constants for the secondary decompositions
in the R6 channel.

the bicyclic structure into a six-member ring structure, which
consequently decomposes to the H + S-methylene-1,3-
cyclohexadiene, C;Hg (R6—1_pS), H + toluene, C;Hg (R6—
1 pl0) and methyl, CH; + benzene, C¢H¢ products.
Alternatively, the other C—C bond f-scission can transform
R6—1_pl-1 into a five-member ring structure, which would
yield the acetylene, C,H, + 3-cyclopentenyl, CsH, and vinyl,
C,H;+ cyclopentadiene, C;Hg products. R6—1 pl1—7 also has
two competitive C—C bond f-scission channels both leading to
five-member ring structures and then to the acetylene, C,H, +
2-cyclopentenyl, C;H;, and ethylene, C,H, + cyclopentadienyl,
CsH; products. The calculated temperature dependences for
the rate constants for the secondary decompositions of the
C,Hy,, (R6—1 pl), C;H, (R6—1 pl—1), and C,H, (R6—
1_pl—7) fragments are shown in Figure 8. The results predict
that the full decomposition of the closed-shell fragment C,H,,
(R6—1_pl) is not expected on the 10—100 ys time scale, if the
temperature is below 1600 K. The temperature dependence of
the calculated branching ratios for the products of the
secondary decomposition of C;H;, (R6—1 pl) is shown in
Table 12. The total yield of the products containing the C¢H,,
fragments drops from 57% at 1000 K to 39% at 2500 K. At
higher temperatures the C4H,-containing products are replaced
by the products containing the CiH, fragments.

In summary, the computational results predict that the
decomposition of R6 is the main channel of the JP-10 pyrolysis.
At the temperatures and pressures of interest R6 contributes
~50% to the molecular inventory of the pyrolytic process. R6 is
predicted to be a significant source of the abundant in the ALS
experiment allyl radical, ethylene, and cyclopentadiene. R6 is
also a source of methyl, vinyl, cyclopentadienyl, cyclopentenyl
radicals as well as acetylene, benzene, toluene, and 5-
methylene-1,3-cyclohexadiene closed-shell molecules. The
calculated rate constant for the primary decomposition of R6
is somewhat lower than those for R1, R4, and RS channels.
Also, the secondary decomposition of C;H, in the significant
channel R6—1 pl is predicted by the present calculations to be
the rate-limiting process.

Table 11. Calculated Branching Ratio for the Primary Decomposition of R6

temprature
product 1000 K 1250 K 1500 K 1750 K 2000 K 2250 K 2500 K
C3H+C,H,y (R6—1_pl) 87.9 70.4 60.3 56.1 54.4 53.7 53.3
C,H,+CgH;; (R6—1 p2) 12.1 29.6 39.7 439 45.6 46.3 46.7
4930 DOI: 10.1021/acs.jpca.8b02934
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Table 12. Calculated Branching Ratios for the Secondary Decomposition of C,H,, (R6-1 p1)

temperature
product 1000 K 1250 K 1500 K 1750 K 2000 K 2250 K 2500 K
H + H + toluene, C,H, 1.3 14 14 14 13 14 13
H + H + C;Hg (R6—1_pS) 31.5 34.3 33.3 32.0 31.2 30.5 29.7
H + CHj; + benzene, C¢Hy 24.1 18.3 14.0 11.1 9.8 8.6 7.7
H + C,H, + cyclopentenyl, C;H, 1.1 7.0 15.0 20.2 22.0 234 24.5
H + C,H; + cyclopentadiene, C;Hg 39.6 34.0 29.1 25.8 24.4 232 222
H + C,H, + cyclopentadienyl, CsHj 2.6 4.9 7.3 9.5 11.4 13.0 14.4

4. DISCUSSION AND CONCLUSIONS

Our previously published calculations of PESs for the JP-10
pyrolysis*® allowed us to outline the possible reaction
mechanisms leading to all products observed in the short-
residence-time ALS experiment. The calculations of the rate
constants and product branching ratios presented here make
possible a more quantitative assessment of the previously
outlined decomposition mechanisms by a comparison with the
experimental data. Table 13 shows the calculated (1500 K, HP

Table 13. Experimentals Versus the Calculated (1500 K)
Branching Ratio for the Main Products of the JP-10

Pyrolysis

species formula  theory experiment*’
methyl CH, 202 273 (—0.61, +0.64)
acetylene C,H, 2.40 0.54 (—0.12, +0.13)
vinyl CH, 143 038 (=020, +0.42)
ethylene CH, 1212 2459 (-5.21, +5.35)
ethyl CH, 012 237 (=053, +0.55)
allene CH,  0.00 2.50 (—0.60, +0.66)
allyl CyHy 2450 1295 (-3.11, +3.37)
1,3-butadiene C,Hg 1.70 2.49 (—0.53, +0.55)
cyclopentadienyl CH, 107 3.09 (—1.59, +3.27)
cyclopentadiene CHy 2057  19.91 (—4.39, +4.60)
cyclopentenyl CiH, 16.05
cyclopentene CsHg 5.69 293 (—0.66, +0.70)
fulvene CsHg 0.64 13.28 (—6.89, +14.28)
benzene CHy 222 446 (-0.97, +1.01)
S-methylene-1,3-cyclohexadiene ~ C;Hg  4.06 0.73 (—0.38, +0.80)
toluene C,H, 0.17 0.40 (—0.22, +0.46)

limit) and the experimentally measured (ALS, 1500 K)
branching ratios for the main part (~95%) of the JP-10
pyrolytic products (the full account including numerous trace
products is given in Table S1 in Supporting Information). At
1500 K, the major products predicted by the theoretical
modeling are ethylene, C,H,, allyl radical, C;H;, cyclo-
pentadiene, CsHy, and cyclopentenyl radical, C;H,. Overall,
these results are in general accord with the ALS experimental
data. The major radical identified both in the experimental and
theoretical studies, allyl C;Hs, is well-known’*~"® to decom-
pose to allene, C;H,, methylacetylene, C;H,, and then to the
propargyl radical, C;H;, and can also recombine with hydrogen
atoms to form propene, C;Hy. Indeed, the computed yield of
allyl radical is larger than that measured in ALS, whereas allene
is observed experimentally, but no significant yield of this
product was found in our calculations. Another difference
between the computed and measured branching ratios is that
cyclopentenyl radical, C;H,, was not detected in experiment,
while fulvene, C¢Hg was not among the major products
predicted by the calculations. This difference indicates that
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cyclopentenyl is not stable under the experimental conditions
and likely to undergo further dissociation to cyclopentadiene,
CsH¢, and/or that there are pathways to fulvene competing
with those to cyclic CsH, products. The pathways to fulvene
predicted within the employed theoretical model are secondary
decompositions of the CgH;; (R4—1_pl and R4—3 p2) and
CgH,p (R4—3 pl) fragments. However, the calculated total
yield of the R4 channel, below 4% at the temperatures and
pressures of interest (Table 1), is a limiting factor on the yield
of fulvene by these channels. The difference between the
experiment and our calculations may be caused by a
recombination of the decomposition products, which was not
considered within the employed theoretical model. For
example, H addition to the vinyl chain of 3-vinyl-1-cyclo-
pentene, C;H;, (RS—1_p1) will create a viable competition for
the H loss in this closed-shell molecule, and a significant
reaction flux to the cyclic Cs products can be replaced than by a
reaction flux to fulvene.

While considering the comparison of the calculated and
experimental product yields above, we note that there are
several factors rendering its validity limited. First, the high-
temperature reactor used in the experiment® does not feature
homogeneous temperature and pressure conditions along its
tube. Second, the residence time of the gas flowing through the
reactor inside the tube is in the range of hundreds of
microseconds, which may be sufficient for a number of
primary, secondary, and consequent reactions to occur.
Therefore, a direct comparison of the theoretical and
experimental product branching ratios can only be possible
through the modeling of the gas dynamics inside the reactor’s
tube generating the temperature, pressure, and gas velocity
profiles, coupled with the kinetic modeling of all chemical
reactions, which may occur while the gas flows through the
reactor. We reported such combined gas dynamics/chemical
kinetics modeling in a recent publication on a simpler C;H; +
C,H, system.”” Similar calculations can be, in principle,
performed for the JP-10 pyrolysis using the rate constants
produced in the present work, but this would be a subject of a
separate detailed modeling study planned for the future. Here,
we only briefly analyze some general trends in the behavior of
the relative yields of the main product groups with temperature
and pressure if these conditions were homogeneous in a
hypothetical pyrolysis process.

The pressure effect on the rate constant for the
decomposition of JP-10 via initial C—H bond cleavages is
predicted to become significant at temperatures above 1500 K
(Figure 3). Figure 9 shows the calculated temperature
dependences of the yields for the main decomposition products
when combined into Cn groups. The C1 group, which consists
only of one product, methyl radical, sees a drop from 4.7% to
1.5% when temperature rises from 1000 to 2500 K. The
increasing temperature raises the yield of the C2 group from
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Figure 9. Calculated temperature dependences of the yields for the
main decomposition products combined into Cn groups.

6% at 1000 K to 22% at 2500 K. This increase is caused mainly
by increasing yields of acetylene, vinyl radical, and ethylene.
Higher temperatures also favor the yield of the C4 group
(mainly 1,3-butadiene), which grows from 0.5% at 1000 K to
5.5% at 2500 K. The C5 group sees a relatively small decrease
of the yield, from 44.4% at 1000 K to 41.1% at 2500 K. Thus,
for all temperatures of interest, CS is predicted to be the main
group in the molecular inventory of the decomposition
products of JP-10. The calculated decrease in the combined
yield of the CS5 products is caused mainly by cyclopentene,
while the yields of cyclopentadiene and of cyclopentenyl show
little dependence on temperature. It is worth noting that the
yield of cyclopentadienyl radical, a minor C5 product, grows
with temperature from 0.7% at 1000 K to 1.7% at 2500 K. The
combined yield of C6 and C7 groups (mainly fulvene, benzene,
toluene, and S-methylene-1,3-cyclohexadiene) drops from
16.5% at 1000 K to 6% at 2500 K.

In conclusion, the present theoretical calculations show an
overall agreement with the results of the short-residence-time
ALS experiment, and thus the proposed theoretical approach
can be used for more reliable kinetic modeling of JP-10
pyrolysis. The presented calculations of the rate constants and
product branching ratios allow identifying the most favorable
reaction pathways to the most important fragmentation
products depending on the temperature regime of the pyrolytic
process. In accord with the ALS experiment, the calculations
predict that on the 10—100 s time scale the important
decomposition fragments are methyl radical, acetylene, vinyl
radical, ethyl radical, ethylene, allyl radical, 1,3-butadiene,
cyclopentadienyl radical, cyclopentadiene, cyclopentenyl radi-
cal, cyclopentene, fulvene, benzene, toluene, and S-methylene-
1,3-cyclohexadiene. The calculations showed that ethylene, allyl
radical, cyclopentadiene, and cyclopentenyl radical are sig-
nificant products at all temperatures of interest, while the
inventory of other products depends to a large extent on the
temperature of the pyrolysis. With the increasing temperature
the strongest trends are an increase of the yields in the C2 and
C4 groups and a decrease of the yields in the C1, C6, and C7
groups. One can expect that the initially produced radicals will
react away to form closed-shell molecules. Indeed, the
predominant fragments observed in our long-residence-time
experiment, 120—140 ms, were ethylene, propene, cyclo-
pentadiene, cyclopentene, fulvene, and benzene.”’ Therefore,
the oxidation mechanism of JP-10 is expected to depend
significantly both on the temperature of the pyrolysis and on
the time when the oxidation process begins.
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We expect that the rate constants and product branching
ratios for the key reactions calculated here should improve the
existing kinetic models for the JP-10 pyrolysis like the one
developed by Vandewiele et al.'” and eventually render them
with predictive power. In the meantime, since the agreement of
the calculated product branching ratios with the experimental
values still is not quantitative (at least for some of the
products), further improvements can be made in the future. For
instance, the unimolecular reactions considered in the present
mechanism can be augmented with bimolecular reactions,
which can be fast enough to occur on the 10—100 ps time scale.
Here, H abstraction reactions with H atoms and especially H-
facilitated (H-assisted) isomerization and dissociation channels
might play an important role due to a high expected
concentration of H atoms if the pyrolysis is initiated by C—H
bond cleavages in the parent molecule. The inclusion of the H-
assisted reactions perhaps should be the next significant step in
the development of an accurate kinetic model for the JP-10
pyrolysis and consequent oxidation.
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