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ABSTRACT 

 

Two sets of experiments were performed to unravel the high-temperature pyrolysis of tricyclo[5.2.1.02,6] 

decane (JP-10) exploiting high-temperature reactors over a temperature range of 1100 K to 1600 K 

Advanced Light Source (ALS) and 927 K to 1083 K National Synchrotron Radiation Laboratory (NSRL) 

with residence times of a few tens of microseconds (ALS) to typically 144 ms (NSRL). The products 

were identified in situ in supersonic molecular beams via single photon vacuum ultraviolet (VUV) 

photoionization coupled with mass spectroscopic detection in a reflectron time-of-flight mass 

spectrometer (ReTOF). These studies were designed to probe the initial (ALS) and also higher order 

reaction products (NSRL) formed in the decomposition of JP-10 - including radicals and thermally labile 

closed-shell species. Altogether 43 products were detected and quantified including C1-C4 alkenes, 

dienes, C3-C4 cumulenes, alkynes, eneynes, diynes, cycloalkenes, cyclo-dienes, aromatic molecules, 

and most important, radicals such as ethyl, allyl, and methyl produced at lower residence times. At 

longer residence times, the predominant fragments are molecular hydrogen (H2), ethylene (C2H4), 

propene (C3H6), cyclopentadiene (C5H6), cyclopentene (C5H8), fulvene (C6H6), and benzene (C6H6). 

Accompanied by electronic structure calculations, the initial JP-10 decomposition via C-H bond 

cleavages resulting in the formation of initially six C10H15 radicals were found to explain the formation 

of all products detected in both sets of experiments. These radicals are not stable under the experiment 

conditions and further decompose via C-C bond -scission processes. These pathways result in ring 

opening in the initial tricyclic carbon skeletons of JP-10. Intermediates accessed after the first -scission 

can further isomerize or dissociate. Complex PAH products in the NRLS experiment (naphthalene, 

acenaphthylene, biphenyl) are likely formed via molecular growth reactions at elevated residence times.  
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1. INTRODUCTION 

Tricyclo[5.2.1.02,6]decane (exo-tetrahydrodicyclopentadiene; exo-TCD; Figure 1) represents a single 

component hydrocarbon fuel and is the principal constituent of Jet Propellant-10 (JP-10; C10H16) as 

exploited in detonation engines, missiles, and supersonic combustion ramjets. With attractive properties 

such as a high thermal stability, high-energy density, low freezing point, and high energy storage, JP-10 

attracts extensive attention1-39 triggering extensive experimental, theoretical, and modeling 

investigations to examine the features of oxidative and thermal decomposition mechanisms (Tables 1 

and S1).  

Green et al. presented shock tube experiments combined with kinetic modeling efforts on the 

pyrolysis and combustion of JP-10.5 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. Gas chromatography - mass spectrometry coupled with electron impact ionization (GC-MS-EI) was 

utilized to identify and quantify the products. They observed that JP-10 decomposed primarily to 

ethylene (C2H4), propene (C3H6), cyclopentadiene (C5H6), and aromatics such as benzene (C6H6) and 

toluene (C7H8), along with trace components like 1,2-divinylcyclohexane (C10H16), butadiene (C4H6), 

and 1,3-cyclohexadiene (C6H8). Anderson et al. utilized a small flow tube reactor to investigate the 

decomposition of JP-10 over the temperature range up to 1,700 K on the millisecond time scale.6 

Chemical ionization and electron impact ionization mass spectrometry were utilized to identify the 

products. They observed that cyclopentadiene (C5H6), benzene (C6H6), methylacetylene (C3H4), and 

C4Hx were the principal products in the initial decomposition. At higher temperatures, major products 

were identified as benzene (C6H6), acetylene (C2H2), and ethylene (C2H4). Reyniers et al. performed JP-

10 pyrolysis in a continuous flow tubular reactor near atmospheric pressure in the temperature range of 

930-1080 K at 1.7 bar, with residence times to be 2.1-9.35 ms.7 They concluded that polycyclic aromatic 

hydrocarbon (PAH) formation started from cyclopentadiene (C5H6); successive reactions resulted in the 

formation of naphthalene (C10H8), indene (C9H8), and substituted derivatives of bicyclic aromatic 

compounds. Marquaire et al. performed an atmospheric thermal decomposition of JP-10 in a jet-stirred 

reactor at the temperatures from 848 to 933 K with residence times between 500 and 6000 ms.8 They 

observed eleven products. Major products were hydrogen (H2), ethylene (C2H4), propene (C3H6), 

cyclopentadiene (C5H6), benzene (C6H6), and toluene (C7H8). Rao and Kunzru investigated the product 

distribution and kinetics of thermal cracking of JP-10 in an annular tubular reactor at atmospheric 

pressure, in the temperature range of 903-968 K with residence times of 680-6400 ms.9 The major 
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products were methane (CH4), ethylene (C2H4), propene (C3H6), cyclopentene (C5H8), cyclopentadiene 

(C5H6), benzene (C6H6), and toluene (C7H8); rate constants for thermal cracking of JP-10 were 

determined by non-linear regression analysis to follow 2.4 × 1013 ∙ 𝑇1.1 ∙ exp(−30815.5/𝑇) , 

respectively. Striebich and Lawrence explored JP-10 pyrolysis with a high-temperature and pressure 

flow reactor.10 The experiment was carried out in the temperature range from 373 K to 873 K at a 

pressure over 25 atm and residence times between 1 and 5 seconds. This study suggested that the JP-10 

pyrolysis products included alkanes, alkenes, cycloalkenes, cyclopentadiene (C5H6), and alkylbenzenes. 

Wohlwend et al. experimentally examined the thermal decomposition behavior of high-energy density 

hydrocarbons under condensed-phase high-temperature conditions from 473 K to 923 K.11 The pressure 

was kept at 34 atm with the residence time of 1,800 ms at 473 K. They tested several fuels and 

concluded that JP-10 degradation led to the formation of small amounts of benzene (C6H6) and toluene 

(C7H8). Fang et al. studied the thermal cracking of JP-10 in a batch reactor under various pressures.12 

The temperature ranged from 823 K to 903 K and the pressure range comprised 1-30 bar. They 

quantitatively determined the products with GC and GC/MS revealing that with an increase of the 

pressure, the relative content of ethylene (C2H4) or propene (C3H6) decreased while those of methane 

(CH4), ethane (C2H6), and propane (C3H8) increased simultaneously. They also found that the liquid 

products including cyclopentane (C5H10), cyclopentene (C5H8), cyclopentadiene (C5H6), and cis-

bicyclo[3.3.0]oct-2-ene (C8H12) were the major components. Substituted cyclopentene, benzene (C6H6), 

toluene (C7H8), and naphthalene (C10H8) were observed under high pressures and temperatures. Later, 

this group also performed an experimental and kinetic modeling study on the atmospheric pyrolysis of 

JP-10, iso-octane and JP-10/iso-octane in a stainless-steel tubular reactor at the temperatures from 883 K 

to 963 K.13 They concluded that the reaction pathway analyses show that the hydrogen abstraction 

reactions account for more than 80% of the decomposition of JP-10. Bruno et al. studied high-pressure 

JP-10 thermal decomposition at the temperature range from 623 to 698 K.14 Fifteen products were 

observed and the decomposition reaction rate constants were determined. Kim et al. performed an 

experimental and molecular modeling investigation on the thermal stability and the primary initiation 

mechanism of JP-10 in a batch-type reactor.15 JP-10 was initially decomposed at the temperature at 623 

K in their study. 1-cyclopentylcyclopentene (C10H16) and 4-methyl-2,3,4,5,6,7-hexahydro-1H-indene 

(C10H16) were the primary decomposition products of JP-10, and C10 hydrocarbons were determined to 

be the major products. Recently, Liu et al. presented an experimental and kinetic modeling study on JP-

10 pyrolysis at low pressure (40 mbar) in the temperature range from 900 K to 1600 K in a flow tube 
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reactor, with the synchrotron vacuum ultraviolet photoionization mass spectrometry (SVUV-PIMS) as 

the diagnostic method.16 Under their experiment condition, JP-10 was initially and completely 

decomposed at 970 K and 1600 K, respectively. Approximately 28 species were identified and 

quantified in their study, including some major closed-shell molecules and radicals such as molecular 

hydrogen (H2), methyl (CH3), methane (CH4), acetylene (C2H2), ethylene (C2H4), ethyl (C2H5), 

propargyl (C3H3), allene (C3H4), methylacetylene (C3H4), allyl (C3H5), propene (C3H6), vinylacetylene 

(C4H4), 1,3-butadiene (C4H6), 1-butene (C4H8), cyclopentadienyl (C5H5) and cyclopentadiene (C5H6). 

Besides these experimental investigations, computational chemistry was also exploited to unravel 

the decomposition mechanism of JP-10. Herbinet et al. carried out a kinetic modeling study on JP-10 

pyrolysis.8 They constructed a comprehensive kinetic mechanism with EXGAS program (used for 

performing an automatic generation of mechanisms) and Thergas program (used to calculate 

thermodynamic data) software. The kinetic parameters were taken from literature data and estimated 

from density function theory (DFT) calculations in the case of reactions involving cyclic compounds and 

diradicals. Reyniers et al.17 developed a detailed kinetic model of JP-10 pyrolysis and refined these data 

based on rate constant calculations using ab initio calculations. Their model predictions agreed well with 

five independent experimental data sets for JP-10 pyrolysis that cover a wide range of operating 

conditions without any adjustment of the model parameters eventually updating rate coefficients of the 

tricyclodecyl radical decomposition reactions via a CBS-QB3 calculation. This study revealed further 

that the decomposition pathways of JP-10 are mainly initiated via hydrogen abstraction, and only to a 

minor amount via biradicals generated through carbon-carbon bond rupture processes. Yue et al.18 

exploited DFT calculations to compute barrier heights of plausible decomposition pathways of multiple 

diradicals formed by carbon-carbon bond scission processes of JP-10. Based on the calculations, they 

proposed possible pathways for diradicals obtained via homolytic C-C bond cleavages of JP-10; this 

project concluded that those diradicals resemble the intermediates of the final products. To elucidate the 

initial decomposition mechanism, Chenoweth et al.19 carried out molecular dynamic simulations using a 

reactive force field. This work reported that the decomposition is initiated by carbon-carbon bond 

scission leading to ethylene (C2H2) plus C8 hydrocarbons or to two C5 hydrocarbons such as 1,4-

pentadiene (C5H8) cyclopentene (C5H8). Subsequently, Magoon et al.20 investigated the barrier heights 

of ring opening processes and intramolecular disproportionation reactions to understand the pyrolysis 

mechanism of JP-10. Their results provided evidence that the barriers to the disproportionation reactions 

may be much lower (by up to 32 kJ mol-1) than previously thought in the case of intramolecular 
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disproportionation in a key JP-10 decomposition pathway. Bozzelli et al. used density functional theory 

and the G3MP2B3 (a modified version of the G3MP2 method where the geometries and zero-point 

vibration energies are taken from B3LYP/6-31G(d) calculations) and CBS-QB3 composite compu-

tational methods to evaluate standard enthalpy of formation of the parent JP-10 molecule and the 

different tricyclodecyl (C10H15) radicals corresponding to loss of hydrogen atom from the carbon sites.21 

They calculated the enthalpy of formation for JP-10 to be -82 kJ mol-1. Later, they also determined the 

carbon-carbon bond dissociation energies in JP-10 corresponding to diradical and carbene formation 

using density functional theory (DFT) and composite methods in conjunction with a series of isodesmic 

reactions are employed to increase accuracy in their work.22 They calculated that the C-C bond 

dissociation energies (BDEs) range from 324 to 354 kJ mol-1 for JP-10 singlet diradical intermediates; 

C-H BDEs for the parent carbon sites were found to range from 389 to 422 kJ mol-1; and a wider range 

for C-C BDEs of carbenes from about 322 to 418 kJ mol-1 was revealed. Zehe et al.23 studied the 

thermochemistry of JP-10 employing a variety of quantum chemistry methods, including the Gaussian 

Gx and Gx(MPx) (including G2, G2(MP2), G3, G3(MP2), G3(MP2)//B3LYP) composite methods, as 

well as the CBS-QB3 method, and a variety of isodesmic and homodesmotic reaction schemes, 

suggesting a heat of formation of -126.4 kJ mol-1 at 298.15 K. 

However, the summary of the previous studies suggests that an understanding of the unimolecular 

decomposition of JP-10 (Tables 1 & S1) is incomplete both from the experimental and theoretical 

viewpoints. Whereas these investigations yielded valuable information on the formation of closed-shell 

hydrocarbon intermediates and products, these species were mainly analyzed off-line and ex situ (GC-

MS); however, GC-MS cannot sample radical transient species nor thermally labile closed-shell 

molecules. Recently, Liu et al. presented an experimental and kinetic modeling study on JP-10 pyrolysis 

with SVUV-PIMS as the diagnostic method and detected some unstable intermediates.16 But with 

relatively long residence time, some information for unstable products was still missing. Therefore, the 

‘molecular inventory’ might have been altered since its formation, crucial reaction intermediates cannot 

be sampled, and detailed information on the reaction mechanisms - the role of radicals and intermediates 

- cannot always be obtained, but are at best inferred indirectly and qualitatively. Further, excessive 

pressures facilitate consecutive reactions of the initial decomposition products as evident from the 

formation of bicyclic PAHs such as naphthalene (C10H8) effectively excluding the elucidation of the 

initial decomposition products of JP-10. A novel approach requires probing the open- and closed-shell 

products online and in situ without changing the initial ‘molecular inventory’ from the decomposition 
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and exploiting versatile, non-spectroscopic detection systems so that the complete product spectrum can 

be sampled quantitatively. These studies will be combined with electronic structure calculations to yield 

a unified picture on the temperature and pressure dependent decomposition mechanisms of JP-10.  

The present investigation represents the combined experimental and theoretical studies to probe the 

pyrolysis and initial decomposition products of JP-10 (C10H16). In this work, the pyrolysis experiments 

were explored in two complementary high temperature reactors, in which the decomposition of JP-10 

can be probed systematically under combustion-like temperatures. The nascent product distribution - 

including radicals and thermally labile closed-shell species - are probed on-line and in situ in a 

supersonic molecular beam exploiting soft photoionization with single photon VUV light followed by a 

mass spectroscopic analysis of the ions in a Re-TOF.40-57 Two sets of experiments with different 

residence times of a few 10 s and of 100 ms were carried out. By limiting the residence time in the 

reactor to a few tens of microseconds in the first experiment, we aim to probe the initial reaction 

products excluding successive (higher order) reactions of the initially formed species, which may lead to 

molecular mass growth processes. By performing a second set of experiments with a much longer 

residence time at the level of at least 100 ms, we aim to explore interesting phenomena and conclusions 

on molecular growth and of the stability/decomposition of the initial radical fragments formed in the 

decomposition of JP-10. Finally, by carrying out molecular beam experiments and combining these 

studies with electronic structure calculations, we elucidate data on the products, their branching ratios, 

and reaction mechanisms involved in the decomposition of JP-10 over a broad range of combustion-

relevant temperatures and pressures.  

2. EXPERIMENTAL METHODS  

2.1 ALS Experiments 

The first set of the experiments was carried out at the Advanced Light Source (ALS) at the 

Chemical Dynamics Beamline (9.0.2.) utilizing a chemical reactor (Figure 2).40-43, 45-49, 58 Briefly, the 

high temperature chemical reactor was a resistively heated silicon carbide (SiC) tube of 20 mm in length 

and 1 mm inner diameter. A gas mixture at a pressure of 600 Torr with 0.03% JP-10 (C10H16) (TCI 

America; > 94%) in helium carrier gas (He; Airgas; 99.999%) was prepared by bubbling helium gas 

through JP-10 kept in a stainless-steel bubbler at 263 ± 1 K. The gas mixture was introduced into the 

silicon carbide tube at temperatures up to 1600 ± 10 K as monitored by a Type-C thermocouple. After 

exiting the reactor, the molecular beam, which contained the pyrolysis products, passed a skimmer and 



8 
 

entered a detection chamber, which housed the Wiley-McLaren Reflectron Time-of-Flight Mass 

Spectrometer. The products were photoionized in the extraction region of the spectrometer by exploiting 

quasi continuous tunable vacuum ultraviolet (VUV) light from the Chemical Dynamics Beamline 9.0.2 

of the Advanced Light Source and detected with a microchannel plate (MCP) detector. Here, mass 

spectra were taken in 0.05 eV intervals from 8.00 eV to 11.50 eV. A set of additional mass spectra was 

also measured at 15.5 eV to determine hydrogen and methane yields holding ionization energies of 15.5 

eV and 12.6 eV, respectively, which cannot be ionized below 11.5 eV. The photoionization efficiency 

(PIE) curves, which report the intensity of a single mass-to-charge ratio (m/z) versus the photon energy, 

were extracted by integrating the signal collected at a specific m/z selected for the species of interest 

over the range of photon energies in 0.05 eV increments and normalized to the incident photon flux. The 

residence time of JP-10 in the reactor tube (20 mm) under our experimental condition are tens of µs. 

This would result in typically three to four (1600 K) collisions of a JP-10 molecule with the helium 

atoms in the reactor at 600 Torr. However, as the pressure drops from 600 Torr to a few Torr at the exit 

of the reactor, the actual number of collisions are about one on average.59  

2.2 NSRL Experiments 

The second set of experiments was conducted out at National Synchrotron Radiation Laboratory 

(NSRL) in Hefei, China. The detailed description of the apparatus (Figure 3) can be found in References 

55, 60-66. Briefly, the experimental setup consists of three parts: a pyrolysis chamber with a laminar flow 

reactor heated by a high temperature furnace, a photoionization chamber, and a home-made reflectron 

time-of-flight mass spectrometer. The mixture of JP-10 and helium gas was fed into a 0.7 cm inner 

diameter alumina flow tube with 20.0 cm heated in the high temperature furnace. JP-10 was kept in a 

stainless-steel bubbler at 266 ± 1 K with the backing pressure of 760 Torr helium. The flow rate of 

helium was controlled by mass flow controllers (1179A; MKS) at 1000 standard cubic centimeters per 

minute (SCCM). Thus, the inlet mole fraction of JP-10 was determined to be 0.03%, i.e. identical to the 

experiments at the ALS (2.1). A quartz cone-like nozzle with a 100 µm orifice at the tip was used to 

sample the pyrolysis species. The sampled pyrolysis species formed a molecular beam and passed into 

the photoionization chamber, where the neutral molecular are photoionized with tunable vacuum 

ultraviolet (VUV) light from 8.00 eV to 11.50 eV. A set of additional mass spectra was also measured at 

16.64 eV to determine hydrogen and methane. Note that in order to obtain photoionization cross section 

information of hydrogen, methane, and JP-10 at 16.64 eV, calibration experiments were conducted at 
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293 K for molecular hydrogen (100 SCCM) and methane (100 SCCM) as well as for JP-10 (266 K) with 

helium carrier gas (800 SCCM).  

Two thermocouples were used for the temperature measurement. A tungsten-rhenium thermocouple 

was placed close to the center region of the heating wire to monitor the outside temperature of the flow 

tube, named Toutside. A second thermocouple (S-type) was placed inside the flow tube to measure the 

temperature profiles along the flow tube. The position of the S-type thermocouple can be controlled by a 

feedthrough outside the pyrolysis chamber. In this work, different Toutsides were selected and the 

temperature profiles along the flow tube were measured. Hence the relationship between the Toutsides and 

the temperature profiles inside the flow tube was obtained. Each temperature profile was named 

according to the maximum temperature measured: Tmax. The temperature range was selected from 927 K 

to 1083 K. At 1083 K, JP-10 is almost completely decomposed (<5% left). Thus, no higher-temperature 

experiment was carried out. The residence time under the selected temperature range and pressure was 

calculated to be 124-144 ms via Chemkin67 simulations. The temperature profiles are provided in Table 

S2 in the Supporting Information. 

2.3 Data Analysis  

The PIE analysis68, 69 and branching ratio calculations were performed to reveal their temperature 

dependence. The detailed methodology is introduced in our previous works.70, 71 Briefly, the PIE curves 

were fitted by a linear combination of known PIE reference curves from an online PIE database72. Since 

the ion count normalized by the photon fluxes holds a direct proportional relationship with the mole 

fraction (concentration), the photoionization cross section, mass discrimination (𝑆𝑖(𝑇, 𝐸) ∝ 𝑋𝑖(𝑇) ∙

𝜎𝑖(𝐸) ∙ 𝐷𝑖),
50, 57, 68, 69 and the ion counts measured in the experiment, the branching ratios between the 

concentrations of individual products can be calculated via (
𝑋𝑖(𝑇)

𝑋𝑗(𝑇)
=

𝑆𝑖(𝑇,𝐸)

𝑆𝑗(𝑇,𝐸)
∙
𝜎𝑗(𝐸)

𝜎𝑖(𝐸)
∙
𝐷𝑗

𝐷𝑖
). The 

branching ratios of the majority of the products were computed by exploiting photoionization cross 

sections at 8.0, 8.4, 9.0, 9.5, 10.0, 10.5, 11.0 and 11.5 eV. The data obtained at 15.5 eV (ALS) and 16.64 

eV (NSRL) were used to calculate the branching ratios of methane and hydrogen. For the mass 

discrimination factors, in ALS experiment, they were taken from Ref. 73. In NSRL, the mass 

discrimination factor fitting is provided in Fig. S1 in the Supporting Information. The factors are 

determined to be (
𝑥

30
)
0.36267

. It is suggested that uncertainties of experimentally measured 
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photoionization cross sections are 15-20%, while uncertainties of estimated photoionization cross 

sections are recommended to be 50-200%.69, 74 

3. COMPUTATIONAL STRATEGY AND METHODS 

A detailed computational study of the complete mechanism of JP-10 pyrolysis is very tricky 

considering the existence of a great variety of decomposition pathways, extreme complexity of the 

C10H16 potential energy surface (PES) with a large number of possible isomers and transition states, and 

the presence of multiple primary products, which in turn can undergo secondary decomposition 

reactions. Therefore, our strategy here is first to identify favorable reaction channels, which may lead to 

the formation of the most abundant dissociation products observed experimentally. Once such channels 

are identified, the corresponding regions of the PES are studied in more detail in order to characterize 

them quantitatively and to generate the energetic and molecular parameters to be used in calculations of 

rate constants and product branching ratios. Here, the decomposition of a JP-10 molecule can be 

initiated by a C-C bond cleavage leading to biradical intermediates or by a hydrogen atom loss or 

abstraction of atomic hydrogen by radicals leading to radical C10H15 isomers. A recent theoretical 

analysis of the reaction pathways by Vandewiele et al. has provided an evidence that biradical pathways 

are not expected to play a major role as their overall contribution to the total product yield does not 

exceed 19%.7 This result can be attributed to the fact that although C-C bonds in JP-10 are weaker than 

C-H bonds, additional processes, such as a -scission-type rupture of another C-C bond or a hydrogen 

shift followed by a C-C bond cleavage, are required for the initial fragmentation to complete; this results 

in a higher overall barriers than for a C-H bond cleavage producing a radical fragment in one step. 

Hence, here we focus on the decomposition pathways of the C10H15 radicals R1 to R6 formed by 

cleavages of various C-H bonds in JP-10. As demonstrated in the present work, these channels occur 

predominantly via -scission leading to ring opening and/or dissociation but may also involve hydrogen 

migrations and ‘reverse -scissions’, i.e. ring closures for which a reverse process is a -scission. 

Geometries of various local minima structures and transition states on the C10H15 PES and on the 

PESs corresponding to decomposition fragments were optimized using the hybrid DFT B3LYP75, 76 

method with the 6-311G** basis set and the same method was applied to calculate vibrational 

frequencies and zero-point energy (ZPE) corrections. All transition states were tested by animating the 

motions corresponding to imaginary modes, and in cases where the connectivity of a transition state was 

not obvious, intrinsic reaction coordinate (IRC) calculations were performed. To refine single-point 
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energies of the optimized structures we applied a modified G3(MP2,CC)//B3LYP77, 78 composite scheme 

where the energies were computed as 

E0[G3(MP2,CC)] = E[RCCSD(T)/6-311G**] + EMP2 + E(ZPE), 

where EMP2 = E[MP2/G3large] – E[MP2/6-311G**] is a basis set correction and E(ZPE) is the zero-

point energy. T1 diagnostics were checked during coupled cluster calculations to ensure that wave 

functions do not possess any multireference character. The described calculation scheme represents a 

modification of the original G379 method; hereafter, we denote this approach as G3 for brevity. Relative 

energies computed within this scheme are expected to be accurate within 10 kJ mol-1. All calculations 

were performed using GAUSSIAN 0980 and MOLPRO 201081 program packages. 

4. EXPERIMENTAL RESULTS  

Figures 4 and 5 exhibit the mass spectra collected during the pyrolysis of JP-10 (C10H16, m/z = 136) 

at the energy of 10.0 eV at the ALS and NSRL, respectively. Higer harmonics VUV light photoionize 

helium, resulting in the peak at m/z = 4 ( Fig. 4). As the concentration of helium is extremely high 

(>99.9%) but the signal is not very strong, it can be concluded that the photon flux of high-harmonic 

VUV light can be ignorable in the experiment. The photon energy was chosen to be 10.0 eV in Figs. 4 

and 5 to avoid the formation of fragment ions from dissociative photoionization of JP-10 at photon 

energies higher than 10.0 eV. These fragments are labeled as ‘JP-10 fragment’ in Figs. 6 and 10. 

Generally, the black lines represent the PIE curve as extracted from the experimental data with the 

shaded area exhibiting the experimental uncertainties. The red lines are the overall best fit to the PIE 

curves. If the PIE curves have contributors of more than one species, the blue, green and purple lines are 

referred to the individual components. The detected mass-to-charge ratios, as well as the chemical 

formulae and chemical structures of the products, are compiled in Table 2; species observed for the first 

time in a pyrolysis experiment of JP-10 are emphasized in bold. The photoionization cross sections used 

for the branching ratio calculation were taken from the online database72 and individually referenced as 

listed in Table S3 in the Supporting Information. Besides, the experimentally determined 

photoionization energies of the products as extracted from the present study are listed in Table S4. 

4.1 ALS Results 

The mass spectrometric data alone presented in Figure 4 provide evidence of ion counts of the 

ionized neutral products from m/z = 15 to m/z = 118 along with the parent ions of the ionized JP-10 
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precursor at m/z = 136. No ion counts of molecules heavier than JP-10 were observed suggesting that 

mass growth processes to products heavier than JP-10 are absent. This finding represents a crucial 

prerequisite for the extraction of the initial pyrolysis products of JP-10. The corresponding 

photoionization efficiency (PIE) curves along with the best fits are visualized in Fig. 6 at temperature of 

1600 K. The PIE curves at other temperatures and mole fractions of the species observed are provided in 

the Supporting Information (Fig. S2 and Table S5). The analysis of the temperature dependence of the 

PIE curves reveals interesting trends.  

First, the intensity of the parent ion of JP-10 (m/z = 136) decreases as the temperature rises from 

94% (1200 K) via 92% (1300 K), 82% (1400 K), 32% (1500 K). The precursor is nearly decomposed 

completely to a level of only 4% at 1600 K (Fig. 7). For the PIE curve of JP-10 at 1600 K, there is 

redshift for the fitting, meaning there might be isomer(s) of JP-10 not identified in this work. 

Second, as compiled in Table 3, as the temperature increases, the number of pyrolysis products rises 

from seven C1 to C6 species at 1200 K to eighteen (1300 K), twenty-two (1400 K), thirty-three products 

(1500 K), and thirty-seven C1-C9 products (1600 K). Due to the large number of conceivable isomers 

for large molecules, there might be some unidentified species generated in this study. 

Third, we identified a total of 39 products at different temperatures, which can be arranged into 

eleven groups. i) a homologous series of C1-C4 alkenes [ethylene (C2H4), propene (C3H6), 1-butene 

(C4H8) and 2-butene (C4H8)], ii) dienes [1,3-butadiene (C4H6), 1,3-pentadiene (C5H8)], iii) C3-C4 

cumulenes [allene (C3H4), 1,2,3-butatriene (C4H4)], iv) alkynes (acetylene (C2H2), methylacetylene 

(C3H4)], v) eneyne [vinylacetylene (C4H4)], vi) diyne [diacetylene (C4H2)], vii) cycloalkenes 

[cyclopentene (C5H8), cyclohexene (C6H10)], viii) cyclo-dienes [cyclopentadiene (C5H6), 1,3-

cyclohexadiene (C6H8), 1,4-cyclohexadiene (C6H8)], ix) aromatics [benzene (C6H6), toluene (C7H8), 

phenylacetylene (C8H6), benzocyclobutadiene (C8H6), styrene (C8H8), o-xylene (C8H10), indene (C9H8), 

indane (C9H10)], x) radicals [methyl (CH3), vinyl (C2H3), ethyl (C2H5), propargyl (C3H3), allyl (C3H5), 

cyclopentadienyl (C5H5), fulvenallenyl (C7H5)], and xi) some products which could not be grouped to 

the aforementioned series [hydrogen (H2), ethynylallene (C5H4), fulvene (C6H6), fulvenallene (C7H6), 5-

methylene-1,3-cyclohexadiene (C7H8), o-xylylene (C8H8) and 1,3,5-cyclooctatriene (C8H10)]. Besides, 

signal at m/z = 91 was also observed in this work. However, due to excessive photofragments of larger 

intermediates, the measured PIE curve at m/z = 91 could not be matched with the reference curve of any 

species holding a mass of 91 amu, not even the benzyl radical. Moreover, signals at m/z = 94 and 108, 
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which should be C7H10 and C8H12, were also detected in the experiment. However, due to the lack of 

corresponding PICSs in the database, the products could not be identified or quantified. Therefore, the 

PIE fittings at m/z = 91, 94 and 108 were not provided in Figs. 6 and S2, and the corresponding 

branching ratio could not be calculated. The measured PIE curves of m/z = 91, 94 and 108 are exhibited 

in Fig. S3, S4 and S5 in the Supporting Information. Besides, some of the products listed above [5-

ethenylidene-1,3-cyclopentadiene (C7H8, 7.9 eV), benzocyclobutadiene (C8H6, 7.5 eV), o-xylylene 

(C8H8, 7.75) and 1,3,5-cyclooctatriene (C8H10, 7.9 eV)] have photoionization energies below 8.0 eV, 

which is lower than the experiment energy range. Thus, these species were identified based on the PIE 

fitting rather than via confirming their ionization energy.  

Fourth, among these species, it is important to highlight that multiple radicals and thermally labile 

isomers, i.e. vinyl (C2H3), 1,2,3-butatriene (C4H4), ethynlallene (C5H4), cyclopentadienyl (C5H5), 

fulvenallenyl (C7H5), fulvenallene (C7H6), 5-methylene-1,3-cyclohexadiene (C7H8), o-xylylene (C8H8), 

and 1,3,5-cyclooctatriene (C8H10), have been detected for the first time in JP-10 pyrolysis experiments.  

Fifth, Table 3 and Fig. 8 quantify that ethylene (C2H4) represents the major decomposition products 

of JP-10 over the complete temperature range increasing from 22% at 1300 K to 27% at 1600 K. The 

ethyl radical is initially produced at 1200 K, at which temperature ethylene is not yet formed. With 

increasing temperature, the branching ratio of ethyl decreases significantly from 47%, while that of 

ethylene keeps rising. Therefore, we propose that ethylene represents a decomposition product of the 

ethyl radical. The vinyl radical represents another radical product initially formed at 1300 K. Its 

decomposition product acetylene increased from 0.2% at 1,400 K, to 1.85% at 1,600 K. The total 

branching ratio of the C2 species drops from 47% at 1200 K to 30% at 1600 K due to the formation of 

additional products as discussed below.  

Sixth, five C3 species were observed including two radicals and three closed-shell species, which 

are propargyl (C3H3), allene (C3H4), methylacetylene (C3H4), allyl (C3H5), and propene (C3H6). Among 

these products, allyl presents the most dominant product (up to 29% at 1,200 K), and it represents one of 

the initial products in JP-10 pyrolysis formed at 1200 K. As the temperature increases to 1600 K, its 

overall contribution drops to 5%; however, it remains one of the major products compared with alternate 

C3 species. The branching ratios of (allene and methylacetylene increases from 0.4% (1300 K) to 7.7% 

(1600 K), indicating they are also major C3 products. The branching ratios of propene stay below 1% 
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during the entire temperature range illustrating that propene has only a small overall contribution to the 

JP-10 pyrolysis under the selected conditions. 

Seventh, there are six C4 species observed and quantified: diacetylene (C4H2), 1,2,3-butatriene 

(C4H4), vinylacetylene (C4H4), 1,3-butadiene (C4H6), 1-butene (C4H8), and 2-butene (C4H8). Their 

production is quite low except 1,3-butadiene. The latter is formed at 1,300 K with a branching ratio of 

1.4% and increases to 3.1% with rising temperature. The branching ratios of the other C4 species are 

below 1%. 

Eighth. The cyclopentadienyl radical (C5H5) and cyclopentadiene (C5H6) are two important C5 

species in the JP-10 pyrolysis.7-10, 12 Cyclopentadiene appears at 1300 K, while cyclopentadienyl can be 

seen at 1400 K and above. Both species have high branching ratios at the highest temperature, 5.6% and 

18.6%, respectively. This illustrates that they are major products in the JP-10 pyrolysis, which agrees 

with the conclusion that cyclopentadiene was detected as one of the typical products in previous JP-10 

pyrolysis studies. With the advantage of tunable VUV light, the formation of the cyclopentadienyl 

radical is also revealed. Other C5 species includes ethynylallene (C5H4), 1,3-pentadiene (C5H8), and 

cyclopentene (C5H8). The branching ratio of cyclopentene decreases from 10% at 1200 K to 1% at 1600 

K possibly because it represents one of the important reaction intermediates.  

Ninth, Fulvene (C6H6), benzene (C6H6), 1,3-cyclohexadiene (C6H8), 1,4-cyclohexadiene (C6H8), and 

cyclohexene (C6H10) constitute the C6 product series in the JP-10 pyrolysis. Fulvene and cyclohexene 

are the initial products formed at 1200 K illustrating - based on the temperature dependent branching 

ratios - that they represent intermediates leading to the formation of small species. With increasing 

temperature, the branching ratio of fulvene rises from 8.6% at 1200 K to 15.6% at 1400 K, and then 

drops to 7.2% at 1600 K. Meanwhile, the branching ratio of cyclohexene drops from 4.9% at 1200 K to 

less than 0.1% at 1600 K. The difference between these two intermediates suggests that fulvene also acts 

as a major product due to its higher thermal stability. As the temperature rises, the branching ratio of 

fulvene decreases while the branching ratio of benzene rises simultaneously. It is interesting to note that 

from 1300 K to 1600 K, the sum of the branching ratios of fulvene and benzene is at the level of 14% to 

18% suggesting that fulvene isomerizes to benzene. 

Tenth, species larger than C7 are only minor products. Most of these species have branching ratio 

less than 1%. Four C7 species were observed: fulvenallenyl (C7H5), fulvenallene (C7H6), 5-methylene-

1,3-cyclohexadiene (C7H8), and toluene (C7H8). Besides, six C8 products and two C9 products were 
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detected as shown in Table 3 and Figs. 6 and S2. Due to the low production yield, the signal intensities 

of these species are quite weak leading to relatively high uncertainties. Though very small, 5-methylene-

1,3-cyclohexadiene was observed at the initial temperature of 1200 K indicating that this species 

represents one of the primary intermediates of JP-10 decomposition. Similarly, 1,3,5-cyclooctatriene 

(C8H10, m/z = 106) was also observed at 1200 K. For the remaining C7 and C8 species, they are 

produced initially at high temperatures suggesting to be the primary decomposition products. The 

tendencies of their branching ratios versus temperature are not obvious due to the low production yields. 

The heaviest products observed in this work were indane and indene both of which appear at high 

temperatures with the branching ratios below 0.1%. For indane at 1500 K, the PIE does not present a 

good fitting. But at 1600 K, the fitting is much better. It might be the low concentration of indane 

resulting in the unsatisfactory result.  

Eleventh, let us evaluate molecular hydrogen and the methyl radical. Molecular hydrogen and the 

methyl radical were observed as well, but methane could not be detected. In the pyrolysis process, the 

major formation pathways of molecular hydrogen and methane are similar and proceed via hydrogen 

abstraction and - in case of methane - also via roaming.82 The absence of methane suggests that roaming 

processes are absent under our experimental conditions. 

Finally, the branching ratios as compiled in Table 3 allow us to determine the overall mass balance 

of the experiments. The overall carbon-to-hydrogen (C/H) ratio is plotted in Fig. 9 versus the 

temperature. As there are forty species considered (including JP-10), and some of them have no accurate 

photoionization cross sections, the calculated error bars for C/H ratio are relatively large. The expected 

C/H ratio of 0.625 is fully recovered at 1200 K suggesting that the mass balance is conserved. At this 

initial temperature, seven species were observed, with their photoionization cross sections well defined 

(Supplementary Information). The precursor is depleted by 6% and most of carbon and hydrogen are 

still accounted for by JP-10. As the temperature rises, the C/H ratios are slightly higher than the 

expected ratio of 0.625, but the theoretical value of 0.625 is still covered within the error bars in the 

entire temperature range. 

4.2 NSRL Results 

The mass spectrometric data reveal evidence of ion counts from m/z = 15 to m/z =154. Two 

molecules heavier than JP-10 were observed in the experiment with molecular weights of 152 amu 

(C12H8) and 154 amu (C12H10). The PIE curves along with the best fits are shown in Fig. 10 for 
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temperature at 1083 K. A detailed analysis of the temperature dependence of the PIE curves reveals the 

following information. PIE curves at other temperatures are provided in the Supporting Information 

(Fig. S6). Mole fractions of the species observed in this experiment are provided in Table S6 in the 

Supporting Information. 

First, the intensity of the parent ion of JP-10 (m/z = 136) decreases as the temperature drops from 

100% (927 K) via 95% (949 K), 84% (972 K), 71% (994 K), 54% (1016 K), 29% (1038 K), to 13% 

(1061 K); the precursor is almost completely decomposed (<5%) at 1083 K (Fig. 11).  

Second, as compiled in Table 4, as the temperature increases, the number of pyrolysis products first 

rises from five C1 to C8 species at 949 K to twelve (972 K), eighteen (994 K), twenty-three (1016 K), 

twenty-six (1038 K and 1061 K), and thirty C1-C12 products (1083 K). This trend is similar to the ALS 

data.  

Third, 31 products were identified and agreed with most species detected in the ALS experiment 

with the exception of methane (CH4), naphthalene (C10H8), acenaphthylene (C12H8), and biphenyl 

(C12H10). Further, the raw data alone suggest that - in strong contrast to the ALS experiments - that no 

radicals were observed. Therefore, we can conclude that a longer residence time and potentially higher 

effective pressure in the reactor from a few 10 s (ALS) to about 100 ms (NSRL) leads either to a 

decomposition of the radicals or they react to higher molecular weight products. Finally, thermally 

unstable species, i.e. higher energy isomers like 1,2,3-butatriene cannot be detected in the NSRL studies 

suggesting that they do not survive due to the enhanced residence time in the reactor. Similarly, signals 

at m/z = 94 and 108 were also detected in the NSRL experiment. The measured PIE curves of m/z = 94 

and 108 are exhibited in Fig. S7 and S8 in the Supporting Information. 

Fourth, similar to the ALS experiments, ethylene represents the major product at the NSRL study. 

Ethylene is formed initially at 949 K and maintains branching ratios above 20% over the complete 

temperature range. Acetylene represents a second C2 species detected at temperatures over 1016 K. 

With the temperature increasing, the branching ratio of acetylene rises from less than 1% at 994 K to 2.7% 

at 1083 K. Smaller species includes molecular hydrogen (H2) and methane (CH4). Their branching ratios 

increase as well. For hydrogen, at the highest temperature in this work (1083 K), the branching ratio is 

31% contributing with ethylene (23%), cyclopentadiene (16%), and benzene (7%) a total of 77% of all 

products.  
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Fifth, three C3 closed-shell molecules, allene (C3H4), methylacetylene (C3H4), and propene (C3H6) 

were observed. The appearance temperature for allene and propene is 972 K, and methylacetylene is 

formed at 994 K. As the temperature rises, the branching ratios of allene and propene drop, while those 

of methylacetylene increase to branching ratios of 1.4%, 3.9% and 3.4%, respectively. This indicates 

that allene and propene may act as intermediates in the JP-10 decomposition. According to previous 

studies on the isomerization between allene and methylacetylene, there is a tendency of allene to 

isomerize to methylacetylene;64, 83 the NSRL data support this conclusion. However, the ALS data 

reveal that the branching ratio of allene is higher than that of the methylacetylene over the complete 

temperature range. This might be because during the short residence time of the ALS experiments, 

allene is unlikely to isomerize significantly to methylacetylene. 

Sixth, comparing the six C4 products detected at the ALS, only four C4 species were observed in 

NSRL: vinylacetylene (C4H4), 1,3-butadiene (C4H6), 1-butene (C4H8), and 2-butene (C4H8). Among 

these species, 1,3-butadiene possesses the highest branching ratio of 2.2% at 1083 K. It is initially 

formed at 972 K as 1-butene. As the temperature rises, the branching ratio of 1-butene falls off and 

reaches 0.3%. Vinylacetylene and 2-butene are only minor products in JP-10 decomposition under the 

experiment condition as their branching ratios are lower than 1%. 

Seventh, three C5 products were observed, including cyclopentadiene (C5H6), cyclopentene (C5H8) 

and 1,3-pentadiene (C5H8). Cyclopentadiene and cyclopentene were detected at 949 K suggesting they 

represent primary decomposition products of JP-10. With the temperature rising, the branching ratio of 

cyclopentadiene decreases first, but then increases reaching about 16%. For cyclopentene, the branching 

ratio increases from 6.7% to 8.6% at temperatures of 949 K and 972 K and then decreases to 0.6% at 

1061 K; this species eventually vanishes at 1083 K.  

Eighth, for the C6 molecules, fulvene represents one of the primary product, with benzene being 

monitored as well. Compared to the ALS, with longer residence time of typically 100 ms and potentially 

higher effective pressure, fulvene is isomerized to benzene more efficiently resulting in a lower 

concentration of fulvene. Benzene, as a stable aromatic species, contributes a significance carbon flux 

for the JP-10 decomposition products 

Ninth, 5-methylene-1,3-cyclohexadiene (C7H8) exhibits similar characteristics as fulvene; it appears 

at 949 K as one of the primary products. The branching ratio of the toluene isomer at 1083 K is just 

1.3%. But it is higher than the branching ratio of toluene in the ALS experiment of just 0.4%. Further, in 
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the NSRL experiments, identical C8 and C9 species were detected as in the ALS studies. The branching 

ratios of the C7-C9 aromatics in the NSRL experiments are generally higher (2.6%) than those in ALS 

experiments (0.8%).  

Tenth, with longer residence times, larger PAHs can be synthesized. Compared to the ALS studies, 

three additional PAHs were observed at the NSRL experiment: naphthalene (C10H8), acenaphthylene 

(C12H8), and biphenyl (C12H10). These products are generated at higher temperatures, especially 

acenaphthylene and biphenyl. The longer residence time proposed that these PAHs are formed as higher 

order reaction products with secondary and even higher order reactions. 

Eleventh, molecular hydrogen (H2) and methane (CH4) were detected in the NSRL experiment with 

branching ratios of molecular hydrogen higher than in the ALS experiments. Methane was only 

observed in the NSRL study. 

Finally, the branching ratios as compiled in Table 4 and Fig. 12 allow us to determine the mass 

balance of the experiments. The overall carbon-to-hydrogen (C/H) ratio is plotted in Fig. 13 versus the 

temperature. The expected C/H ratio of 0.625 is fully reproduced at 949 K suggesting that the mass 

balance is conserved. As the temperature rises, the C/H ratios are still very close to the expected ratio of 

0.625.  

5. COMPUTATIONAL RESULTS 

5.1. INITIAL C-H BOND CLEAVAGES 

Figure 14 illustrates the energetics of various C-H bond cleavages in JP-10 to form the C10H15 

radicals R1-R6. Based on these energetics, the C-H bond cleavages leading to R1, R4, R5, and R6 are 

clearly preferable, as they are computed to be endoergic by 397-406 kJ mol-1 as compared to 423 and 

437 kJ mol-1 for the cleavages leading to R3 and R2, respectively. Therefore, hereafter we only consider 

decomposition processes of the R1 and R4-R6 radicals. All possible initial C-C bond -scission 

processes in these radicals are compiled in Fig. 15. These radicals undergo ring opening in the initial 

tricyclic carbon skeleton of JP-10, but do not lead to a one-step fragmentation. For instance, R1 can 

isomerize to the radical intermediates R1-1, R1-2, and R1-3 via barriers of 150, 106, and 122 kJ mol-1, 

respectively; R1-1, R1-2, and R1-3 lie 40-52 kJ mol-1 higher in energy than R1. R4 exhibits five possible 

C-C -scission channels with barriers ranging from 108 to 146 kJ mol-1, and the resulting R4-1 – R4-5 

intermediates reside 34-73 kJ mol-1 above R4. R5 can undergo three possible -scissions via barriers of 

97-140 kJ mol-1 forming R5-1, R5-2, and R5-3 lying 56-131 kJ mol-1 higher in energy than R5. Finally, 
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R6 features only one distinct -scission pathway producing R6-1 (72 kJ mol-1 above R6) over a 141 kJ 

mol-1 barrier. The intermediates accessed after the first -scission can further isomerize or dissociate 

giving a variety of JP-10 pyrolysis products. Potential energy diagrams of the dissociation channels 

including secondary and consequent dissociations of primary products are presented in Figures 16-22. 

5.2. THE R1 RADICAL  

Let us begin with pathways initiated from R1-1 (Fig. 16). A C-C bond -scission in a five-member 

ring of R1-1 leads to the intermediate R1-1_i1 over a 118 kJ mol-1 barrier (169 kJ mol-1 relative to R1). 

Yet another -scission breaks the remaining five-member ring and produces an open-chain C10H15 

intermediate R1-1_i2 via a barrier of a similar height. Next, R1-1_i2 features a third -scission step and 

dissociates to C4H6 (1,3-butadiene) + C6H9 (R1-1_p1). The last step is rate-determining for the entire 

pathway from R1 and the corresponding transition state (TS) lies 274 kJ mol-1 above the initial reactant. 

The R1-1_p1 product can in principle further dissociate by -scission to ethylene (C2H4) plus C4H5 but 

the barrier for the ethylene loss by -scission is as high as 157 kJ mol-1 and therefore, a reverse -

scission, i.e., a six-member ring closure to R1-1_p2 (a cyclohexenyl radical; C6H9) featuring a barrier of 

only 45 kJ mol-1 should be more favorable. Next, cyclohexenyl can lose a hydrogen atom and produces 

1,3-cyclohexadiene (C6H8), but this requires overcoming of a significant barrier of 193 kJ mol-1. 

Alternatively, if the R1-1_p2 product is thermalized in the reactor, it may attach a hydrogen atom via a 

barrierless and highly exothermic reaction to form cyclohexene (C6H10). The R1-1_p1 product can be 

also formed via an alternative pathway involving -scission of the bond common for the two five-

member rings in R1-1 leading to an eight-member ring intermediate R1-1_i3. The latter ring opens to 

the chain structure R1-1_i4, another conformer of R1-1_i2, and then a -scission process splits C4H6 and 

forms R1-1_p1. However, the critical transition state for the C4H6 loss on this pathway is higher in 

energy and resides 331 kJ mol-1 above R1. There are other two -scission reactions in R1-1_i3, vinyl 

radical (C2H3) elimination to R1-1_p4 and ring opening to a branched intermediate R1-1_i5, but both 

exhibit higher barriers. R1-1_p4 is 1,4-cyclooctadiene (C8H12) and it may serve as a precursor for 1,3,5-

cyclooctatriene (C8H10) observed experimentally in minor amounts. R1-1_i5 can eliminate the terminal 

ethylene moiety by -scission forming a branched C8H11 product R1-1_p5, the fate of which can be 

threefold. In the most favorable path, R1-1_p5 ring closes to a six-member ring structure R1-1_p6 

overcoming a barrier of only 36 kJ mol-1 and the latter can decompose to either 1,4-cyclohexadiene plus 

vinyl or to 2,5-dihydrostyrene, a precursor of the experimentally observed trace styrene product. Higher-
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energy and hence much less likely decomposition pathways of R1-1_p5 include terminal acetylene 

(C2H2) elimination forming a branched C6H9 structure R1-1_p10, which in turn can fragment to vinyl 

plus 1,3-butadiene. 

The most favorable fragmentation pathway of R1-2 is straightforward (Fig. 17): the bond linking 

two five-member rings is cleaved by -scission leading directly to the cyclopentyl (C5H7) plus 

cyclopentene (C5H8) products (R1-2_p1) via a barrier of only 168 kJ mol-1. Alternative reaction 

channels are less competitive. For instance, two different -scissions in one of the five-member rings 

lead to intermediates R1-2_i1 and R1-2_i2 via similar barriers of 195-197 kJ mol-1 (relative to R1). Next, 

both intermediates lose ethylene to form the same C8H11 product R1-2_p2, cyclopentene-allyl via 

identical barriers of 217 kJ mol-1. R1-2_p2 can lose an H atom to form C8H10 products R1-2_p4 and R1-

2_p5 via barriers of 172 and 243 kJ mol-1 or, more favorably, undergo a five-member ring opening 

followed by a six-member ring closure leading to the R1-1_p6 product discusses above, a precursor of 

1,4-cyclohexadiene and 2,5-dihydrostyrene. The critical transition states for the formation of these 

products from R1-2_p2 are the vinyl radical and atomic hydrogen losses transition states on the final 

step residing 184 and 171 kJ mol-1 above R1-1_p2. Thus, if some amount of cyclopentene-allyl is 

produced from R1-2, it is likely to further decompose to the C8H10 isomers R1-2_p4 and R1-1_p7 or to 

1,4-cyclohexadiene plus vinyl. The dissociation mechanism of R1-3 is illustrated in Fig. 18. Here it 

appears that favorable reaction channels involve not only -scissions but also hydrogen atom migrations. 

For instance, a 1,2-H shift in R1-3 creating an out-of-ring CH3 group in the R1-3_i1 intermediate 

proceeds with a barrier of 199 kJ mol-1 relative to R1. Next, R1-3_i1 rearranges to R1-3_i2 by another 

1,2-H shift along the six-member ring via a transition state residing 193 kJ mol-1 above R1. The primary 

fragmentation is then completed by -scission leading to elimination of the methyl group producing a 

dihydroindane molecule C9H12 (R1-3_p1). In secondary fragmentation channels, dehydrogenation of 

dihydroindane may lead to indane (C9H10) and eventually to indene (C9H8), both of which were 

observed in experiment as trace products at high temperatures. Alternatively, following a first hydrogen 

atom loss from dihydroindane, the reaction may proceed by various -scissions in C9H11 radicals 

ultimately resulting in a number of six- and five-member ring and chain products. A detailed 

investigation of the decomposition pathways of dihydroindane and related C9H11 radicals will be 

performed is a separate future work. Alternatively, to the hydrogen atom migration/CH3 loss pathway, 

R1-3 can feature two different -scission processes, both breaking the six-member ring. The first 
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process leads to the intermediate R1-3_i3 via a barrier located 164 kJ mol-1 above R1 and then the 

remaining five-member ring opens producing a chain R1-3_i4 structure, a conformer of R1-1_i2 and 

R1-1_i4. Next R1-3_i4 eliminates trans-1,3-butadiene producing an open chain C6H7 structure R1-3_p2, 

which is a different conformation of R1-1_p1. Similar to R1-1_p1, R1-3_p2 can ring close and then 

either eliminate an H atom to form 1,3-cyclohexadiene or add a hydrogen to produce cyclohexene. The 

highest in energy TS on the pathway to C6H7 occurs at the last C4H6 loss step and resides 274 kJ mol-1 

above R1. The second -scission pathway from R3-1 is slightly less favorable. It begins from the 

formation of R1-3_i5, which next features additional -scissions making either an open R1-3_i6 or a 

branched R1-3_i7 intermediates. Both of them eliminate ethylene giving rise to the same C8H11 product 

R1-3_p3, which can further dissociate to hexatriene plus vinyl or, more favorably, undergo a five-

member ring closure to R1-3_p7 and only then decompose to cyclopentadiene plus allyl radical. In 

another channel, R1-3_i5 can dissociate to cyclopentene plus 1,4-pentadien-5-yl, C5H7, and the latter 

can further fragment to allyl (C3H5) plus acetylene (C2H2), or to serve as a precursor of 1,3-pentadiene 

observed experimentally. 

Summarizing various decomposition channels of R1, R1 → R1-2 → cyclopentene plus cyclopentyl 

is clearly favored as it features the highest in energy transition at 168 kJ mol-1 above R1. This is 

followed by R1 → R1-3 → R1-3_i1 → R1-3_i2 → R1-3_p1 (dihydroindane plus methyl) (199 kJ mol-1), 

and then by R1 → R1-1 → R1-1_i1 → R1-1_i2 → R1-1_p1 (C6H7 + C4H6) (274 kJ mol-1), R1 → R1-3 

→ R1-3_i3 → R1-3_i4 → R1-3_p2 (C6H7 + C4H6) (274 kJ mol-1), and R1 → R1-3 → R1-3_i5 → R1-

3_p8 (cyclopentene + 1,4-pentadien-5-yl) (274 kJ mol-1). Therefore, dissociation of R1 can largely 

contribute to the yield of the major five-member ring products (cyclopentene, cyclopentadiene, 

cyclopentadienyl) and also provides six-member rings (cyclohexadienes, cyclohexene, styrene), bicyclic 

products (indane, indene), as well as smaller molecules and radicals (1,3-butadiene, allyl, ethylene, vinyl 

radical, acetylene, methyl radical). 

5.3. THE R4 RADICAL  

Next, we consider dissociation of R4 via R4-1 and R4-2 (Fig. 19). Two -scissions in R4 breaking a 

five-member ring give similar isomers R4-1 and R4-2, both of which have a common bicyclo core. R4-1 

has two side chains, CH2 and CH2CH2, attached to this core, whereas R4-2 has only one CH2CH2CH2 

side chain. R4-1 and R4-2 fragment by -scission eliminating ethylene and forming the same C8H11 

product R4-1_p1 in which the bicyclo core is maintained. The decomposition channel R4 → R4-1 (R4-2) 
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→ C8H11 plus C2H4 has critical barriers of 157 (167) kJ mol-1 relative to R4. The primary R4-1_p1 

product can further undergo secondary decomposition. The preferable step in the beginning is -scission 

breaking the bicyclo core and producing a six-member ring with two out-of-ring CH2 groups (R4-1_p2) 

occurring via a barrier of 148 kJ mol-1. Then it appears that a multi-step process involving a series of 

1,2-H shifts is more energetically favorable than another -scission in R4-1_p2 followed by 

fragmentation. The hydrogen migration sequence, R4-1_p2 → R4-1_p3 → R4-1_p4 → R4-1_p5 → R4-

1_p6, has the highest barrier of 212 kJ mol-1 relative to the initial C8H11 radical R4-1_p1. The alternative 

-scission sequence R4-1_p2 → R4-1_p11 → C6H7 (R4-1_p12) plus C2H4 features a much higher 

barrier of 301 kJ mol-1 relative to R4-1_p1. The C8H11 intermediate R4-1_p6 can lose a hydrogen 

forming o-xylene or be subjected to two additional 1,2-H shifts, R4-1_p6 → R4-1_p7 → R4-1_p8, and 

then eliminate a methyl group and form toluene. Here, the R4-1_p7 and R4-1_p8 intermediates can also 

dissociate to o-xylene plus hydrogen. If some amount of the R4-1_p12 (C6H7) product is formed, it can 

either dissociate to a C4H5 radical and acetylene via a barrier of 163 kJ mol-1 or more likely feature a 

five-member ring closure to R4-1_p13 via a barrier of only 48 kJ mol-1. The C6H7 radical R4-1_p13 is a 

well-known precursor of fulvene and benzene. Whereas the dissociation of R4-1_p13 predominantly 

produces fulvene, hydrogen atom-assisted isomerization of fulvene to benzene is fast under combustion 

conditions. Among other products, the C4H5 radical formed here can serve as a precursor of both 

vinylacetylene and 1,2,3-butatriene observed in the present experiments at high temperature. 

Decomposition of the R4-3 intermediate can account for the prompt formation of the ethyl (C2H5) 

radical, which shows the highest branching ratio of all products at the lowest ALS experimental 

temperature of 1200 K. As seen in Fig. 20, a 1,4-H shift to the terminal CH2 group of the side chain in 

R4-3 requires a relatively low barrier of 70 kJ mol-1 (144 kJ mol-1 with respect to R4) and leads to the 

R4-3_i1 intermediate. A -scission in the latter forms the C8H10 (R4-3_p1) plus ethyl radical products 

after overcoming a barrier lying 154 kJ mol-1 higher in energy than R4. Alternatively, ethylene 

elimination from R4-3 proceeds via a barrier of 103 kJ mol-1 (177 kJ mol-1 with respect to R4) and forms 

a C8H11 product R4-3_p2. Secondary decomposition of R4-3_p2 should be rather facile as it proceeds by 

two consecutive -scissions (five-member ring opening followed by ethylene elimination) via the 

highest barrier of 130 kJ mol-1 relative to the C8H11 reactant R4-3_p2. This decomposition produces 

C6H7, R4-1_p13, a precursor of fulvene and benzene. Secondary decomposition of the closed-shell 

C8H10 product R4-3_p1 requires further investigation, but it is probable that after activation of R4-3_p1 
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by a C-H bond cleavage, a C8H9 radical would decompose to fulvene plus vinyl also contributing to the 

yield of C6H6 species. The most favorable pathway of R4-4 decomposition, R4-4 → R4-4_i1 → R4-4_i2 

→ R4-4_p1 plus methyl, consists of two 1,2-H shifts followed by elimination of the methyl group (Fig. 

20). The highest barrier along this reaction channel is 188 kJ mol-1 with respect to R4. The bicyclic C6-

C5 core is conserved and the R4-4_p1 product is dihydroindane, a precursor of indane, indene, or other 

fragments containing either a six- or a five-member ring, similarly to its R1-3_p1 isomer considered 

above. On the contrary to R4-4, R4-5 prefers to fragment via two consecutive -scissions, R4-5 → R4-

5_i1 → R4-5_p1 plus allyl. The critical barrier on this pathway, 195 kJ mol-1, is slightly higher than that 

for decomposition of R4-4. The R4-5_p1 product C7H10 is 1-vinyl-1-cyclopentene. It may serve as a 

precursor of the observed trace products fulvenallene, C7H6, and fulvenallenyl, C7H5, however, a large 

number of dehydrogenation steps are required to form those species. If R4-5_p1 is activated by 

hydrogen atom abstraction or a C-H bond cleavage, the C7H9 radicals produced are likely to decompose 

through -scissions, but a detailed mechanism requires further investigation. 

In summary, the fragmentation pathways of R4 can be ranked in terms of their kinetic favorability 

based on the height of the highest barrier (given in parentheses relative to R4) as follows: 1) R4 → R4-3 

→ R4-3_i1 → C8H10 (R4-3_p1) + C2H5 (154 kJ mol-1), 2) R4 → R4-1 → C8H11 (R4-1_p1) + C2H4 (157 

kJ mol-1), 3) R4 → R4-3 → C8H11 (R4-3_p2) + C2H4 (177 kJ mol-1), 4) R4 → R4-4 → R4-4_i1 → R4-

4_i2 → C9H12 (R4-4_p1) + CH3 (188 kJ mol-1), and 5) R4 → R4-5 → R4-5_i1 → C7H10 (1-vinyl-1-

cyclopentene, R4-5_p1) + C3H5 (195 kJ mol-1). Therefore, decomposition of R4 represents a source of 

the methyl, ethyl, and allyl radicals, ethylene, fulvene and benzene (via secondary decomposition of R4-

3_p1 and R4-3_p2), and also provides feasible pathways to the minor products o-xylene and toluene (via 

secondary dissociation of R4-1_p1), indane and indene (from R4-4_p1), as well as fulvenallene and 

fulvenallenyl (R4-5_p1). 

5.4. THE R5 RADICAL  

Decomposition of R5 appeared to favorably proceed via R5-1 rather than R5-2 or R5-3 and hence 

Fig. 21 shows only pathways involving R5-1. Here, R5-1 can be subjected to two different -scissions 

breaking a five-member ring via similar barriers of 193 and 200 kJ mol-1 and forming the R5-1_i1 and 

R5-1_i2 intermediates. Both intermediates can decompose by eliminating allyl and forming the C7H10 

product 3-vinyl-1-cyclopentene R5-1_p1. Alternatively, R5-1_i2 can also dissociate to cyclopentyl 

(C5H7) plus 1,4-pentadiene (R5-1_p2). The critical barriers for the product formation from R5 are found 
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to be in a narrow range of 217-222 kJ mol-1. An alternative pathway from R5-1_i1 to an open-chain 

structure R5-1_i3 followed by ethylene elimination is unlikely to be competitive because of a much 

higher critical barrier of 344 kJ mol-1 with respect to R5. Thus, decomposition of R5 is a source of the 

cyclic and open chain C5 fragments and may also contribute to the formation of the trace fulvenallene 

and fulvenallenyl products through dehydrogenation of 3-vinyl-1-cyclopentene R5-1_p1. Due to the 

higher barriers, the primary decomposition of R5 is expected to be somewhat slower than of R1 and R4. 

5.5. THE R6 RADICAL  

Two channels may compete in dissociation of R6 proceeding via R6-1 (Fig. 22). In the first one, 

R6-1 decomposes to the bicyclic C7H10 structure R6-1_p1 plus allyl via a barrier of 177 kJ mol-1 relative 

to R6. In the second channel, a first -scission in R6-1 breaks a five-member ring and makes the R6-

1_i1 intermediate and a second -scission eliminates ethylene making the C8H11 product R6-1_p2, with 

the highest in energy transition state lying 231 kJ mol-1 above R6. The R6-1_p2 product can then easily 

dissociate to cyclopentadiene (C5H6) plus allyl (C3H5) overcoming a barrier of only 87 kJ mol-1. Since 

the C7H10 product R6-1_p1 was not observed in the present experiments, it is likely to undergo further 

fragmentation in the reactor. While a more detailed study is needed to consider all possible 

decomposition pathways of R6-1_p1, here we consider only one of them, initiated by a cleavage of one 

of C-H bonds leading to the C7H9 radical R6-1_p4. The strength of this C-H bond (endoergicity of the 

R6-1_p1 → R6-1_p4 + H) is computed to be 401 kJ mol-1, very similar to the analogous C-H bond 

strength in JP-10, JP-10 → R1 + H. R6-1_p4 can decompose via two competitive mechanisms involving 

-scissions. The R6-1_p4 → R6-1_p5 → 5-methylene-1,3-cyclohexadiene (R6-1_p6) plus atomic 

hydrogen sequence involves reformation of the bicyclic structure into a six-member ring with an out-of-

ring CH2 followed by H elimination. The highest barrier on this reaction pathway is 136 kJ mol-1 relative 

to the initial C7H9 radical R6-1_p4. This channel can account for the observation of a minor 5-

methylene-1,3-cyclohexadiene product. Alternatively, the R6-1_p4 → R6-1_p7 → C5H6 + C2H3 

sequence first produces a five-member ring intermediate with an outer vinyl group and the intermediate 

then decomposes to cyclopentadiene plus vinyl via a barrier of 155 kJ mol-1. In summary, decomposition 

of R6 contributes to the production of allyl radical, ethylene, cyclopentadiene (both directly and via 

dissociation of the primary C7H10 R6-1_p1 product), as well as vinyl radical and 5-methylene-1,3-

cyclohexadiene both which can be formed via R6-1_p1.  

6. DISCUSSION & CONCLUSIONS 
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The calculated PESs and reaction mechanisms deduced allows us to qualitatively account for all 

observed products of JP-10 pyrolysis, at least in the ALS experiments with shorter residence times in the 

reactor. For instance, the ethyl radical (C2H5), which is predominant at 1200 K, is a primary product of 

R4-3. At higher temperatures, this radical partially decomposes to ethylene plus atomic hydrogen. 

Alternatively, ethylene is produced in multiple primary and secondary fragmentation channels of R1, R4, 

and R6. The vinyl radical (C2H3) is a primary and secondary dissociation product of R1-1 and a 

secondary product of R1-2 and R6, but can be also formed by dehydrogenation of ethylene. Acetylene is 

produced in secondary decomposition of R1-1, R1-3, R4-1, R4-2, and R5-1, and can also stem from 

dehydrogenation of vinyl. Another major radical observed, allyl (C3H5), ubiquitously forms in multiple 

primary and secondary fragmentation channels of R4-5, R5-1, R6, and R1-3. The allyl radical is well 

known to eventually decompose to allene (C3H4), methylacetylene (C3H4), and the propargyl radical 

(C3H3),
83-85 and can also recombine with H atoms to form propene (C3H6), which is a minor product 

compared to allyl. The methyl radical is expected to form in conjunction with dihydroindane from R1-3 

and R4-4 in primary channels and together with toluene in secondary decomposition of the R4-1/R4-2 

products. 

The main C4 product, 1,3-butadiene (C4H6) can originate from R1-1, R1-3, and some other less 

favorable channels not discussed here (R5-3); in fact, whenever the C10H15 structure opens to a chain 

isomer prior its fragmentation, 1,3-butadiene tends to be the preferred product of -scission. Its 

counterpart, the C6H9 either ring closes to cyclohexenyl or eliminates ethylene producing the C4H5 

radical, which then can form vinylacetylene (C4H4) or 1,2,3-butatriene (C4H4) by emitting a hydrogen 

atom (R1-1_p9 in Fig. 16 and R4-1_p14 in Fig. 19). Further dehydrogenation of both C4H4 isomers may 

be responsible for the observation of the trace diacetylene product at the highest temperature in the ALS 

experiment. Also, the C4H8 products can be formed by hydrogenation of 1,3-butadiene. Alternatively, 

the butadienyl radical C4H7 can be produced by -scission-type acetylene loss from R5-1_p4 and this 

radical can then add a hydrogen atom forming 1-butene or undergo a hydrogen shift followed by 

hydrogen atom addition producing 2-butene. For the acyclic C5 molecules observed, ethynylallene 

(C5H4) can be obtained by dehydrogenation of 1,4-pentadien-5-yl (R1-3_p5, Fig. 18) or 1,4-pentadiene 

(R4-5_p2, Fig. 20, and R5-1_p2, Fig. 21), whereas 1,3-pentadiene (C5H8) can stem from atomic 

hydrogen addition to 1,4-pentadien-5-yl or isomerization of 1,4-pentadiene. 
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The major pyrolysis products containing five-member rings, cyclopentene (C5H8) and cyclopentyl 

radical (C5H7) can be produced through favorable primary decomposition channels involving R1-2 and 

R5-1. Apparently, the cyclopentyl radical is unstable under the experimental conditions and dissociates 

further to cyclopentadiene (C5H6), which in turn can undergo one more hydrogen atom loss to the 

cyclopentadienyl radical (C5H5). Vinyl-substituted cyclopentenes R4-5_p1 and R5-1_p1 are formed as 

primary decomposition products of R4-5 and R5-1 and an out-of-ring C-C bond cleavage in these 

products will also produce cyclopentyl radical and further cyclopentadiene. In less favorable channels, 

cyclopentene can be produced directly from R1-3 and cyclopentadiene can be formed as a secondary 

product of dissociation of R6-1_p4, which corresponds to R6-1_p1 activated by hydrogen abstraction or 

a C-H bond cleavage, and of R1-3_p3. Vinyl-substituted cyclopentenes can serve as precursors of such 

trace products as fulvenallene C7H6 and fulvenallenyl C7H5. 

The most preferable pathways to the fulvene/benzene precursor R4-1_p13 is the secondary 

decomposition of R4-3_p2, one of the most likely decomposition products of R4-3. The R4-3_p1 

product may also dissociate to a fulvene/benzene precursor by it requires initial activation by an H 

loss/abstraction or addition. An alternative higher-barrier pathway to the fulvene/benzene precursor 

involves secondary dissociation of R4-1_p11. Among the other cyclic C6 species, cyclohexene and 1,3-

cyclohexadiene can respectively be formed by hydrogen addition or hydrogen loss/abstraction from the 

cyclohexenyl radical, a secondary decomposition products of R1-1 (via R1-1_p1) and R1-3 (via R-1_p2). 

So far, we could not locate a one-step pathway to cyclohexene. Alternatively, 1,4-cyclohexadiene is 

produced by elimination of the vinyl group from R1-1_p6, which in turn is formed by the ring closure in 

primary decomposition products of R1-1 and R1-3. Hydrogen atom elimination in R1-1_p6 produces 

dihydrostyrene, which serves as a precursor of the minor styrene product. Moreover, further 

dehydrogenation of styrene (C8H8) can form the trace C8H6 products phenylacetylene and 

benzocyclobutadiene (after a four-member ring closure). 5-Methylene-1,3-cyclohexadiene stems from 

the decomposition of the C9H9 radical R6-1_p4, which is obtained by hydrogen loss/abstraction from the 

most favorable fragmentation product of R6, C9H10 (R6-1_p1). Toluene and o-xylene originate from R4-

1_p1, the most favorable decomposition product of R4-1 and R4-2. Removal of two hydrogen atoms 

from o-xylene can lead to the production of another C8H8 isomer observed, o-xylylene. Among larger 

ring species, 1,3,5-cyclooctatriene is likely to originate from cyclooctadiene formed in primary 

decomposition of R1-1 but may also be produced by dehydrogenation of a cyclooctadienyl radical 

formed through a relatively minor channel involving R5-2. Finally, indane and indene stem from 
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dehydrogenation of dihydroindanes, the primary fragmentation products of R1-3 and R4-4. The 

additional PAH-type products seen in the NRLS experiment, naphthalene, acenaphthylene, and biphenyl 

are likely to be due to molecular growth reactions. 

The comparison of the experimental and theoretical results on the fragmentation mechanisms 

allowed us to identify the most favorable reaction pathways to the most important fragmentation 

products. In order to develop more reliable kinetic models for JP-10 pyrolysis, one needs to evaluate rate 

constants and relative product yields for these critical pathways and their dependence on temperature 

and pressure. Also, theory shows several closed-shell molecules, which are likely to be primary 

decomposition products, such as vinyl-cyclopentenes C7H10 and their bicyclic isomer R6-1_p1, C8H8 

(C5H4=CHCHCH2, R1-2_p4), bicyclic C8H10 (R4-3_p1), and dihydroindenes C9H12, which were not 

identified or even not detected experimentally. Therefore, the next step in the kinetic analysis should be 

the consideration of the mechanism and products of their decomposition.  

In conclusion, the experiments in the two pyrolytic reactors with different residence time of a few 

10 s and of 100 ms allowed us to determine the major, minor, and trace decomposition products of JP-

10 and their relative yields and how they depend on the residence time with radicals less favorable to 

survive with increasing residence times in the reactor. At longer residence times, the predominant 

fragments are molecular hydrogen (H2), ethylene (C2H4), propene (C3H6), cyclopentadiene (C5H6), 

cyclopentene (C5H8), fulvene (C6H6), and benzene (C6H6), but at the relatively early stages, a large 

fraction of radicals, such as ethyl (C2H5), allyl (C3H5), and methyl (CH3) are produced at the expense of 

ethylene and propene. Eventually, the radicals react to increase the yield of the closed-shell molecules. 

This indicates that the oxidation mechanism will significantly depend on the time when oxygen becomes 

available. Further, extended residence times promote higher order reactions as evident from the 

naphthalene, acenaphthylene, and biphenyl products formed in the NSRL studies, which can be formed 

via phenyl - vinylacetylene86, naphthyl - acetylene87, and phenyl - benzene88 reactions as verified in 

prior studies. Therefore, future studies on JP-10 decomposition should not explore only the effects of the 

temperature, but also systematically how the products and their branching ratios depend on the pressure 

and residence times in the reactor, Finally, subsequent studies should also probe the oxidation 

mechanisms of JP-10. Considering the complexity of the JP-10 decomposition alone, simply seeding JP-

10 (at distinct seeding fractions) in molecular oxygen might yield overall product yields of oxygen-

bearing products, However, these studies will never derive the underlying reaction pathways involved in 
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the oxidation. This requires a sophisticated investigation of the individual hydrocarbon radicals formed 

in the JP-10 decomposition - as probed here - reacting with molecular oxygen in the pyrolytic reactor to 

ultimate decipher the reaction products of individual C1 to C6 radicals with molecular oxygen in the 

combustion of JP-10. 
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Table 1. Compilation of previous experimental studies on the pyrolysis of JP-10 

Group Method 
Temperature 

(K) 

Pressure 

(bar) 

Residence time 

(ms) 
Ref. 

Green et al. Shock tube 1000-1600 6-8 0.5 5 

Anderson et al. Flow tube reactor 298-1700 0.002-0.004 2.10-9.35 6 

Reyniers et al. Flow tubular reactor 930-1080 1.7 3.2-5.3 7 

Marquaire et al. Jet-stirred reactor 848-933 1 500-6000 8 

Kunzru et al. Annular tubular reactor 903-968 1 680-6400 9 

Striebich et al. System for thermal diagnostic studies 373-873 34 1038-5000 10 

Wohlwend et al. System for thermal diagnostic studies 473-935 34 1,800 11 

Fang et al. Batch reactor 823-903 1-38 480-26,400 12 

Fang et al. Tubular reactor 883-963 1 1.8×106 13 

Bruno et al. Thermal block 623-698 345 2.4×105-7.2×107 14 

Kim et al. Batch reactor 583-683 40 3.6×107 15 

Liu et al. Flow reactor 900-1600 0.00667 - 16 
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Table 2. Compilation of products observed in the present experiments on the decomposition of JP-10. 

Species marked in Bold detected for the first time in JP10 Pyrolysis 

Molecule  Formula Mass Structure ALS NSRL 
H2 Hydrogen 2  + + 

CH3 Methyl 15  +  

CH4 Methane 16   + 

C2H2 Acetylene 26  + + 

C2H3 Vinyl 27  +  

C2H4 Ethylene 28  + + 

C2H5 Ethyl 29  +  

C3H3 Propargyl 39  +  

C3H4 Allene 40  + + 

C3H4 Methylacetylene 40  + + 

C3H5 Allyl 41 
 

+  

C3H6 Propene 42 
 

+ + 

C4H2 Diacetylene 50  +  

C4H4 1,2,3-Butatriene 52  +  

C4H4 Vinylacetylene 52 
 

+ + 

C4H6 1,3-Butadiene 54 
 

+ + 

C4H8 1-Butene 56 
 

+ + 

C4H8 2-Butene 56 
 

+ + 

C5H4 Ethynylallene 64 
 

+  

C5H5 Cyclopentadienyl 65 

 

+  

C5H6 Cyclopentadiene 66 

 

+ + 

C5H8 1,3-Pentadiene 68 
 

+ + 

C5H8 Cyclopentene 68 

 

+ + 

C6H6 Fulvene 78 

 

+ + 

C6H6 Benzene 78 

 

+ + 
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C6H8 1,3-Cyclohexadiene 80 

 

+ + 

C6H8 1,4-Cyclohexadiene 80 

 

+  

C6H10 Cyclohexene 82 

 

+  

C7H5 Fulvenallenyl 89 

 

+  

C7H6 Fulvenallene 90 

 

+ + 

C7H8 
5-Methylene-1,3-

cyclohexadiene 
92 

 

+ + 

C7H8 Toluene 92 

 

+ + 

C8H6 Phenylacetylene 102 

 

+ + 

C8H6 Benzocyclobutene 102 

 

+ + 

C8H8 o-Xylylene 104 

 

+ + 

C8H8 Styrene 104 

 

+ + 

C8H10 1,3,5-Cyclooctatriene 106 

 

+ + 

C8H10 o-Xylene 106 

 

+ + 
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C9H8 Indene 116 

 

+ + 

C9H10 Indane 118 

 

+ + 

C10H8 Naphthalene 128 

 

 + 

C12H8 Acenaphthylene 152 

 

 + 

C12H10 Biphenyl 154 

 

 + 
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Table 3. Branching fractions (%) of the products in the decomposition of JP-10 at 600 Torr in the chemical reactor (ALS) at 1200, 1300, 

1400, 1500, and 1600 K. The numbers in each bracket present the lower and upper uncertainties, respectively. 

Molecule Formula 
Temperature 

1200 K 1300 K 1400 K 1500 K 1600 K 

Hydrogen H2 - 4.26 (-1.26, +1.47) 2.78 (-0.67, +0.72) 2.63 (-0.62, +0.67) 5.90 (-1.35, +1.43) 

Methyl CH3 - 1.03 (-0.43, +0.54) 1.80 (-0.45, +0.50) 2.73 (-0.61, +0.64) 3.27 (-0.73, +0.77) 

Acetylene C2H2 - - 0.16 (-0.05, +0.06) 0.54 (-0.12, +0.13) 1.86 (-0.39, +0.40) 

Vinyl C2H3 - 1.88 (-1.04, +2.27) 0.70 (-0.38, +0.82) 0.38 (-0.20, +0.42) 0.24 (-0.13, +0.27) 

Ethylene C2H4 - 22.21 (-5.04, +5.34) 22.48 (-4.85, +5.03) 24.59 (-5.21, +5.35) 27.47 (-5.93, +6.15) 

Ethyl C2H5 47.10 (-12.93, +14.69) 12.55 (-2.97, +3.21) 6.93 (-1.55, +1.64) 2.37 (-0.53, +0.55) 0.68 (-0.17, +0.19) 

Propargyl C3H3 - - - 0.26 (-0.06, +0.07) 0.85 (-0.21, +0.24) 

Allene C3H4 - 0.36 (-0.23, +0.31) 0.83 (-0.17, +0.18) 2.50 (-0.60, +0.66) 5.24 (-1.27, +1.38) 

Methylacetylene C3H4 - - 0.17 (-0.05, +0.06) 0.86 (-0.20, +0.22) 2.46 (-0.56, +0.59) 

Allyl C3H5 29.02 (-8.47, +9.80) 18.28 (-4.56, +5.02) 17.59 (-4.25, +4.62) 12.95 (-3.11, +3.38) 5.02 (-1.25, +1.37) 

Propene C3H6 - 0.76 (-0.24, +0.29) 0.66 (-0.16, +0.17) 0.83 (-0.19, +0.20) 0.93 (-0.21, +0.22) 

Diacetylene C4H2 - - - - 0.06 (-0.02, +0.02) 

1,2,3-Butatriene C4H4 - - - 0.05 (-0.04, +0.10) 0.05 (-0.03, +0.09) 

Vinylacetylene C4H4 - - - 0.09 (-0.02, +0.02) 0.23 (-0.05, +0.05) 

1,3-Butadiene C4H6 - 1.40 (-0.35, +0.38) 1.80 (-0.39, +0.41) 2.49 (-0.53, +0.55) 3.07 (-0.67, +0.69) 

1-Butene C4H8 - - - 0.09 (-0.03, +0.03) 0.10 (-0.03, +0.04) 

2-Butene C4H8 - - - 0.03 (-0.01, +0.02) 0.03 (-0.02, +0.02) 

Ethynylallene C5H4 - - - - 0.05 (-0.03, +0.05) 

Cyclopentadienyl C5H5 - - 1.43 (-0.75, +1.55) 3.09 (-1.59, +3.27) 5.58 (-2.84, +5.79) 

Cyclopentadiene C5H6 - 14.70 (-3.76, +4.18) 18.30 (-4.04, +4.23) 19.91 (-4.39, +4.60) 18.62 (-4.11, +4.30) 

1,3-Pentadiene C5H8 - - - 0.47 (-0.13, +0.15) 0.64 (-0.15, +0.17) 

Cyclopentene C5H8 10.17 (-4.12, +5.16) 5.11 (-1.35, +1.52) 4.19 (-0.88, +0.90) 2.93 (-0.66, +0.70) 1.13 (-0.26, +0.28) 

Fulvene C6H6 8.57 (-5.23, +12.35) 14.26 (-8.12, +18.21) 15.54 (-8.14, +17.01) 13.28 (-6.89, +14.28) 7.24 (-3.72, +7.66) 

Benzene C6H6 - 1.65 (-0.53, +0.63) 2.83 (-0.68, +0.73) 4.46 (-0.97, +1.01) 7.57 (-1.74, +1.85) 

1,3-Cyclohexadiene C6H8 - - - 0.20 (-0.04, +0.05) - 

1,4-Cyclohexadiene C6H8 - - 0.22 (-0.09, +0.12) 0.31 (-0.08, +0.08) - 

Cyclohexene C6H10 4.93 (-2.56, +3.35) 0.61 (-0.20, +0.24) 0.26 (-0.10, +0.13) 0.14 (-0.05, +0.06) 0.05 (-0.02, +0.02) 

Fulvenallenyl C7H5 - - - - 0.04 (-0.02, +0.05) 

Fulvenallene C7H6 - - - 0.04 (-0.02, +0.04) 0.21 (-0.11, +0.22) 

5-Methylene-1,3-cyclohexadiene C7H8 0.16 (-0.11, +0.29) 0.36 (-0.20, +0.45) 0.45 (-0.24, +0.50) 0.73 (-0.38, +0.80) 0.49 (-0.26, +0.57) 

Toluene C7H8 - 0.23 (-0.13, +0.29) 0.35 (-0.18, +0.37) 0.40 (-0.22, +0.46) 0.43 (-0.22, +0.46) 

Phenylacetylene C8H6 - - - - 0.01 (-0.00, +0.00) 

Benzocyclobutadiene C8H6 - - - - 0.01 (-0.01, +0.02) 

o-Xylylene C8H8 - - - 0.03 (-0.02, +0.03) 0.03 (-0.01, +0.03) 

Styrene C8H8 - - - 0.11 (-0.03, +0.03) 0.20 (-0.05, +0.05) 

1,3,5-Cyclooctatriene C8H10 0.06 (-0.06, +0.17) 0.18 (-0.12, +0.30) 0.22 (-0.12, +0.25) 0.19 (-0.10, +0.21) 0.06 (-0.03, +0.08) 

o-Xylene C8H10 - 0.17 (-0.07, +0.08) 0.29 (-0.07, +0.08) 0.27 (-0.06, +0.07) 0.09 (-0.02, +0.02) 
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Indene C9H8 - - - - 0.02 (-0.01, +0.01) 

Indane C9H10 - - - 0.06 (-0.01, +0.02) 0.06 (-0.01, +0.01) 
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Table 4. Branching fractions (%) of the products in the decomposition of JP-10 at 600 Torr in the flow reactor (NSRL) at 949, 972, 994, 

1016, 1038, 1061 and 1083 K. The numbers in each bracket present the lower and upper uncertainties, respectively. 

Molecule Formula 
Temperature 

949 K 972 K 994 K 1016 K 1038 K 1061 K 1083 K 

Hydrogen H2 - - 
29.22 

(-22.51, +26.86) 

32.78 

(-8.74, +9.96) 

34.37 

(-7.90, +8.90) 

33.79 

(-8.91, +10.14) 

30.76 

(-5.03, +5.46) 

Methane CH4 - - - 
0.52 

(-0.52, +0.62) 

1.41 

(-0.63, +0.74) 

2.56 

(-0.68, +0.77) 

2.83 

(-0.46, +0.50) 

Acetylene C2H2 - - 
0.32 

(-0.09, +0.11) 

0.89 

(-0.25, +0.29) 

1.14 

(-0.35, +0.40) 

1.73 

(-0.52, +0.61) 

2.66 

(-0.65, +0.71) 

Ethylene C2H4 
35.55 

(-11.54, +13.75) 

32.24 

(-10.02, +11.80) 

20.64 

(-4.63, +4.88) 

20.58 

(-5.29, +5.88) 

20.82 

(-4.87, +5.23) 

20.04 

(-4.42, +4.63) 

23.20 

(-5.28, +5.60) 

Allene C3H4 - 
3.12 

(-1.14, +1.39) 

2.97 

(-1.46, +1.89) 

2.63 

(-1.43, +1.88) 

2.44 

(-0.66, +0.75) 

2.66 

(-0.95, +1.16) 

1.42 

(-0.50, +0.61) 

Methylacetylene C3H4 - - 
0.97 

(-0.42, +0.53) 

1.20 

(-0.46, +0.57) 

1.50 

(-0.39, +0.43) 

1.78 

(-0.48, +0.55) 

3.38 

(-0.78, +0.83) 

Propene C3H6 - 
7.07 

(-1.75, +1.92) 

5.13 

(-1.31, +1.46) 

5.23 

(-1.28, +1.40) 

4.88 

(-1.13, +1.21) 

4.11 

(-0.94, +0.99) 

3.89 

(-0.91, +0.97) 

Vinylacetylene C4H4 - - - 
0.14 

(-0.04, +0.05) 

0.16 

(-0.04, +0.05) 

0.26 

(-0.06, +0.07) 

0.37 

(-0.09, +0.11) 

1,3-Butadiene C4H6 - 
2.31 

(-0.66, +0.76) 

1.72 

(-0.43, +0.47) 

1.96 

(-0.51, +0.57) 

1.83 

(-0.45, +0.49) 

1.94 

(-0.45, +0.48) 

2.22 

(-0.49, +0.52) 

1-Butene C4H8 - 3.63(-1.04, +1.20) 
3.18 

(-0.90, +1.03) 

2.48 

(-0.57, +0.60) 

1.92 

(-0.44, +0.46) 

0.83 

(-0.23, +0.26) 

0.29 

(-0.08, +0.10) 

2-Butene C4H8 - - - - 
0.01 

(-0.01, +0.01) 

0.10 

(-0.05, +0.07) 

0.07 

(-0.05, +0.07) 

Cyclopentadiene C5H6 
50.58 

(-21.77, +27.59) 

27.67 

(-7.15, +7.96) 

16.59 

(-3.99, +4.33) 

15.41 

(-3.72, +4.04) 

15.45 

(-3.35, +3.48) 

16.84 

(-4.07, +4.43) 

16.49 

(-3.87, +4.16) 

Cyclopentene C5H8 
6.73 

(-3.25, +4.19) 

8.57 

(-2.45, +2.81) 

4.10 

(-1.37, +1.64) 

2.73 

(-0.74, +0.84) 

1.11 

(-0.30, +0.34) 

0.63 

(-0.21, +0.25) 
- 

1,3-Pentadiene C5H8 - - - - 
0.35 

(-0.12, +0.15) 

0.18 

(-0.06, +0.08) 

0.31 

(-0.13, +0.16) 

Fulvene C6H6 
4.67 

(-4.17, +12.02) 

4.44 

(-3.18, +8.28) 

5.45 

(-3.11, +7.01) 

3.04 

(-1.73, +3.87) 

1.80 

(-0.94, +1.97) 

1.43 

(-0.81, +1.82) 

0.75 

(-0.45, +1.04) 

Benzene C6H6 - 
6.01 

(-1.78, +2.08) 

3.56 

(-1.09, +1.27) 

4.52 

(-1.21, +1.36) 

5.62 

(-1.52, +1.72) 

6.64 

(-1.56, +1.68) 

7.54 

(-1.64, +1.70) 

1,3-Cyclohexadiene C6H8 - - 
0.57 

(-0.21, +0.25) 

0.78 

(-0.26, +0.31) 

0.95 

(-0.28, +0.32) 

0.94 

(-0.24, +0.26) 

0.67 

(-0.17, +0.19) 

Fulvenallene C7H6 - - - - - - 
0.02 

(-0.01, +0.03) 

5-Methylene-1,3-cyclohexadiene C7H8 
1.62 

(-1.62, +4.85) 

2.63 

(-1.47, +3.24) 

2.24 

(-1.20, +2.55) 

2.22 

(-1.42, +3.44) 

1.30 

(-0.73, +1.61) 

0.82 

(-0.45, +0.98) 

0.44 

(-0.28, +0.68) 
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Toluene C7H8 - 
1.95 

(-0.72, +0.89) 

1.58 

(-0.41, +0.46) 

1.38 

(-0.41, +0.48) 

1.41 

(-0.39, +0.45) 

1.31 

(-0.35, +0.40) 

1.35 

(-0.33, +0.35) 

Benzocyclobutadiene C8H6 - - - - - - 
0.01 

(-0.01, +0.02) 

Phenylacetylene C8H6 - - - - - - 
0.04 

(-0.01, +0.01) 

o-Xylylene C8H8 - - - 
0.09 

(-0.06, +0.17) 

0.04 

(-0.03, +0.07) 

0.02 

(-0.01, +0.04) 

0.07 

(-0.05, +0.11) 

Styrene C8H8 - - 
0.28 

(-0.10, +0.13) 

0.13 

(-0.04, +0.05) 

0.29 

(-0.07, +0.08) 

0.41 

(-0.10, +0.11) 

0.42 

(-0.10, +0.11) 

1,3,5-Cyclooctatriene C8H10 
0.85 

(-0.50, +1.15) 

0.36 

(-0.24, +0.59) 

0.34 

(-0.19, +0.42) 

0.21 

(-0.12, +0.25) 

0.16 

(-0.09, +0.21) 

0.07 

(-0.04, +0.11) 

0.02 

(-0.01, +0.02) 

o-Xylene C8H10 - - 
0.89 

(-0.25, +0.29) 

0.76 

(-0.25, +0.31) 

0.70 

(-0.18, +0.20) 

0.53 

(-0.14, +0.15) 

0.35 

(-0.09, +0.10) 

Indene C9H8 - - - 
0.08 

(-0.02, +0.02) 

0.10 

(-0.03, +0.03) 

0.12 

(-0.03, +0.03) 

0.14 

(-0.03, +0.03) 

Indane C9H10 - - 
0.23 

(-0.06, +0.07) 

0.22 

(-0.07, +0.08) 

0.17 

(-0.05, +0.05) 

0.16 

(-0.04, +0.04) 

0.11 

(-0.03, +0.04) 

Naphthalene C10H8 - - - - 
0.06 

(-0.02, +0.02) 

0.08 

(-0.02, +0.02) 

0.13 

(-0.03, +0.04) 

Acenaphthylene C12H8 - - - - - - 
0.02 

(-0.01, +0.03) 

Biphenyl C12H10 - - - - - - 
0.03 

(-0.02, +0.04) 
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Figure 1. The molecular structure of JP-10 (exo-tetrahydrodicyclopentadiene).  



38 
 

 

 

Figure 2. Schematic experimental setup for ALS experiment.  
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Figure 3. Schematic experimental setup for NSRL experiment.  
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Figure 4. Mass spectra of the products obtained from the decomposition of JP-10 recorded in ALS at a 

photon energy of 10.0 eV at different temperatures from 1200 K to 1600 K. 
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Figure 5. Mass spectra of the products obtained from the decomposition of JP-10 recorded in NSRL at a 

photon energy of 10.0 eV at different temperatures from 949 K to 1083 K. 
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Figure 6-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the decomposition of 

JP-10 (ALS) at 1600 K along with the experimental errors (gray area) and the reference PIE curves (red, green 

and blue lines). In case of multiple contributions to one PIE curve, the red line resembles the overall fit.  
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Figure 6-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the decomposition of 

JP-10 (ALS) at 1600 K along with the experimental errors (gray area) and the reference PIE curves (red, green 

and blue lines). In case of multiple contributions to one PIE curve, the red line resembles the overall fit. JP-10 

fragment means the photolysis fragment of JP-10. 
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Figure 6-3. Experimental photoionization efficiency curves (PIE, black lines) recorded from the decomposition of 

JP-10 (ALS) at 1600 K along with the experimental errors (gray area) and the reference PIE curves (red, green 

and blue lines). In case of multiple contributions to one PIE curve, the red line resembles the overall fit. JP-10 

fragment means the photolysis fragment of JP-10.  
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Figure 7. JP-10 decomposition ratio (ALS) from room temperature to 1600 K. 
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Figure 8. Overall branching ratios of the species obtained in the decomposition of JP-10 (ALS) in 

temperatures range from 1200 to 1600 K.  
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Figure 9. The C/H ratio of JP-10 pyrolysis (ALS) in temperatures range from 1200 to 1600 K. 
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Figure 10-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the decomposition 

of JP-10 (NSRL) at 1083 K along with the experimental errors (gray area) and the reference PIE curves (blue, 

green and red lines). In case of multiple contributions to one PIE curve, the red line resembles the overall fit. JP-

10 fragment means the photolysis fragment of JP-10.  
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Figure 10-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the decomposition 

of JP-10 (NSRL) at 1083 K along with the experimental errors (gray area) and the reference PIE curves (blue, 

green and red lines). In case of multiple contributions to one PIE curve, the red line resembles the overall fit. JP-

10 fragment means the photolysis fragment of JP-10. 

  



50 
 

 

Figure 10-3. Experimental photoionization efficiency curves (PIE, black lines) recorded from the decomposition 

of JP-10 (NSRL) at 1083 K along with the experimental errors (gray area) and the reference PIE curves (red 

lines).  
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Figure 11. JP-10 decomposition ratio (NSRL) in temperatures range from 927 to 1083 K. 

  



52 
 

 

Figure 12. Overall branching ratios of the species obtained in the decomposition of JP-10 (NSRL) in 

temperatures range from 949 to 1083 K.  
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Figure 13. The C/H ratio of JP-10 pyrolysis (NSRL) in temperatures range from 949 to 1083 K. 
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Figure 14. Radicals formed by C-H bond cleavages in JP-10. Reaction endoergicities calculated at the 

B3LYP/6-311G** (plain numbers) and G3 levels (italic numbers) are given in kJ mol-1. 
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Figure 15. Energetics of various initial -scission processes in the R1, R4, R5, and R6 radicals. Relative 

energies calculated at the B3LYP/6-311G** (plain numbers) and G3 levels (italic numbers) are given in 

kJ mol-1.  
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Figure 16. Potential energy diagram for decomposition of R1-1. All relative energies are computed at the G3 level and are given in kJ 

mol-1. 
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Figure 17. Potential energy diagram for decomposition of R1-2. All relative energies are computed at the G3 level and are given in kJ 

mol-1. The red lines and products are preferred. 
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Figure 18. Potential energy diagram for decomposition of R1-3. All relative energies are computed at the G3 level and are given in kJ 

mol-1. The red lines are preferred. 
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Figure 19. Potential energy diagram for decomposition of R4-1 and R4-2. All relative energies are computed at the G3 level and are 

given in kJ mol-1.  
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Figure 20. Potential energy diagram for decomposition of R4-3 (top) and R4-4 and R4-5 (bottom). All relative energies are computed 

at the G3 level and are given in kJ mol-1. 
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Figure 21. Potential energy diagram for decomposition of R5-1. All relative energies are computed at the G3 level and are given in kJ 

mol-1.  
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Figure 22. Potential energy diagram for decomposition of R6 (top) and its C7H10 (R6-1_p1) activated by H loss/abstraction (bottom). 

All relative energies are computed at the G3 level and are given in kJ mol-1.
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Table S1. Species reported in previous experimental studies on JP-10. 

 

Molecule Formula Mass Structure Ref. 

Hydrogen H2 2  
1-4 

Methyl CH3 15  
3 

Methane CH4 16  
1-6 

Acetylene C2H2 26  
1, 3, 7, 8 

Ethylene C2H4 28  
1-8 

Ethyl C2H5 29  
3 

Ethane C2H6 30  
1, 2, 4-6 

Propargyl C3H3 39  
3 

Methylacetylene C3H4 40  
1, 7, 8 

Allene C3H4 40  
1, 7, 8 

Allyl C3H5 41 
 

3 

Propene C3H6 42 
 

1-6, 8 

Propane C3H8 44  
1, 4-6, 9 

Diacetylene C4H2 50  
8 

Vinylacetylene C4H4 52 
 

3, 8 

1-Butyne C4H6 54 
 

3, 8 

1,3-Butadiene C4H6 54 
 

1, 6, 8 

1,2-Butadiene C4H6 54 
 

8 

1-Butene C4H8 56 
 

1, 6, 8 

2-Butene C4H8 56 
 

1, 6, 8 

i-Butene C4H8 56 

 

1, 6 

n-Butane C4H10 56  
4, 9 

i-Butane C4H10 56 

 

1 

Cyclopentadienyl C5H5 65 

 

3 

Cyclopentadiene C5H6 66 

 

1-3, 5-8, 10 

3-Penten-1-yne C5H6 66 
 

8 

Cyclopentene C5H8 68 

 

1, 2, 4-6, 8, 10 

1,4-Pentadiene C5H8 68 
 

8 

1,3-Pentadiene C5H8 68 
 

3 



 

2-Methyl-1,3-butadiene C5H8 68 

 

1 

Cyclopentane C5H10 70 

 

4, 5 

1-Pentene C5H10 70  
1 

2-Methyl-1-butene C5H10 70 

 

1 

Fulvene C6H6 78 

 

1 

Benzene C6H6 78 

 

1, 2, 5-11 

1-Methylcyclopentadiene C6H8 80 

 

1, 8 

2-Methylcyclopentadiene C6H8 80 

 

1 

3-Methylene-cyclopentene C6H8 80 

 

8 

1,3-Cyclohexadiene C6H8 80 

 

31 

1,4-Cyclohexadiene C6H8 80 

 

1 

1,5-Hexadiene C6H10 82 
 

2 

1,3-Hexadiene C6H10 82 
 

1 

1-Methylcyclopentene C6H10 82 

 

9 

Cyclohexene C6H10 82 

 

12 

Methylcyclopentane C6H10 84 

 

9 

Benzyl C7H7 91 

 

3 

1-Ethynyl-cyclopentene C7H8 92 

 

5, 10 



 

3-Ethynyl-cyclopentene C7H8 92 

 

1, 5 

Toluene C7H8 92 

 

1-3, 5, 6, 8-11 

3-Methylidenecyclohexa-1,4-diene C7H8 92 

 

1 

1,3,5-Cycloheptatriene C7H8 92 

 

8 

2-Propenylidene-cyclobutene C7H8 92 

 

8 

1,2-Dimethylcyclopentadiene C7H10 94 

 

12 

1,3-Bis(methylene)cyclopentane C7H10 94 

 

10 

3-Ethenyl-cyclopentene C7H10 94 

 

8 

1,3-Cycloheptadiene C7H10 94 

 

8 

Bicyclo(4.1.0)hept-2-ene C7H10 94 

 

8, 10 

2-Norbornene C7H10 94 

 

1 

1-Methylcyclohexa-1,3-diene C7H10 94 

 

1 

1-Methylcyclohexa-2,4-diene C7H10 94 

 

1 

Ethenylcyclopentene C7H10 94 

 

1 

Ethylcyclopentene C7H12 96 

 

9 



 

Ethylidenecyclopentane C7H12 96 

 

9 

Phenylacetylene C8H6 102 

 

3, 8 

Styrene C8H8 104 

 

1, 8 

1-Ethenyl-3-methylene-cyclopentene C8H10 106 

 

8 

Ethylbenzene C8H10 106 

 

1, 3, 8, 9 

p-Xylene C8H10 106 

 

1 

o-Xylene C8H10 106 

 

1, 8, 9 

Tricyclo[3.2.1.0(2,4)]oct-6-ene C8H10 106 

 

1 

1,2,3,3a,4,6a-Hexahydropentalene C8H12 108 

 

5, 8-10 

Bicyclo[3.3.0]oct-1(5)-ene C8H12 108 

 

1 

cis-Octahydropentalene C8H14 110 

 

9 

Propylcyclopentane C8H16 112 

 

9 

Indene C9H8 116 

 

1, 3, 8 

Indane C9H10 118 

 

8 

Propenyl benzene C9H10 118 

 

1, 8 



 

1-Ethenyl-2-methylbenzene C9H10 118 

 

1 

Propylbenzene C9H12 120 

 

1 

1,2,4-Trimethylbenzene C9H12 120 

 

1 

1,3,5,7,9-Decapentayne C10H2 122  
3 

3-Methylcyclooctene C9H16 124 

 

9 

Naphthalene C10H8 128 

 

1, 8, 10, 11 

Benzofulvene C10H8 128 

 

1 

1-Methylindene C10H10 130 

 

1 

2-Methylindene C10H10 130 

 

1, 10 

3-Methylindene C10H10 130 

 

1 

Dicyclopentadiene C10H10 130 

 

10 

2,3-Dihydro-1-methyl-1H-indene C10H12 132 

 

4 

5,6-Dihydrodicyclopentadiene C10H12 132 

 

1, 10 



 

2,3-Dihydro-4-methyl-1H-Indene C10H12 132 

 

10 

1,2,3,4-Tetrahydronaphthalene C10H12 132 

 

1, 10 

3-Butenylbenzene C10H12 132 

 

1 

(1-Methyl-1-propenyl)-Benzene C10H12 132 

 

10 

4-Ethyl-3-ethylidene-cyclohexene C10H16 136 

 

8 

4-Methyl-2,3,4,5,6,7-hexahydro-1H-indene C10H16 136 

 

4 

3-Cyclopentylcyclopentene C10H16 136 

 

2, 5, 8 

1-Cyclopentylcyclopentene C10H16 136 

 

4, 10 

Bicyclopentylidene C10H16 136 

 

4 

Adamantane C10H16 136 

 

1, 4, 10 

1,2-Diethenyl-cyclohexane C10H16 136 

 

8 

exo-Tetrahydrodicyclopentadiene C10H16 136 

 

1-12 

4-Methyl-1-(1-methyethenyl)cyclohexene C10H16 136 

 

10 

Cyclopentylcyclopentane C10H18 138 

 

4 



 

2,6,6-Trimethyl-bicyclo(3.1.1)heptane C10H18 138 

 

8 

trans-Decalin C10H18 138 

 

4 

1-Methylnaphthalene C11H10 142 

 

1 

2-Methylnaphthalene C11H10 142 

 

1 

Acenaphthylene C12H8 152 

 

1 

Acenaphthene C12H10 154 

 

1 

2-Ethenylnaphthalene C12H10 154 

 

1 

Biphenyl C12H10 154 

 

1 

Fluorene C13H10 166 

 

1 

3-Methyl-1H-fluorene C14H12 180 

 

1 

1-Methyl-1H-fluorene C14H12 180 

 

1 

9-Methyl-1H-fluorene C14H12 180 

 

1 



 

1H-Phenalene C13H10 166 

 

1 

Phenanthrene C14H10 178 

 

1 

Anthracene C14H10 178 

 

1 

9,10-Dihydro-anthracene C14H12 180 

 

1 

 

  



 

Table S2. Temperature profiles measured in the JP-10 pyrolysis (NSRL). 927 K, 949 K, 972 K, 994 

K, 1016 K, 1038 K, 1061 K and 1083 K in the head line define the names of temperature profiles. 

Distance 

(mm) 
Temperature (K) 

927 K 949 K 972 K 994 K 1016 K 1038 K 1061 K 1083 K 

0 538 549 559 569 580 590 600 611 

10 622 636 651 666 680 695 710 724 

20 695 713 731 749 767 785 803 821 

30 764 785 807 828 849 870 892 913 

40 814 837 860 883 906 929 951 974 

50 854 878 902 925 949 973 997 1021 

60 879 903 928 952 976 1000 1025 1049 

70 895 919 943 966 990 1014 1038 1061 

80 905 929 953 976 1000 1023 1047 1070 

90 913 936 960 983 1006 1030 1053 1077 

100 919 942 966 989 1012 1035 1058 1081 

105 921 944 967 990 1013 1036 1058 1081 

110 923 946 969 991 1014 1037 1060 1082 

115 924 947 969 992 1014 1037 1059 1082 

120 926 948 971 993 1015 1038 1060 1083 

125 926 949 971 993 1016 1038 1060 1083 

130 927 949 972 994 1016 1038 1061 1083 

135 927 949 972 994 1016 1038 1061 1083 

140 927 949 972 994 1016 1038 1060 1082 

145 927 949 971 992 1014 1036 1058 1080 

150 926 947 969 991 1012 1034 1056 1077 

155 925 946 968 989 1010 1032 1053 1075 

160 923 944 966 987 1008 1029 1051 1072 

165 920 941 963 984 1005 1026 1047 1068 

170 918 939 960 981 1002 1023 1043 1064 

175 916 937 958 978 999 1020 1041 1061 

180 913 933 954 974 994 1015 1035 1056 

185 909 930 950 970 991 1011 1031 1052 

190 905 925 945 964 984 1004 1024 1044 

195 898 918 938 957 977 996 1016 1035 

200 888 907 927 946 965 984 1003 1022 

205 876 894 912 929 947 965 983 1001 

210 860 877 895 912 929 947 964 982 

215 833 848 863 877 892 907 922 936 

220 797 811 825 838 852 866 880 894 

225 747 757 768 778 788 798 808 818 

 

 



 

Table S3. Photoionization cross sections (Mb, 1 Mb = 10-22 m2) of the species at selected energies exploited for the calculations of the branching ratios 

in this work. 

Species Formula Mass 
Ionization 

energy (eV) 

Photon Energy (eV) 
Ref. 

8.0 8.4 9.0 9.5 10.0 10.5 11.0 11.5 15.5 

Hydrogen H2 2 13.60 - - - - - - - - 4.73 13 

Methyl CH3 15 9.84 - - - - 4.78 5.81 - - - 14 

Methane CH4 16 12.61 - - - - - - - - 23.87 15 

Acetylene C2H2 26 11.40 - - - - - - - 18.26 - 16 

Vinyl C2H3 27 8.25 0.37 1.87 4.94 8.04 11.06 13.32 - - - 17 

Ethylene C2H4 28 10.51 - - - - - 0.92 7.79 8.02 - 15 

Ethyl C2H5 29 8.12 - 0.43 2.95 4.36 5.06 5.52 5.64 5.37 - 18 

Propargyl C3H3 39 8.67 - - 14.45 26.56 21.09 26.29 - - - 14 

Allene C3H4 40 9.69 - - - - 5.66 15.48 22.26 25.84 - 19 

Methylacetylene C3H4 40 10.36 - - - - - 23.06 43.84 42.1 - 15 

Allyl C3H5 41 8.18 0.82 3.41 5.68 5.64 6.23 6.09 - - - 20 

Propene C3H6 42 9.73 - - - - 7.05 11.09 12.41 13.35 - 21 

Diacetylene C4H2 50 10.17 - - - - 0.04 23.82 25.79 33.84 - 16 

1,2,3-Butatriene C4H4 52 9.25 - - 0.02 3.9 7.54 8.43 10.29 12.15 - Est. 

Vinylacetylene C4H4 52 9.58 - - - 0.25 24.49 33.83 37.61 39.92 - 16 

1,3-Butadiene C4H6 54 9.07 - - 0.02 8.48 13.96 16.44 19.91 22.45 - 19 

1-Butene C4H8 56 9.55 - - - - 9.43 9.91 11.1 12.42 - 22 

2-Butene C4H8 56 9.11 - - 0.01 5.24 9.06 11.04 14.05 19.17 - 22 

Ethynylallene C5H4 64 9.25 - - 0.53 7.85 28.09 35.35 44.81 48.66 - Est. 

Cyclopentadienyl C5H5 65 8.41 - - 3.78 4.6 8.01 10.03 - - - 23 

Cyclopentadiene C5H6 66 8.57 - - 8.52 10.05 - - - - - 24 

1,3-Pentadiene C5H8 68 8.59 - - 6.07 12.71 17.24 20.56 21 19.7 - 19 

Cyclopentene C5H8 68 9.01 - - 0.21 6.18 11.15 12.57 14.22 16.4 - 16 

Fulvene C6H6 78 8.36 - 0.56 4.59 7.04 7.87 9.19 - - - Est. 

Benzene C6H6 78 9.24 - - - 11.05 24.28 31.81 38.6 39.25 - 16 

1,3-Cyclohexadiene C6H8 80 8.25 - 7.67 20.32 18.39 22.52 27.65 35.76 37.3 - 22 

1,4-Cyclohexadiene C6H8 80 8.82 - - 9.39 21.18 19.25 23.07 26.27 33.16 - Est. 

Cyclohexene C6H10 82 8.95 - - 1.5 8.9 11.56 14.81 18.02 19.46 - 22 



 

 

Note: Molecular hydrogen and methane at 16.64 eV in NSRL were measured in the cold gas measurement (see manuscript). Thus, their photoionization 

cross sections at 16.64 eV in the database were not used for the branching ratio calculation. 

  

Fulvenallenyl C7H5 89 8.26 0 0.45 3.56 7.41 10.14 11.39 - - - Est. 

Fulvenallene C7H6 90 8.29 - 1.88 11.73 18.25 22.11 30 33.31 31.12 - Est. 

5-Methylene-1,3-cyclohexadiene C7H8 92 7.90 0.72 2.99 4.53 7.85 8.94 14.01 - - - Est. 

Toluene C7H8 92 8.83 - - 5.02 18.54 26.02 31.29 39.33 51.27 - 25 

Phenylacetylene C8H6 102 8.82 - - 14.82 29.39 52.4 62.42 76.97 101.21 - 25 

Benzocyclobutene C8H6 102 7.50 10.07 12.93 15.23 19.33 21.29 - - - - Est. 

o-Xylylene C8H8 104 7.75 5.01 12.08 20.73 29.54 41.28 53.93 - - - Est. 

Styrene C8H8 104 8.46 - 0.01 10.36 26.33 32.08 43.19 56.81 66.9 - 25 

1,3,5-Cyclooctatriene C8H10 106 7.90 3.24 10.07 13.16 16.48 18.77 - - - - Est. 

o-Xylene C8H10 106 8.56 - - 8.22 17.68 24.17 34.08 45.44 53.04 - 25 

Indene C9H8 116 8.14 - 3.37 13.6 27.61 40.58 52.19 62.87 86.32 - 25 

Indane C9H10 118 8.54 - 0.01 8.36 18.7 26.7 33.29 42.75 57.6 - 25 

Naphthalene C10H8 128 8.14 - 4.49 13.22 21.34 39.81 51.74 61.42 86.99 - Est. 

Acenaphthylene C12H8 152 8.12 - 3.57 13.92 24.92 38.52 48.86 54.03 - - Est. 

Biphenyl C12H10 154 8.16 - 2.53 9.14 21.22 34.51 50.63 58.65 - - Est. 



 

Table S4. The photoionization energies (eV) of the products observed in this work. 

Species Mass 
Ionization 

energy (eV) 

ALS NSRL 

1200 K 1300 K 1400 K 1500 K 1600 K 949 K 972 K 994 K 1016 K 1038 K 1061 K 1083 K 

Methyl CH3 15 9.84 - 9.80 9.75 9.75 9.75 - - - - - - - 

Acetylene C2H2 26 11.40 - - 11.35 11.35 11.35 - - 11.35 11.35 11.40 11.35 11.35 

Vinyl C2H3 27 8.25 - 8.25 8.25 8.25 8.25 - - - - - - - 

Ethylene C2H4 28 10.51 - 10.45 10.45 11.45 10.45 10.50 10.45 10.45 10.45 10.50 10.45 10.45 

Ethyl C2H5 29 8.12 8.15 8.10 8.10 8.10 8.15 - - - - - - - 

Propargyl C3H3 39 8.67 - - - 8.65 8.65 - - - - - - - 

Allene C3H4 40 9.69 - 9.70 9.65 9.70 9.70 - 9.70 9.70 9.70 9.70 9.70 9.70 

Methylacetylene C3H4 40 10.36 - - 10.35 10.35 10.35 - - 10.40 10.35 10.35 10.35 10.35 

Allyl C3H5 41 8.18 8.15 8.10 8.10 8.10 8.10 - - - - - - - 

Propene C3H6 42 9.73 - 9.70 9.75 9.70 9.70 - 9.70 9.70 9.70 9.75 9.70 9.75 

Diacetylene C4H2 50 10.17 - - - - 10.15 - - - - - - - 

1,2,3-Butatriene C4H4 52 9.25 - - - 9.25 9.25 - - - - - - - 

Vinylacetylene C4H4 52 9.58 - - - 9.55 9.55 - - - 9.55 9.55 9.55 9.55 

1,3-Butadiene C4H6 54 9.07 - 9.00 9.00 9.00 9.00 - 9.00 9.00 9.00 9.05 9.00 9.00 

1-Butene C4H8 56 9.55 - - - 9.55 9.55 - 9.55 9.50 9.50 9.55 9.55 9.50 

2-Butene C4H8 56 9.11 - - - 9.10 9.10 - - - - 9.10 9.10 9.10 

Ethynylallene C5H4 64 9.25 - - - - 9.20 - - - - - - - 

Cyclopentadienyl C5H5 65 8.41 - - 8.40 8.40 8.40 - - - - - - - 

Cyclopentadiene C5H6 66 8.57 - 8.50 8.50 8.50 8.50 8.50 8.50 8.50 8.50 8.55 8.55 8.50 

1,3-Pentadiene C5H8 68 8.59 - - - 8.60 8.55 - - - - 8.60 8.60 8.60 

Cyclopentene C5H8 68 9.01 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 - 

Fulvene C6H6 78 8.36 8.35 8.35 8.35 8.35 8.35 8.35 8.35 8.35 8.35 8.35 8.35 8.35 

Benzene C6H6 78 9.24 - 9.25 9.25 9.20 9.20 - 9.25 9.20 9.20 9.25 9.20 9.20 

1,3-Cyclohexadiene C6H8 80 8.25 - - - 8.25 - - - 8.20 8.20 8.20 8.15 8.15 

1,4-Cyclohexadiene C6H8 80 8.82 - - 8.80 8.80 - - - - - - - - 

Cyclohexene C6H10 82 8.95 8.95 9.00 9.00 8.95 8.95 - - - - - - - 

Fulvenallenyl C7H5 89 8.26 - - - - 8.25 - - - - - - - 

Fulvenallene C7H6 90 8.29 - - - 8.30 8.25 - - - - - - 8.25 

5-Methylene-1,3-

cyclohexadiene 
C7H8 92 7.90 - - - - - 7.90 7.90 7.90 7.90 7.90 7.90 7.90 

Toluene C7H8 92 8.83 - 8.80 8.80 8.80 8.85 - - 8.85 8.80 8.80 8.80 8.80 

Phenylacetylene C8H6 102 8.82 - - - - 8.85 - - - - - - 8.80 

Styrene C8H8 104 8.46 - - - 8.45 8.45 - - 8.50 8.50 8.45 8.45 8.45 



 

 

Note: Due to the low photoionization energies of benzocyclobutene (7.50 eV) and o-xylylene (7.75 eV) which are lower than the experiment energy 

range, the two products are not listed in the table. 

  

o-Xylene C8H10 106 8.56 - 8.55 8.60 8.55 8.55 - - 8.55 8.55 8.60 8.55 8.55 

1,3,5-

Cyclooctatriene 
C8H10 106 7.90 - - - - - 7.90 7.90 7.90 7.90 7.90 7.90 7.90 

Indene C9H8 116 8.14 - - - - 8.15 - - - 8.15 8.15 8.10 8.10 

Indane C9H10 118 8.54 - - - 8.45 8.45 - - 8.50 8.45 8.45 8.45 8.45 

Naphthalene C10H8 128 8.14 - - - - - - - - - 8.15 8.15 8.15 

Acenaphthylene C12H8 152 8.12 - - - - - - - - - - - 8.10 

Biphenyl C12H10 154 8.16 - - - - - - - - - - - 8.10 



 

Table S5. Mole fractions of species observed in JP-10 pyrolysis (ALS) at the temperature range from 1200 K to 1600 K. The numbers in each bracket 

present the lower and upper uncertainties, respectively. 

Species 
Temperature 

1200 K 1300 K 1400 K 1500 K 1600 K 

Hydrogen H2 - 
5.53E-06 

(-1.64E-06, +1.90E-06) 

1.18E-05 

(-2.83E-06, +3.06E-06) 

3.36E-05 

(-7.92E-06, +8.52E-06) 

1.07E-04 

(-2.44E-05, +2.59E-

05) 

Methyl CH3 - 
1.34E-06 

(-5.59E-07, +7.05E-07) 

7.65E-06 

(-1.92E-06, +2.12E-06) 

3.48E-05 

(-7.73E-06, +8.12E-06) 

5.92E-05 

(-1.33E-05, +1.40E-

05) 

Acetylene C2H2 - - 
6.91E-07 

(-2.22E-07, +2.65E-07) 

6.87E-06 

(-1.55E-06, +1.64E-06) 

3.36E-05 

(-7.04E-06, +7.20E-

06) 

Vinyl C2H3 - 
2.44E-06 

(-1.34E-06, +2.94E-06) 

2.95E-06 

(-1.60E-06, +3.46E-06) 

4.84E-06 

(-2.55E-06, +5.36E-06) 

4.27E-06 

(-2.30E-06, +4.91E-

06) 

Ethylene C2H4 - 
2.88E-05 

(-6.53E-06, +6.92E-06) 

9.54E-05 

(-2.06E-05, +2.13E-05) 

3.14E-04 

(-6.65E-05, +6.83E-05) 

4.97E-04 

(-1.07E-04, +1.11E-

04) 

Ethyl C2H5 
7.74E-06 

(-2.13E-06, +2.41E-06) 

1.63E-05 

(-3.86E-06, +4.16E-06) 

2.94E-05 

(-6.59E-06, +6.95E-06) 

3.02E-05 

(-6.70E-06, +7.03E-06) 

1.23E-05 

(-3.12E-06, +3.44E-

06) 

Propargyl C3H3 - - - 
3.31E-06 

(-7.92E-07, +8.57E-07) 

1.53E-05 

(-3.86E-06, +4.25E-

06) 

Allene C3H4 - 
4.69E-07 

(-3.01E-07, +4.05E-07) 

3.52E-06 

(-7.38E-07, +7.55E-07) 

3.19E-05 

(-7.71E-06, +8.38E-06) 

9.48E-05 

(-2.29E-05, +2.49E-

05) 

Methylacetylene C3H4 - - 
7.25E-07 

(-2.07E-07, +2.37E-07) 

1.09E-05 

(-2.56E-06, +2.75E-06) 

4.45E-05 

(-1.01E-05, +1.07E-

05) 

Allyl C3H5 
4.77E-06 

(-1.39E-06, +1.61E-06) 

2.37E-05 

(-5.92E-06, +6.50E-06) 

7.46E-05 

(-1.81E-05, +1.96E-05) 

1.65E-04 

(-3.97E-05, +4.31E-05) 

9.08E-05 

(-2.26E-05, +2.48E-

05) 

Propene C3H6 - 
9.85E-07 

(-3.14E-07, +3.72E-07) 

2.80E-06 

(-6.66E-07, +7.18E-07) 

1.06E-05 

(-2.41E-06, +2.55E-06) 

1.69E-05 

(-3.82E-06, +4.04E-

06) 



 

Diacetylene C4H2 - - - - 

1.07E-06 

(-2.79E-07, +3.11E-

07) 

1,2,3-Butatriene C4H4 - - - 
5.98E-07 

(-4.73E-07, +1.29E-06) 

9.38E-07 

(-6.19E-07, +1.54E-

06) 

Vinylacetylene C4H4 - - - 
1.09E-06 

(-2.66E-07, +2.90E-07) 

4.12E-06 

(-8.87E-07, +9.18E-

07) 

1,3-Butadiene C4H6 - 
1.81E-06 

(-4.51E-07, +4.95E-07) 

7.64E-06 

(-1.66E-06, +1.72E-06) 

3.18E-05 

(-6.78E-06, +7.00E-06) 

5.55E-05 

(-1.20E-05, +1.25E-

05) 

1-Butene C4H8 - - - 
1.19E-06 

(-3.66E-07, +4.29E-07) 

1.82E-06 

(-5.95E-07, +7.11E-

07) 

2-Butene C4H8 - - - 
3.92E-07 

(-1.76E-07, +2.24E-07) 

6.17E-07 

(-3.13E-07, +4.08E-

07) 

Ethynylallene C5H4 - - - - 

8.87E-07 

(-4.66E-07, +9.76E-

07) 

Cyclopentadienyl C5H5 - - 
6.07E-06 

(-3.17E-06, +6.60E-06) 

3.95E-05 

(-2.03E-05, +4.18E-05) 

1.01E-04 

(-5.13E-05, +1.05E-

04) 

Cyclopentadiene C5H6 - 
1.91E-05 

(-4.88E-06, +5.41E-06) 

7.77E-05 

(-1.71E-05, +1.79E-05) 

2.54E-04 

(-5.60E-05, +5.86E-05) 

3.37E-04 

(-7.43E-05, +7.78E-

05) 

1,3-Pentadiene C5H8 - - - 
5.96E-06 

(-1.70E-06, +1.95E-06) 

1.15E-05 

(-2.78E-06, +3.01E-

06) 

Cyclopentene C5H8 
1.67E-06 

(-6.77E-07, +8.49E-07) 

6.62E-06 

(-1.75E-06, +1.97E-06) 

1.78E-05 

(-3.73E-06, +3.82E-06) 

3.74E-05 

(-8.44E-06, +8.92E-06) 

2.04E-05 

(-4.76E-06, +5.09E-

06) 

Fulvene C6H6 
1.41E-06 

(-8.59E-07, +2.03E-06) 

1.85E-05 

(-1.05E-05, +2.36E-05) 

6.59E-05 

(-3.45E-05, +7.22E-05) 

1.69E-04 

(-8.79E-05, +1.82E-04) 

1.31E-04 

(-6.73E-05, +1.38E-

04) 

Benzene C6H6 - 
2.14E-06 

(-6.83E-07, +8.11E-07) 

1.20E-05 

(-2.87E-06, +3.11E-06) 

5.69E-05 

(-1.24E-05, +1.29E-05) 

1.37E-04 

(-3.14E-05, +3.34E-



 

05) 

1,3-Cyclohexadiene C6H8 - - - 
2.56E-06 

(-5.66E-07, +5.94E-07) 
- 

1,4-Cyclohexadiene C6H8 - - 
9.44E-07 

(-4.02E-07, +5.08E-07) 

3.95E-06 

(-9.66E-07, +1.05E-06) 
- 

Cyclohexene C6H10 
8.10E-07 

(-4.21E-07, +5.51E-07) 

7.84E-07 

(-2.63E-07, +3.15E-07) 

1.09E-06 

(-4.41E-07, +5.53E-07) 

1.74E-06 

(-5.96E-07, +7.20E-07) 

8.68E-07 

(-3.32E-07, +4.11E-

07) 

Fulvenallenyl C7H5 - - - - 

7.51E-07 

(-4.28E-07, +9.60E-

07) 

Fulvenallene C7H6 - - - 
4.99E-07 

(-2.61E-07, +5.45E-07) 

3.78E-06 

(-1.92E-06, +3.91E-

06) 

5-Methylene-1,3-cyclohexadiene C7H8 
2.69E-08 

(-1.87E-08, +4.77E-08) 

4.61E-07 

(-2.62E-07, +5.88E-07) 

1.91E-06 

(-1.01E-06, +2.14E-06) 

9.32E-06 

(-4.89E-06, +1.03E-05) 

8.77E-06 

(-4.77E-06, +1.03E-

05) 

Toluene C7H8 - 
3.02E-07 

(-1.68E-07, +3.70E-07) 

1.50E-06 

(-7.68E-07, +1.57E-06) 

5.16E-06 

(-2.76E-06, +5.87E-06) 

7.81E-06 

(-4.04E-06, +8.37E-

06) 

Phenylacetylene C8H6 - - - - 

2.07E-07 

(-5.39E-08, +6.01E-

08) 

Benzocyclobutadiene C8H6 - - - - 

2.58E-07 

(-1.42E-07, +3.09E-

07) 

o-Xylylene C8H8 - - - 
3.47E-07 

(-1.92E-07, +4.23E-07) 

5.05E-07 

(-2.62E-07, +5.44E-

07) 

Styrene C8H8 - - - 
1.42E-06 

(-3.51E-07, +3.85E-07) 

3.70E-06 

(-8.17E-07, +8.55E-

07) 

1,3,5-Cyclooctatriene C8H10 
9.29E-09 

(-9.29E-09, +2.79E-08) 

2.37E-07 

(-1.56E-07, +3.87E-07) 

9.52E-07 

(-5.06E-07, +1.07E-06) 

2.46E-06 

(-1.29E-06, +2.68E-06) 

1.17E-06 

(-6.33E-07, +1.36E-

06) 

o-Xylene C8H10 - 
2.21E-07 

(-8.52E-08, +1.06E-07) 

1.23E-06 

(-3.08E-07, +3.38E-07) 

3.49E-06 

(-8.28E-07, +8.93E-07) 

1.54E-06 

(-3.82E-07, +4.19E-

07) 



 

Indene C9H8 - - - - 

4.03E-07 

(-9.63E-08, +1.04E-

07) 

Indane C9H10 - - - 
7.33E-07 

(-1.91E-07, +2.14E-07) 

1.02E-06 

(-2.43E-07, +2.62E-

07) 

JP-10 C10H16 
2.63E-04 

(-1.80E-06, +1.80E-06) 

2.59E-04 

(-2.21E-06, +2.21E-06) 

2.32E-04 

(-3.11E-06, +3.11E-06) 

9.17E-05 

(-1.78E-06, +1.78E-06) 

1.34E-05 

(-7.41E-07, +7.41E-

07) 

 

  



 

Table S6. Mole fractions of species observed in JP-10 pyrolysis (NSRL) at the temperature range from 949 K to 1083 K. The numbers in each bracket 

present the lower and upper uncertainties, respectively. 

Species 
Temperature 

949 K 972 K 994 K 1,016 K 1,038 K 1,061 K 1,083 K 

Hydrogen H2 - - 

6.36E-05 

(-4.90E-05, 

+5.85E-05) 

1.64E-04 

(-4.38E-05, 

+4.99E-05) 

2.62E-04 

(-6.02E-05, 

+6.78E-05) 

3.62E-04 

(-9.54E-05, 

+1.09E-04) 

3.83E-04 

(-6.26E-05, 

+6.81E-05) 

Methane CH4 - - - 

2.58E-06 

(-2.58E-06, 

+3.10E-06) 

1.07E-05 

(-4.82E-06, 

+5.66E-06) 

2.74E-05 

(-7.25E-06, 

+8.25E-06) 

3.52E-05 

(-5.73E-06, 

+6.22E-06) 

Acetylene C2H2 - - 

6.89E-07 

(-2.06E-07, 

+2.41E-07) 

4.47E-06 

(-1.26E-06, 

+1.45E-06) 

8.69E-06 

(-2.63E-06, 

+3.08E-06) 

1.85E-05 

(-5.58E-06, 

+6.51E-06) 

3.32E-05 

(-8.08E-06, 

+8.81E-06) 

Ethylene C2H4 

3.72E-06 

(-1.21E-06, 

+1.44E-06) 

1.70E-05 

(-5.28E-06, 

+6.22E-06) 

4.49E-05 

(-1.01E-05, 

+1.06E-05) 

1.03E-04 

(-2.65E-05, 

+2.95E-05) 

1.59E-04 

(-3.71E-05, 

+3.98E-05) 

2.14E-04 

(-4.73E-05, 

+4.95E-05) 

2.89E-04 

(-6.58E-05, 

+6.98E-05) 

Allene C3H4 - 

1.65E-06 

(-6.00E-07, 

+7.35E-07) 

6.48E-06 

(-3.17E-06, 

+4.11E-06) 

1.32E-05 

(-7.16E-06, 

+9.43E-06) 

1.86E-05 

(-5.06E-06, 

+5.74E-06) 

2.85E-05 

(-1.02E-05, 

+1.25E-05) 

1.77E-05 

(-6.21E-06, 

+7.55E-06) 

Methylacetylene C3H4 - - 

2.11E-06 

(-9.05E-07, 

+1.15E-06) 

6.01E-06 

(-2.30E-06, 

+2.84E-06) 

1.14E-05 

(-2.94E-06, 

+3.27E-06) 

1.91E-05 

(-5.18E-06, 

+5.86E-06) 

4.21E-05 

(-9.70E-06, 

+1.03E-05) 

Propene C3H6 - 

3.73E-06 

(-9.24E-07, 

+1.01E-06) 

1.12E-05 

(-2.86E-06, 

+3.17E-06) 

2.62E-05 

(-6.42E-06, 

+7.01E-06) 

3.72E-05 

(-8.62E-06, 

+9.21E-06) 

4.40E-05 

(-1.00E-05, 

+1.06E-05) 

4.85E-05 

(-1.13E-05, 

+1.21E-05) 

Vinylacetylene C4H4 - - - 

7.04E-07 

(-2.00E-07, 

+2.29E-07) 

1.23E-06 

(-3.37E-07, 

+3.83E-07) 

2.82E-06 

(-6.93E-07, 

+7.57E-07) 

4.61E-06 

(-1.18E-06, 

+1.31E-06) 

1,3-Butadiene C4H6 - 

1.22E-06 

(-3.47E-07, 

+3.98E-07) 

3.74E-06 

(-9.28E-07, 

+1.02E-06) 

9.83E-06 

(-2.55E-06, 

+2.83E-06) 

1.40E-05 

(-3.42E-06, 

+3.74E-06) 

2.08E-05 

(-4.80E-06, 

+5.12E-06) 

2.77E-05 

(-6.15E-06, 

+6.45E-06) 

1-Butene C4H8 - 

1.92E-06 

(-5.48E-07, 

+6.31E-07) 

6.93E-06 

(-1.96E-06, 

+2.25E-06) 

1.24E-05 

(-2.84E-06, 

+3.01E-06) 

1.46E-05 

(-3.32E-06, 

+3.53E-06) 

8.92E-06 

(-2.45E-06, 

+2.78E-06) 

3.56E-06 

(-1.06E-06, 

+1.23E-06) 

2-Butene C4H8 - - - - 

4.37E-08 

(-4.37E-08, 

+6.12E-08) 

1.11E-06 

(-5.46E-07, 

+7.07E-07) 

8.39E-07 

(-6.25E-07, 

+8.53E-07) 



 

cyclopentadiene C5H6 

5.29E-06 

(-2.28E-06, 

+2.89E-06) 

1.46E-05 

(-3.77E-06, 

+4.20E-06) 

3.61E-05 

(-8.69E-06, 

+9.42E-06) 

7.72E-05 

(-1.87E-05, 

+2.03E-05) 

1.18E-04 

(-2.55E-05, 

+2.65E-05) 

1.80E-04 

(-4.36E-05, 

+4.74E-05) 

2.05E-04 

(-4.82E-05, 

+5.18E-05) 

Cyclopentene C5H8 

7.05E-07 

(-3.40E-07, 

+4.39E-07) 

4.52E-06 

(-1.29E-06, 

+1.48E-06) 

8.94E-06 

(-2.97E-06, 

+3.57E-06) 

1.37E-05 

(-3.73E-06, 

+4.23E-06) 

8.43E-06 

(-2.30E-06, 

+2.61E-06) 

6.74E-06 

(-2.25E-06, 

+2.70E-06) 

- 

1,3-Pentadiene C5H8 - - - - 

2.63E-06 

(-9.15E-07, 

+1.11E-06) 

1.89E-06 

(-6.75E-07, 

+8.23E-07) 

3.89E-06 

(-1.56E-06, 

+1.96E-06) 

Fulvene C6H6 

4.88E-07 

(-4.36E-07, 

+1.26E-06) 

2.34E-06 

(-1.68E-06, 

+4.37E-06) 

1.19E-05 

(-6.78E-06, 

+1.53E-05) 

1.52E-05 

(-8.66E-06, 

+1.94E-05) 

1.37E-05 

(-7.18E-06, 

+1.50E-05) 

1.53E-05 

(-8.71E-06, 

+1.95E-05) 

9.29E-06 

(-5.56E-06, 

+1.29E-05) 

Benzene C6H6 - 

3.17E-06 

(-9.41E-07, 

+1.09E-06) 

7.76E-06 

(-2.37E-06, 

+2.77E-06) 

2.27E-05 

(-6.05E-06, 

+6.81E-06) 

4.28E-05 

(-1.16E-05, 

+1.31E-05) 

7.11E-05 

(-1.67E-05, 

+1.80E-05) 

9.39E-05 

(-2.04E-05, 

+2.12E-05) 

1,3-Cyclohexadiene C6H8 - - 

1.25E-06 

(-4.53E-07, 

+5.55E-07) 

3.92E-06 

(-1.30E-06, 

+1.55E-06) 

7.25E-06 

(-2.10E-06, 

+2.42E-06) 

1.01E-05 

(-2.56E-06, 

+2.83E-06) 

8.37E-06 

(-2.17E-06, 

+2.41E-06) 

Fulvenallene C7H6 - - - - - - 

2.53E-07 

(-1.53E-07, 

+3.60E-07) 

5-Methylene-1,3-

cyclohexadiene 
C7H8 

1.69E-07 

(-1.69E-07, 

+5.08E-07) 

1.39E-06 

(-7.74E-07, 

+1.71E-06) 

4.88E-06 

(-2.61E-06, 

+5.56E-06) 

1.11E-05 

(-7.09E-06, 

+1.72E-05) 

9.87E-06 

(-5.53E-06, 

+1.22E-05) 

8.82E-06 

(-4.82E-06, 

+1.05E-05) 

5.47E-06 

(-3.49E-06, 

+8.47E-06) 

Toluene C7H8 - 

1.03E-06 

(-3.81E-07, 

+4.69E-07) 

3.45E-06 

(-9.00E-07, 

+1.01E-06) 

6.93E-06 

(-2.07E-06, 

+2.41E-06) 

1.08E-05 

(-2.99E-06, 

+3.41E-06) 

1.41E-05 

(-3.77E-06, 

+4.25E-06) 

1.68E-05 

(-4.05E-06, 

+4.40E-06) 

Benzocyclobutadiene C8H6 - - - - - - 

1.67E-07 

(-1.14E-07, 

+2.87E-07) 

Phenylacetylene C8H6 - - - - - - 

4.69E-07 

(-1.29E-07, 

+1.46E-07) 

o-Xylylene C8H8 - - - 

4.32E-07 

(-3.25E-07, 

+8.68E-07) 

3.09E-07 

(-2.13E-07, 

+5.41E-07) 

1.89E-07 

(-1.60E-07, 

+4.50E-07) 

9.11E-07 

(-5.66E-07, 

+1.35E-06) 

Styrene C8H8 - - 
6.00E-07 

(-2.24E-07, 

6.55E-07 

(-2.23E-07, 

2.23E-06 

(-5.57E-07, 

4.41E-06 

(-1.11E-06, 

5.17E-06 

(-1.29E-06, 



 

+2.77E-07) +2.69E-07) +6.12E-07) +1.22E-06) +1.42E-06) 

1,3,5-Cyclooctatriene C8H10 

8.90E-08 

(-5.23E-08, 

+1.20E-07) 

1.88E-07 

(-1.25E-07, 

+3.12E-07) 

7.44E-07 

(-4.17E-07, 

+9.24E-07) 

1.07E-06 

(-5.77E-07, 

+1.23E-06) 

1.24E-06 

(-7.15E-07, 

+1.62E-06) 

7.52E-07 

(-4.81E-07, 

+1.17E-06) 

1.94E-07 

(-1.24E-07, 

+3.04E-07) 

o-Xylene C8H10 - - 

1.95E-06 

(-5.49E-07, 

+6.29E-07) 

3.81E-06 

(-1.28E-06, 

+1.53E-06) 

5.31E-06 

(-1.36E-06, 

+1.51E-06) 

5.68E-06 

(-1.46E-06, 

+1.63E-06) 

4.30E-06 

(-1.10E-06, 

+1.23E-06) 

Indene C9H8 - - - 

3.96E-07 

(-9.68E-08, 

+1.06E-07) 

7.90E-07 

(-1.95E-07, 

+2.14E-07) 

1.24E-06 

(-2.98E-07, 

+3.23E-07) 

1.73E-06 

(-3.98E-07, 

+4.24E-07) 

Indane C9H10 - - 

4.93E-07 

(-1.30E-07, 

+1.46E-07) 

1.12E-06 

(-3.34E-07, 

+3.89E-07) 

1.32E-06 

(-3.56E-07, 

+4.02E-07) 

1.69E-06 

(-4.31E-07, 

+4.77E-07) 

1.43E-06 

(-3.86E-07, 

+4.36E-07) 

Naphthalene C10H8 - - - - 

4.53E-07 

(-1.36E-07, 

+1.58E-07) 

8.13E-07 

(-2.29E-07, 

+2.62E-07) 

1.67E-06 

(-4.28E-07, 

+4.75E-07) 

Acenaphthylene C12H8 - - - - - - 

2.34E-07 

(-1.38E-07, 

+3.19E-07) 

Biphenyl C12H10 - - - - - - 

3.82E-07 

(-2.21E-07, 

+5.04E-07) 

JP-10 C10H16 

2.65E-04 

(-7.79E-06, 

+7.79E-06) 

2.35E-04 

(-6.96E-06, 

+6.96E-06) 

1.99E-04 

(-7.52E-06, 

+7.52E-06) 

1.50E-04 

(-8.27E-06, 

+8.27E-06) 

8.06E-05 

(-2.79E-06, 

+2.79E-06) 

3.79E-05 

(-1.27E-06, 

+1.27E-06) 

1.39E-05 

(-6.28E-07, 

+6.28E-07) 

 



 

 

Figure S1. Mass discrimination measurement in NSRL. The factors are determined to be (
𝑥

30
)
0.36267

. 

 

  



 

 

Figure S2-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1200 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 68, 78, 82, 92 and 106, the 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 



 

 

Figure S2-2-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1300 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. For m/z = 66, the PIE curve presents sharp increase above10.5 eV due to photolysis fragment of 

JP-10. 

  



 

 

Figure S2-2-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1300 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 68, 78, 82, 92 and 106, the 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 



 

 

Figure S2-3-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1400 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit.  

  



 

 

Figure S2-3-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1400 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 66, 68, 80, 82, 92 and 106, 

the PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

  



 

 

Figure S2-5-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1500 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit.  

  



 

 

Figure S2-5-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1500 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 66, 68, 80 and 92, the PIE 

curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 



 

 

Figure S2-5-3. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1500 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit.  

  



 

 

Figure S3. PIE measurement of m/z = 91 in the temperature from 1300 K to 1600 K in ALS. 

  



 

 

Figure S4. PIE measurement of m/z = 94 in the temperature from 1200 K to 1600 K in ALS. The 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

 

 

  



 

 

Figure S5. PIE measurement of m/z = 108 in the temperature from 1200 K to 1600 K in ALS. The 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

 

 

 

  



 

 

Figure S6-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 949 K along with the experimental errors (gray area) and the reference PIE 

curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. 

 

  



 

 

Figure S6-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 972 K along with the experimental errors (gray area) and the reference PIE 

curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 66 and 68, the PIE curves 

present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

  



 

 

Figure S6-3-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 994 K along with the experimental errors (gray area) and the reference PIE 

curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. 

  



 

 

Figure S6-3-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 994 K along with the experimental errors (gray area) and the reference PIE 

curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 80, the PIE curve presents 

sharp increase above10.5 eV due to photolysis fragment of JP-10. 

  



 

 

Figure S6-4-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1016 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 66 and 68, the 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

  



 

 

Figure S6-4-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1016 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10.  

 

  



 

 

Figure S6-5-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1038 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10. 

  



 

 

Figure S6-5-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1038 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10. 

  



 

 

Figure S6-6-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1061 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 66 and 68, the 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

 

  



 

 

Figure S6-6-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1061 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10. 

  



 

 

Figure S7. PIE measurement of m/z = 94 in the temperature from 949 K to 1083 K in NSRL. The 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

 

 

  



 

 

Figure S8. PIE measurement of m/z = 108 in the temperature from 949 K to 1083 K in NSRL. The 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 
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Table S1. Species reported in previous experimental studies on JP-10. 

 

Molecule Formula Mass Structure Ref. 

Hydrogen H2 2  
1-4 

Methyl CH3 15  
3 

Methane CH4 16  
1-6 

Acetylene C2H2 26  
1, 3, 7, 8 

Ethylene C2H4 28  
1-8 

Ethyl C2H5 29  
3 

Ethane C2H6 30  
1, 2, 4-6 

Propargyl C3H3 39  
3 

Methylacetylene C3H4 40  
1, 7, 8 

Allene C3H4 40  
1, 7, 8 

Allyl C3H5 41 
 

3 

Propene C3H6 42 
 

1-6, 8 

Propane C3H8 44  
1, 4-6, 9 

Diacetylene C4H2 50  
8 

Vinylacetylene C4H4 52 
 

3, 8 

1-Butyne C4H6 54 
 

3, 8 

1,3-Butadiene C4H6 54 
 

1, 6, 8 

1,2-Butadiene C4H6 54 
 

8 

1-Butene C4H8 56 
 

1, 6, 8 

2-Butene C4H8 56 
 

1, 6, 8 

i-Butene C4H8 56 

 

1, 6 

n-Butane C4H10 56  
4, 9 

i-Butane C4H10 56 

 

1 

Cyclopentadienyl C5H5 65 

 

3 

Cyclopentadiene C5H6 66 

 

1-3, 5-8, 10 

3-Penten-1-yne C5H6 66 
 

8 

Cyclopentene C5H8 68 

 

1, 2, 4-6, 8, 10 

1,4-Pentadiene C5H8 68 
 

8 

1,3-Pentadiene C5H8 68 
 

3 



 

2-Methyl-1,3-butadiene C5H8 68 

 

1 

Cyclopentane C5H10 70 

 

4, 5 

1-Pentene C5H10 70  
1 

2-Methyl-1-butene C5H10 70 

 

1 

Fulvene C6H6 78 

 

1 

Benzene C6H6 78 

 

1, 2, 5-11 

1-Methylcyclopentadiene C6H8 80 

 

1, 8 

2-Methylcyclopentadiene C6H8 80 

 

1 

3-Methylene-cyclopentene C6H8 80 

 

8 

1,3-Cyclohexadiene C6H8 80 

 

31 

1,4-Cyclohexadiene C6H8 80 

 

1 

1,5-Hexadiene C6H10 82 
 

2 

1,3-Hexadiene C6H10 82 
 

1 

1-Methylcyclopentene C6H10 82 

 

9 

Cyclohexene C6H10 82 

 

12 

Methylcyclopentane C6H10 84 

 

9 

Benzyl C7H7 91 

 

3 

1-Ethynyl-cyclopentene C7H8 92 

 

5, 10 



 

3-Ethynyl-cyclopentene C7H8 92 

 

1, 5 

Toluene C7H8 92 

 

1-3, 5, 6, 8-11 

3-Methylidenecyclohexa-1,4-diene C7H8 92 

 

1 

1,3,5-Cycloheptatriene C7H8 92 

 

8 

2-Propenylidene-cyclobutene C7H8 92 

 

8 

1,2-Dimethylcyclopentadiene C7H10 94 

 

12 

1,3-Bis(methylene)cyclopentane C7H10 94 

 

10 

3-Ethenyl-cyclopentene C7H10 94 

 

8 

1,3-Cycloheptadiene C7H10 94 

 

8 

Bicyclo(4.1.0)hept-2-ene C7H10 94 

 

8, 10 

2-Norbornene C7H10 94 

 

1 

1-Methylcyclohexa-1,3-diene C7H10 94 

 

1 

1-Methylcyclohexa-2,4-diene C7H10 94 

 

1 

Ethenylcyclopentene C7H10 94 

 

1 

Ethylcyclopentene C7H12 96 

 

9 



 

Ethylidenecyclopentane C7H12 96 

 

9 

Phenylacetylene C8H6 102 

 

3, 8 

Styrene C8H8 104 

 

1, 8 

1-Ethenyl-3-methylene-cyclopentene C8H10 106 

 

8 

Ethylbenzene C8H10 106 

 

1, 3, 8, 9 

p-Xylene C8H10 106 

 

1 

o-Xylene C8H10 106 

 

1, 8, 9 

Tricyclo[3.2.1.0(2,4)]oct-6-ene C8H10 106 

 

1 

1,2,3,3a,4,6a-Hexahydropentalene C8H12 108 

 

5, 8-10 

Bicyclo[3.3.0]oct-1(5)-ene C8H12 108 

 

1 

cis-Octahydropentalene C8H14 110 

 

9 

Propylcyclopentane C8H16 112 

 

9 

Indene C9H8 116 

 

1, 3, 8 

Indane C9H10 118 

 

8 

Propenyl benzene C9H10 118 

 

1, 8 



 

1-Ethenyl-2-methylbenzene C9H10 118 

 

1 

Propylbenzene C9H12 120 

 

1 

1,2,4-Trimethylbenzene C9H12 120 

 

1 

1,3,5,7,9-Decapentayne C10H2 122  
3 

3-Methylcyclooctene C9H16 124 

 

9 

Naphthalene C10H8 128 

 

1, 8, 10, 11 

Benzofulvene C10H8 128 

 

1 

1-Methylindene C10H10 130 

 

1 

2-Methylindene C10H10 130 

 

1, 10 

3-Methylindene C10H10 130 

 

1 

Dicyclopentadiene C10H10 130 

 

10 

2,3-Dihydro-1-methyl-1H-indene C10H12 132 

 

4 

5,6-Dihydrodicyclopentadiene C10H12 132 

 

1, 10 



 

2,3-Dihydro-4-methyl-1H-Indene C10H12 132 

 

10 

1,2,3,4-Tetrahydronaphthalene C10H12 132 

 

1, 10 

3-Butenylbenzene C10H12 132 

 

1 

(1-Methyl-1-propenyl)-Benzene C10H12 132 

 

10 

4-Ethyl-3-ethylidene-cyclohexene C10H16 136 

 

8 

4-Methyl-2,3,4,5,6,7-hexahydro-1H-indene C10H16 136 

 

4 

3-Cyclopentylcyclopentene C10H16 136 

 

2, 5, 8 

1-Cyclopentylcyclopentene C10H16 136 

 

4, 10 

Bicyclopentylidene C10H16 136 

 

4 

Adamantane C10H16 136 

 

1, 4, 10 

1,2-Diethenyl-cyclohexane C10H16 136 

 

8 

exo-Tetrahydrodicyclopentadiene C10H16 136 

 

1-12 

4-Methyl-1-(1-methyethenyl)cyclohexene C10H16 136 

 

10 

Cyclopentylcyclopentane C10H18 138 

 

4 



 

2,6,6-Trimethyl-bicyclo(3.1.1)heptane C10H18 138 

 

8 

trans-Decalin C10H18 138 

 

4 

1-Methylnaphthalene C11H10 142 

 

1 

2-Methylnaphthalene C11H10 142 

 

1 

Acenaphthylene C12H8 152 

 

1 

Acenaphthene C12H10 154 

 

1 

2-Ethenylnaphthalene C12H10 154 

 

1 

Biphenyl C12H10 154 

 

1 

Fluorene C13H10 166 

 

1 

3-Methyl-1H-fluorene C14H12 180 

 

1 

1-Methyl-1H-fluorene C14H12 180 

 

1 

9-Methyl-1H-fluorene C14H12 180 

 

1 



 

1H-Phenalene C13H10 166 

 

1 

Phenanthrene C14H10 178 

 

1 

Anthracene C14H10 178 

 

1 

9,10-Dihydro-anthracene C14H12 180 

 

1 

 

  



 

Table S2. Temperature profiles measured in the JP-10 pyrolysis (NSRL). 927 K, 949 K, 972 K, 994 

K, 1016 K, 1038 K, 1061 K and 1083 K in the head line define the names of temperature profiles. 

Distance 

(mm) 
Temperature (K) 

927 K 949 K 972 K 994 K 1016 K 1038 K 1061 K 1083 K 

0 538 549 559 569 580 590 600 611 

10 622 636 651 666 680 695 710 724 

20 695 713 731 749 767 785 803 821 

30 764 785 807 828 849 870 892 913 

40 814 837 860 883 906 929 951 974 

50 854 878 902 925 949 973 997 1021 

60 879 903 928 952 976 1000 1025 1049 

70 895 919 943 966 990 1014 1038 1061 

80 905 929 953 976 1000 1023 1047 1070 

90 913 936 960 983 1006 1030 1053 1077 

100 919 942 966 989 1012 1035 1058 1081 

105 921 944 967 990 1013 1036 1058 1081 

110 923 946 969 991 1014 1037 1060 1082 

115 924 947 969 992 1014 1037 1059 1082 

120 926 948 971 993 1015 1038 1060 1083 

125 926 949 971 993 1016 1038 1060 1083 

130 927 949 972 994 1016 1038 1061 1083 

135 927 949 972 994 1016 1038 1061 1083 

140 927 949 972 994 1016 1038 1060 1082 

145 927 949 971 992 1014 1036 1058 1080 

150 926 947 969 991 1012 1034 1056 1077 

155 925 946 968 989 1010 1032 1053 1075 

160 923 944 966 987 1008 1029 1051 1072 

165 920 941 963 984 1005 1026 1047 1068 

170 918 939 960 981 1002 1023 1043 1064 

175 916 937 958 978 999 1020 1041 1061 

180 913 933 954 974 994 1015 1035 1056 

185 909 930 950 970 991 1011 1031 1052 

190 905 925 945 964 984 1004 1024 1044 

195 898 918 938 957 977 996 1016 1035 

200 888 907 927 946 965 984 1003 1022 

205 876 894 912 929 947 965 983 1001 

210 860 877 895 912 929 947 964 982 

215 833 848 863 877 892 907 922 936 

220 797 811 825 838 852 866 880 894 

225 747 757 768 778 788 798 808 818 

 

 



 

Table S3. Photoionization cross sections (Mb, 1 Mb = 10-22 m2) of the species at selected energies exploited for the calculations of the branching ratios 

in this work. 

Species Formula Mass 
Ionization 

energy (eV) 

Photon Energy (eV) 
Ref. 

8.0 8.4 9.0 9.5 10.0 10.5 11.0 11.5 15.5 

Hydrogen H2 2 13.60 - - - - - - - - 4.73 13 

Methyl CH3 15 9.84 - - - - 4.78 5.81 - - - 14 

Methane CH4 16 12.61 - - - - - - - - 23.87 15 

Acetylene C2H2 26 11.40 - - - - - - - 18.26 - 16 

Vinyl C2H3 27 8.25 0.37 1.87 4.94 8.04 11.06 13.32 - - - 17 

Ethylene C2H4 28 10.51 - - - - - 0.92 7.79 8.02 - 15 

Ethyl C2H5 29 8.12 - 0.43 2.95 4.36 5.06 5.52 5.64 5.37 - 18 

Propargyl C3H3 39 8.67 - - 14.45 26.56 21.09 26.29 - - - 14 

Allene C3H4 40 9.69 - - - - 5.66 15.48 22.26 25.84 - 19 

Methylacetylene C3H4 40 10.36 - - - - - 23.06 43.84 42.1 - 15 

Allyl C3H5 41 8.18 0.82 3.41 5.68 5.64 6.23 6.09 - - - 20 

Propene C3H6 42 9.73 - - - - 7.05 11.09 12.41 13.35 - 21 

Diacetylene C4H2 50 10.17 - - - - 0.04 23.82 25.79 33.84 - 16 

1,2,3-Butatriene C4H4 52 9.25 - - 0.02 3.9 7.54 8.43 10.29 12.15 - Est. 

Vinylacetylene C4H4 52 9.58 - - - 0.25 24.49 33.83 37.61 39.92 - 16 

1,3-Butadiene C4H6 54 9.07 - - 0.02 8.48 13.96 16.44 19.91 22.45 - 19 

1-Butene C4H8 56 9.55 - - - - 9.43 9.91 11.1 12.42 - 22 

2-Butene C4H8 56 9.11 - - 0.01 5.24 9.06 11.04 14.05 19.17 - 22 

Ethynylallene C5H4 64 9.25 - - 0.53 7.85 28.09 35.35 44.81 48.66 - Est. 

Cyclopentadienyl C5H5 65 8.41 - - 3.78 4.6 8.01 10.03 - - - 23 

Cyclopentadiene C5H6 66 8.57 - - 8.52 10.05 - - - - - 24 

1,3-Pentadiene C5H8 68 8.59 - - 6.07 12.71 17.24 20.56 21 19.7 - 19 

Cyclopentene C5H8 68 9.01 - - 0.21 6.18 11.15 12.57 14.22 16.4 - 16 

Fulvene C6H6 78 8.36 - 0.56 4.59 7.04 7.87 9.19 - - - Est. 

Benzene C6H6 78 9.24 - - - 11.05 24.28 31.81 38.6 39.25 - 16 

1,3-Cyclohexadiene C6H8 80 8.25 - 7.67 20.32 18.39 22.52 27.65 35.76 37.3 - 22 

1,4-Cyclohexadiene C6H8 80 8.82 - - 9.39 21.18 19.25 23.07 26.27 33.16 - Est. 

Cyclohexene C6H10 82 8.95 - - 1.5 8.9 11.56 14.81 18.02 19.46 - 22 



 

 

Note: Molecular hydrogen and methane at 16.64 eV in NSRL were measured in the cold gas measurement (see manuscript). Thus, their photoionization 

cross sections at 16.64 eV in the database were not used for the branching ratio calculation. 

  

Fulvenallenyl C7H5 89 8.26 0 0.45 3.56 7.41 10.14 11.39 - - - Est. 

Fulvenallene C7H6 90 8.29 - 1.88 11.73 18.25 22.11 30 33.31 31.12 - Est. 

5-Methylene-1,3-cyclohexadiene C7H8 92 7.90 0.72 2.99 4.53 7.85 8.94 14.01 - - - Est. 

Toluene C7H8 92 8.83 - - 5.02 18.54 26.02 31.29 39.33 51.27 - 25 

Phenylacetylene C8H6 102 8.82 - - 14.82 29.39 52.4 62.42 76.97 101.21 - 25 

Benzocyclobutene C8H6 102 7.50 10.07 12.93 15.23 19.33 21.29 - - - - Est. 

o-Xylylene C8H8 104 7.75 5.01 12.08 20.73 29.54 41.28 53.93 - - - Est. 

Styrene C8H8 104 8.46 - 0.01 10.36 26.33 32.08 43.19 56.81 66.9 - 25 

1,3,5-Cyclooctatriene C8H10 106 7.90 3.24 10.07 13.16 16.48 18.77 - - - - Est. 

o-Xylene C8H10 106 8.56 - - 8.22 17.68 24.17 34.08 45.44 53.04 - 25 

Indene C9H8 116 8.14 - 3.37 13.6 27.61 40.58 52.19 62.87 86.32 - 25 

Indane C9H10 118 8.54 - 0.01 8.36 18.7 26.7 33.29 42.75 57.6 - 25 

Naphthalene C10H8 128 8.14 - 4.49 13.22 21.34 39.81 51.74 61.42 86.99 - Est. 

Acenaphthylene C12H8 152 8.12 - 3.57 13.92 24.92 38.52 48.86 54.03 - - Est. 

Biphenyl C12H10 154 8.16 - 2.53 9.14 21.22 34.51 50.63 58.65 - - Est. 



 

Table S4. The photoionization energies (eV) of the products observed in this work. 

Species Mass 
Ionization 

energy (eV) 

ALS NSRL 

1200 K 1300 K 1400 K 1500 K 1600 K 949 K 972 K 994 K 1016 K 1038 K 1061 K 1083 K 

Methyl CH3 15 9.84 - 9.80 9.75 9.75 9.75 - - - - - - - 

Acetylene C2H2 26 11.40 - - 11.35 11.35 11.35 - - 11.35 11.35 11.40 11.35 11.35 

Vinyl C2H3 27 8.25 - 8.25 8.25 8.25 8.25 - - - - - - - 

Ethylene C2H4 28 10.51 - 10.45 10.45 11.45 10.45 10.50 10.45 10.45 10.45 10.50 10.45 10.45 

Ethyl C2H5 29 8.12 8.15 8.10 8.10 8.10 8.15 - - - - - - - 

Propargyl C3H3 39 8.67 - - - 8.65 8.65 - - - - - - - 

Allene C3H4 40 9.69 - 9.70 9.65 9.70 9.70 - 9.70 9.70 9.70 9.70 9.70 9.70 

Methylacetylene C3H4 40 10.36 - - 10.35 10.35 10.35 - - 10.40 10.35 10.35 10.35 10.35 

Allyl C3H5 41 8.18 8.15 8.10 8.10 8.10 8.10 - - - - - - - 

Propene C3H6 42 9.73 - 9.70 9.75 9.70 9.70 - 9.70 9.70 9.70 9.75 9.70 9.75 

Diacetylene C4H2 50 10.17 - - - - 10.15 - - - - - - - 

1,2,3-Butatriene C4H4 52 9.25 - - - 9.25 9.25 - - - - - - - 

Vinylacetylene C4H4 52 9.58 - - - 9.55 9.55 - - - 9.55 9.55 9.55 9.55 

1,3-Butadiene C4H6 54 9.07 - 9.00 9.00 9.00 9.00 - 9.00 9.00 9.00 9.05 9.00 9.00 

1-Butene C4H8 56 9.55 - - - 9.55 9.55 - 9.55 9.50 9.50 9.55 9.55 9.50 

2-Butene C4H8 56 9.11 - - - 9.10 9.10 - - - - 9.10 9.10 9.10 

Ethynylallene C5H4 64 9.25 - - - - 9.20 - - - - - - - 

Cyclopentadienyl C5H5 65 8.41 - - 8.40 8.40 8.40 - - - - - - - 

Cyclopentadiene C5H6 66 8.57 - 8.50 8.50 8.50 8.50 8.50 8.50 8.50 8.50 8.55 8.55 8.50 

1,3-Pentadiene C5H8 68 8.59 - - - 8.60 8.55 - - - - 8.60 8.60 8.60 

Cyclopentene C5H8 68 9.01 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00 - 

Fulvene C6H6 78 8.36 8.35 8.35 8.35 8.35 8.35 8.35 8.35 8.35 8.35 8.35 8.35 8.35 

Benzene C6H6 78 9.24 - 9.25 9.25 9.20 9.20 - 9.25 9.20 9.20 9.25 9.20 9.20 

1,3-Cyclohexadiene C6H8 80 8.25 - - - 8.25 - - - 8.20 8.20 8.20 8.15 8.15 

1,4-Cyclohexadiene C6H8 80 8.82 - - 8.80 8.80 - - - - - - - - 

Cyclohexene C6H10 82 8.95 8.95 9.00 9.00 8.95 8.95 - - - - - - - 

Fulvenallenyl C7H5 89 8.26 - - - - 8.25 - - - - - - - 

Fulvenallene C7H6 90 8.29 - - - 8.30 8.25 - - - - - - 8.25 

5-Methylene-1,3-

cyclohexadiene 
C7H8 92 7.90 - - - - - 7.90 7.90 7.90 7.90 7.90 7.90 7.90 

Toluene C7H8 92 8.83 - 8.80 8.80 8.80 8.85 - - 8.85 8.80 8.80 8.80 8.80 

Phenylacetylene C8H6 102 8.82 - - - - 8.85 - - - - - - 8.80 

Styrene C8H8 104 8.46 - - - 8.45 8.45 - - 8.50 8.50 8.45 8.45 8.45 



 

 

Note: Due to the low photoionization energies of benzocyclobutene (7.50 eV) and o-xylylene (7.75 eV) which are lower than the experiment energy 

range, the two products are not listed in the table. 

  

o-Xylene C8H10 106 8.56 - 8.55 8.60 8.55 8.55 - - 8.55 8.55 8.60 8.55 8.55 

1,3,5-

Cyclooctatriene 
C8H10 106 7.90 - - - - - 7.90 7.90 7.90 7.90 7.90 7.90 7.90 

Indene C9H8 116 8.14 - - - - 8.15 - - - 8.15 8.15 8.10 8.10 

Indane C9H10 118 8.54 - - - 8.45 8.45 - - 8.50 8.45 8.45 8.45 8.45 

Naphthalene C10H8 128 8.14 - - - - - - - - - 8.15 8.15 8.15 

Acenaphthylene C12H8 152 8.12 - - - - - - - - - - - 8.10 

Biphenyl C12H10 154 8.16 - - - - - - - - - - - 8.10 



 

Table S5. Mole fractions of species observed in JP-10 pyrolysis (ALS) at the temperature range from 1200 K to 1600 K. The numbers in each bracket 

present the lower and upper uncertainties, respectively. 

Species 
Temperature 

1200 K 1300 K 1400 K 1500 K 1600 K 

Hydrogen H2 - 
5.53E-06 

(-1.64E-06, +1.90E-06) 

1.18E-05 

(-2.83E-06, +3.06E-06) 

3.36E-05 

(-7.92E-06, +8.52E-06) 

1.07E-04 

(-2.44E-05, +2.59E-

05) 

Methyl CH3 - 
1.34E-06 

(-5.59E-07, +7.05E-07) 

7.65E-06 

(-1.92E-06, +2.12E-06) 

3.48E-05 

(-7.73E-06, +8.12E-06) 

5.92E-05 

(-1.33E-05, +1.40E-

05) 

Acetylene C2H2 - - 
6.91E-07 

(-2.22E-07, +2.65E-07) 

6.87E-06 

(-1.55E-06, +1.64E-06) 

3.36E-05 

(-7.04E-06, +7.20E-

06) 

Vinyl C2H3 - 
2.44E-06 

(-1.34E-06, +2.94E-06) 

2.95E-06 

(-1.60E-06, +3.46E-06) 

4.84E-06 

(-2.55E-06, +5.36E-06) 

4.27E-06 

(-2.30E-06, +4.91E-

06) 

Ethylene C2H4 - 
2.88E-05 

(-6.53E-06, +6.92E-06) 

9.54E-05 

(-2.06E-05, +2.13E-05) 

3.14E-04 

(-6.65E-05, +6.83E-05) 

4.97E-04 

(-1.07E-04, +1.11E-

04) 

Ethyl C2H5 
7.74E-06 

(-2.13E-06, +2.41E-06) 

1.63E-05 

(-3.86E-06, +4.16E-06) 

2.94E-05 

(-6.59E-06, +6.95E-06) 

3.02E-05 

(-6.70E-06, +7.03E-06) 

1.23E-05 

(-3.12E-06, +3.44E-

06) 

Propargyl C3H3 - - - 
3.31E-06 

(-7.92E-07, +8.57E-07) 

1.53E-05 

(-3.86E-06, +4.25E-

06) 

Allene C3H4 - 
4.69E-07 

(-3.01E-07, +4.05E-07) 

3.52E-06 

(-7.38E-07, +7.55E-07) 

3.19E-05 

(-7.71E-06, +8.38E-06) 

9.48E-05 

(-2.29E-05, +2.49E-

05) 

Methylacetylene C3H4 - - 
7.25E-07 

(-2.07E-07, +2.37E-07) 

1.09E-05 

(-2.56E-06, +2.75E-06) 

4.45E-05 

(-1.01E-05, +1.07E-

05) 

Allyl C3H5 
4.77E-06 

(-1.39E-06, +1.61E-06) 

2.37E-05 

(-5.92E-06, +6.50E-06) 

7.46E-05 

(-1.81E-05, +1.96E-05) 

1.65E-04 

(-3.97E-05, +4.31E-05) 

9.08E-05 

(-2.26E-05, +2.48E-

05) 

Propene C3H6 - 
9.85E-07 

(-3.14E-07, +3.72E-07) 

2.80E-06 

(-6.66E-07, +7.18E-07) 

1.06E-05 

(-2.41E-06, +2.55E-06) 

1.69E-05 

(-3.82E-06, +4.04E-

06) 



 

Diacetylene C4H2 - - - - 

1.07E-06 

(-2.79E-07, +3.11E-

07) 

1,2,3-Butatriene C4H4 - - - 
5.98E-07 

(-4.73E-07, +1.29E-06) 

9.38E-07 

(-6.19E-07, +1.54E-

06) 

Vinylacetylene C4H4 - - - 
1.09E-06 

(-2.66E-07, +2.90E-07) 

4.12E-06 

(-8.87E-07, +9.18E-

07) 

1,3-Butadiene C4H6 - 
1.81E-06 

(-4.51E-07, +4.95E-07) 

7.64E-06 

(-1.66E-06, +1.72E-06) 

3.18E-05 

(-6.78E-06, +7.00E-06) 

5.55E-05 

(-1.20E-05, +1.25E-

05) 

1-Butene C4H8 - - - 
1.19E-06 

(-3.66E-07, +4.29E-07) 

1.82E-06 

(-5.95E-07, +7.11E-

07) 

2-Butene C4H8 - - - 
3.92E-07 

(-1.76E-07, +2.24E-07) 

6.17E-07 

(-3.13E-07, +4.08E-

07) 

Ethynylallene C5H4 - - - - 

8.87E-07 

(-4.66E-07, +9.76E-

07) 

Cyclopentadienyl C5H5 - - 
6.07E-06 

(-3.17E-06, +6.60E-06) 

3.95E-05 

(-2.03E-05, +4.18E-05) 

1.01E-04 

(-5.13E-05, +1.05E-

04) 

Cyclopentadiene C5H6 - 
1.91E-05 

(-4.88E-06, +5.41E-06) 

7.77E-05 

(-1.71E-05, +1.79E-05) 

2.54E-04 

(-5.60E-05, +5.86E-05) 

3.37E-04 

(-7.43E-05, +7.78E-

05) 

1,3-Pentadiene C5H8 - - - 
5.96E-06 

(-1.70E-06, +1.95E-06) 

1.15E-05 

(-2.78E-06, +3.01E-

06) 

Cyclopentene C5H8 
1.67E-06 

(-6.77E-07, +8.49E-07) 

6.62E-06 

(-1.75E-06, +1.97E-06) 

1.78E-05 

(-3.73E-06, +3.82E-06) 

3.74E-05 

(-8.44E-06, +8.92E-06) 

2.04E-05 

(-4.76E-06, +5.09E-

06) 

Fulvene C6H6 
1.41E-06 

(-8.59E-07, +2.03E-06) 

1.85E-05 

(-1.05E-05, +2.36E-05) 

6.59E-05 

(-3.45E-05, +7.22E-05) 

1.69E-04 

(-8.79E-05, +1.82E-04) 

1.31E-04 

(-6.73E-05, +1.38E-

04) 

Benzene C6H6 - 
2.14E-06 

(-6.83E-07, +8.11E-07) 

1.20E-05 

(-2.87E-06, +3.11E-06) 

5.69E-05 

(-1.24E-05, +1.29E-05) 

1.37E-04 

(-3.14E-05, +3.34E-



 

05) 

1,3-Cyclohexadiene C6H8 - - - 
2.56E-06 

(-5.66E-07, +5.94E-07) 
- 

1,4-Cyclohexadiene C6H8 - - 
9.44E-07 

(-4.02E-07, +5.08E-07) 

3.95E-06 

(-9.66E-07, +1.05E-06) 
- 

Cyclohexene C6H10 
8.10E-07 

(-4.21E-07, +5.51E-07) 

7.84E-07 

(-2.63E-07, +3.15E-07) 

1.09E-06 

(-4.41E-07, +5.53E-07) 

1.74E-06 

(-5.96E-07, +7.20E-07) 

8.68E-07 

(-3.32E-07, +4.11E-

07) 

Fulvenallenyl C7H5 - - - - 

7.51E-07 

(-4.28E-07, +9.60E-

07) 

Fulvenallene C7H6 - - - 
4.99E-07 

(-2.61E-07, +5.45E-07) 

3.78E-06 

(-1.92E-06, +3.91E-

06) 

5-Methylene-1,3-cyclohexadiene C7H8 
2.69E-08 

(-1.87E-08, +4.77E-08) 

4.61E-07 

(-2.62E-07, +5.88E-07) 

1.91E-06 

(-1.01E-06, +2.14E-06) 

9.32E-06 

(-4.89E-06, +1.03E-05) 

8.77E-06 

(-4.77E-06, +1.03E-

05) 

Toluene C7H8 - 
3.02E-07 

(-1.68E-07, +3.70E-07) 

1.50E-06 

(-7.68E-07, +1.57E-06) 

5.16E-06 

(-2.76E-06, +5.87E-06) 

7.81E-06 

(-4.04E-06, +8.37E-

06) 

Phenylacetylene C8H6 - - - - 

2.07E-07 

(-5.39E-08, +6.01E-

08) 

Benzocyclobutadiene C8H6 - - - - 

2.58E-07 

(-1.42E-07, +3.09E-

07) 

o-Xylylene C8H8 - - - 
3.47E-07 

(-1.92E-07, +4.23E-07) 

5.05E-07 

(-2.62E-07, +5.44E-

07) 

Styrene C8H8 - - - 
1.42E-06 

(-3.51E-07, +3.85E-07) 

3.70E-06 

(-8.17E-07, +8.55E-

07) 

1,3,5-Cyclooctatriene C8H10 
9.29E-09 

(-9.29E-09, +2.79E-08) 

2.37E-07 

(-1.56E-07, +3.87E-07) 

9.52E-07 

(-5.06E-07, +1.07E-06) 

2.46E-06 

(-1.29E-06, +2.68E-06) 

1.17E-06 

(-6.33E-07, +1.36E-

06) 

o-Xylene C8H10 - 
2.21E-07 

(-8.52E-08, +1.06E-07) 

1.23E-06 

(-3.08E-07, +3.38E-07) 

3.49E-06 

(-8.28E-07, +8.93E-07) 

1.54E-06 

(-3.82E-07, +4.19E-

07) 



 

Indene C9H8 - - - - 

4.03E-07 

(-9.63E-08, +1.04E-

07) 

Indane C9H10 - - - 
7.33E-07 

(-1.91E-07, +2.14E-07) 

1.02E-06 

(-2.43E-07, +2.62E-

07) 

JP-10 C10H16 
2.63E-04 

(-1.80E-06, +1.80E-06) 

2.59E-04 

(-2.21E-06, +2.21E-06) 

2.32E-04 

(-3.11E-06, +3.11E-06) 

9.17E-05 

(-1.78E-06, +1.78E-06) 

1.34E-05 

(-7.41E-07, +7.41E-

07) 

 

  



 

Table S6. Mole fractions of species observed in JP-10 pyrolysis (NSRL) at the temperature range from 949 K to 1083 K. The numbers in each bracket 

present the lower and upper uncertainties, respectively. 

Species 
Temperature 

949 K 972 K 994 K 1,016 K 1,038 K 1,061 K 1,083 K 

Hydrogen H2 - - 

6.36E-05 

(-4.90E-05, 

+5.85E-05) 

1.64E-04 

(-4.38E-05, 

+4.99E-05) 

2.62E-04 

(-6.02E-05, 

+6.78E-05) 

3.62E-04 

(-9.54E-05, 

+1.09E-04) 

3.83E-04 

(-6.26E-05, 

+6.81E-05) 

Methane CH4 - - - 

2.58E-06 

(-2.58E-06, 

+3.10E-06) 

1.07E-05 

(-4.82E-06, 

+5.66E-06) 

2.74E-05 

(-7.25E-06, 

+8.25E-06) 

3.52E-05 

(-5.73E-06, 

+6.22E-06) 

Acetylene C2H2 - - 

6.89E-07 

(-2.06E-07, 

+2.41E-07) 

4.47E-06 

(-1.26E-06, 

+1.45E-06) 

8.69E-06 

(-2.63E-06, 

+3.08E-06) 

1.85E-05 

(-5.58E-06, 

+6.51E-06) 

3.32E-05 

(-8.08E-06, 

+8.81E-06) 

Ethylene C2H4 

3.72E-06 

(-1.21E-06, 

+1.44E-06) 

1.70E-05 

(-5.28E-06, 

+6.22E-06) 

4.49E-05 

(-1.01E-05, 

+1.06E-05) 

1.03E-04 

(-2.65E-05, 

+2.95E-05) 

1.59E-04 

(-3.71E-05, 

+3.98E-05) 

2.14E-04 

(-4.73E-05, 

+4.95E-05) 

2.89E-04 

(-6.58E-05, 

+6.98E-05) 

Allene C3H4 - 

1.65E-06 

(-6.00E-07, 

+7.35E-07) 

6.48E-06 

(-3.17E-06, 

+4.11E-06) 

1.32E-05 

(-7.16E-06, 

+9.43E-06) 

1.86E-05 

(-5.06E-06, 

+5.74E-06) 

2.85E-05 

(-1.02E-05, 

+1.25E-05) 

1.77E-05 

(-6.21E-06, 

+7.55E-06) 

Methylacetylene C3H4 - - 

2.11E-06 

(-9.05E-07, 

+1.15E-06) 

6.01E-06 

(-2.30E-06, 

+2.84E-06) 

1.14E-05 

(-2.94E-06, 

+3.27E-06) 

1.91E-05 

(-5.18E-06, 

+5.86E-06) 

4.21E-05 

(-9.70E-06, 

+1.03E-05) 

Propene C3H6 - 

3.73E-06 

(-9.24E-07, 

+1.01E-06) 

1.12E-05 

(-2.86E-06, 

+3.17E-06) 

2.62E-05 

(-6.42E-06, 

+7.01E-06) 

3.72E-05 

(-8.62E-06, 

+9.21E-06) 

4.40E-05 

(-1.00E-05, 

+1.06E-05) 

4.85E-05 

(-1.13E-05, 

+1.21E-05) 

Vinylacetylene C4H4 - - - 

7.04E-07 

(-2.00E-07, 

+2.29E-07) 

1.23E-06 

(-3.37E-07, 

+3.83E-07) 

2.82E-06 

(-6.93E-07, 

+7.57E-07) 

4.61E-06 

(-1.18E-06, 

+1.31E-06) 

1,3-Butadiene C4H6 - 

1.22E-06 

(-3.47E-07, 

+3.98E-07) 

3.74E-06 

(-9.28E-07, 

+1.02E-06) 

9.83E-06 

(-2.55E-06, 

+2.83E-06) 

1.40E-05 

(-3.42E-06, 

+3.74E-06) 

2.08E-05 

(-4.80E-06, 

+5.12E-06) 

2.77E-05 

(-6.15E-06, 

+6.45E-06) 

1-Butene C4H8 - 

1.92E-06 

(-5.48E-07, 

+6.31E-07) 

6.93E-06 

(-1.96E-06, 

+2.25E-06) 

1.24E-05 

(-2.84E-06, 

+3.01E-06) 

1.46E-05 

(-3.32E-06, 

+3.53E-06) 

8.92E-06 

(-2.45E-06, 

+2.78E-06) 

3.56E-06 

(-1.06E-06, 

+1.23E-06) 

2-Butene C4H8 - - - - 

4.37E-08 

(-4.37E-08, 

+6.12E-08) 

1.11E-06 

(-5.46E-07, 

+7.07E-07) 

8.39E-07 

(-6.25E-07, 

+8.53E-07) 



 

cyclopentadiene C5H6 

5.29E-06 

(-2.28E-06, 

+2.89E-06) 

1.46E-05 

(-3.77E-06, 

+4.20E-06) 

3.61E-05 

(-8.69E-06, 

+9.42E-06) 

7.72E-05 

(-1.87E-05, 

+2.03E-05) 

1.18E-04 

(-2.55E-05, 

+2.65E-05) 

1.80E-04 

(-4.36E-05, 

+4.74E-05) 

2.05E-04 

(-4.82E-05, 

+5.18E-05) 

Cyclopentene C5H8 

7.05E-07 

(-3.40E-07, 

+4.39E-07) 

4.52E-06 

(-1.29E-06, 

+1.48E-06) 

8.94E-06 

(-2.97E-06, 

+3.57E-06) 

1.37E-05 

(-3.73E-06, 

+4.23E-06) 

8.43E-06 

(-2.30E-06, 

+2.61E-06) 

6.74E-06 

(-2.25E-06, 

+2.70E-06) 

- 

1,3-Pentadiene C5H8 - - - - 

2.63E-06 

(-9.15E-07, 

+1.11E-06) 

1.89E-06 

(-6.75E-07, 

+8.23E-07) 

3.89E-06 

(-1.56E-06, 

+1.96E-06) 

Fulvene C6H6 

4.88E-07 

(-4.36E-07, 

+1.26E-06) 

2.34E-06 

(-1.68E-06, 

+4.37E-06) 

1.19E-05 

(-6.78E-06, 

+1.53E-05) 

1.52E-05 

(-8.66E-06, 

+1.94E-05) 

1.37E-05 

(-7.18E-06, 

+1.50E-05) 

1.53E-05 

(-8.71E-06, 

+1.95E-05) 

9.29E-06 

(-5.56E-06, 

+1.29E-05) 

Benzene C6H6 - 

3.17E-06 

(-9.41E-07, 

+1.09E-06) 

7.76E-06 

(-2.37E-06, 

+2.77E-06) 

2.27E-05 

(-6.05E-06, 

+6.81E-06) 

4.28E-05 

(-1.16E-05, 

+1.31E-05) 

7.11E-05 

(-1.67E-05, 

+1.80E-05) 

9.39E-05 

(-2.04E-05, 

+2.12E-05) 

1,3-Cyclohexadiene C6H8 - - 

1.25E-06 

(-4.53E-07, 

+5.55E-07) 

3.92E-06 

(-1.30E-06, 

+1.55E-06) 

7.25E-06 

(-2.10E-06, 

+2.42E-06) 

1.01E-05 

(-2.56E-06, 

+2.83E-06) 

8.37E-06 

(-2.17E-06, 

+2.41E-06) 

Fulvenallene C7H6 - - - - - - 

2.53E-07 

(-1.53E-07, 

+3.60E-07) 

5-Methylene-1,3-

cyclohexadiene 
C7H8 

1.69E-07 

(-1.69E-07, 

+5.08E-07) 

1.39E-06 

(-7.74E-07, 

+1.71E-06) 

4.88E-06 

(-2.61E-06, 

+5.56E-06) 

1.11E-05 

(-7.09E-06, 

+1.72E-05) 

9.87E-06 

(-5.53E-06, 

+1.22E-05) 

8.82E-06 

(-4.82E-06, 

+1.05E-05) 

5.47E-06 

(-3.49E-06, 

+8.47E-06) 

Toluene C7H8 - 

1.03E-06 

(-3.81E-07, 

+4.69E-07) 

3.45E-06 

(-9.00E-07, 

+1.01E-06) 

6.93E-06 

(-2.07E-06, 

+2.41E-06) 

1.08E-05 

(-2.99E-06, 

+3.41E-06) 

1.41E-05 

(-3.77E-06, 

+4.25E-06) 

1.68E-05 

(-4.05E-06, 

+4.40E-06) 

Benzocyclobutadiene C8H6 - - - - - - 

1.67E-07 

(-1.14E-07, 

+2.87E-07) 

Phenylacetylene C8H6 - - - - - - 

4.69E-07 

(-1.29E-07, 

+1.46E-07) 

o-Xylylene C8H8 - - - 

4.32E-07 

(-3.25E-07, 

+8.68E-07) 

3.09E-07 

(-2.13E-07, 

+5.41E-07) 

1.89E-07 

(-1.60E-07, 

+4.50E-07) 

9.11E-07 

(-5.66E-07, 

+1.35E-06) 

Styrene C8H8 - - 
6.00E-07 

(-2.24E-07, 

6.55E-07 

(-2.23E-07, 

2.23E-06 

(-5.57E-07, 

4.41E-06 

(-1.11E-06, 

5.17E-06 

(-1.29E-06, 



 

+2.77E-07) +2.69E-07) +6.12E-07) +1.22E-06) +1.42E-06) 

1,3,5-Cyclooctatriene C8H10 

8.90E-08 

(-5.23E-08, 

+1.20E-07) 

1.88E-07 

(-1.25E-07, 

+3.12E-07) 

7.44E-07 

(-4.17E-07, 

+9.24E-07) 

1.07E-06 

(-5.77E-07, 

+1.23E-06) 

1.24E-06 

(-7.15E-07, 

+1.62E-06) 

7.52E-07 

(-4.81E-07, 

+1.17E-06) 

1.94E-07 

(-1.24E-07, 

+3.04E-07) 

o-Xylene C8H10 - - 

1.95E-06 

(-5.49E-07, 

+6.29E-07) 

3.81E-06 

(-1.28E-06, 

+1.53E-06) 

5.31E-06 

(-1.36E-06, 

+1.51E-06) 

5.68E-06 

(-1.46E-06, 

+1.63E-06) 

4.30E-06 

(-1.10E-06, 

+1.23E-06) 

Indene C9H8 - - - 

3.96E-07 

(-9.68E-08, 

+1.06E-07) 

7.90E-07 

(-1.95E-07, 

+2.14E-07) 

1.24E-06 

(-2.98E-07, 

+3.23E-07) 

1.73E-06 

(-3.98E-07, 

+4.24E-07) 

Indane C9H10 - - 

4.93E-07 

(-1.30E-07, 

+1.46E-07) 

1.12E-06 

(-3.34E-07, 

+3.89E-07) 

1.32E-06 

(-3.56E-07, 

+4.02E-07) 

1.69E-06 

(-4.31E-07, 

+4.77E-07) 

1.43E-06 

(-3.86E-07, 

+4.36E-07) 

Naphthalene C10H8 - - - - 

4.53E-07 

(-1.36E-07, 

+1.58E-07) 

8.13E-07 

(-2.29E-07, 

+2.62E-07) 

1.67E-06 

(-4.28E-07, 

+4.75E-07) 

Acenaphthylene C12H8 - - - - - - 

2.34E-07 

(-1.38E-07, 

+3.19E-07) 

Biphenyl C12H10 - - - - - - 

3.82E-07 

(-2.21E-07, 

+5.04E-07) 

JP-10 C10H16 

2.65E-04 

(-7.79E-06, 

+7.79E-06) 

2.35E-04 

(-6.96E-06, 

+6.96E-06) 

1.99E-04 

(-7.52E-06, 

+7.52E-06) 

1.50E-04 

(-8.27E-06, 

+8.27E-06) 

8.06E-05 

(-2.79E-06, 

+2.79E-06) 

3.79E-05 

(-1.27E-06, 

+1.27E-06) 

1.39E-05 

(-6.28E-07, 

+6.28E-07) 

 



 

 

Figure S1. Mass discrimination measurement in NSRL. The factors are determined to be (
𝑥

30
)
0.36267

. 

 

  



 

 

Figure S2-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1200 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 68, 78, 82, 92 and 106, the 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 



 

 

Figure S2-2-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1300 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. For m/z = 66, the PIE curve presents sharp increase above10.5 eV due to photolysis fragment of 

JP-10. 

  



 

 

Figure S2-2-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1300 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 68, 78, 82, 92 and 106, the 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 



 

 

Figure S2-3-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1400 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit.  

  



 

 

Figure S2-3-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1400 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 66, 68, 80, 82, 92 and 106, 

the PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

  



 

 

Figure S2-5-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1500 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit.  

  



 

 

Figure S2-5-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1500 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 66, 68, 80 and 92, the PIE 

curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 



 

 

Figure S2-5-3. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (ALS) at 1500 K along with the experimental errors (gray area) and the reference PIE 

curves (red, green and blue lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit.  

  



 

 

Figure S3. PIE measurement of m/z = 91 in the temperature from 1300 K to 1600 K in ALS. 

  



 

 

Figure S4. PIE measurement of m/z = 94 in the temperature from 1200 K to 1600 K in ALS. The 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

 

 

  



 

 

Figure S5. PIE measurement of m/z = 108 in the temperature from 1200 K to 1600 K in ALS. The 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

 

 

 

  



 

 

Figure S6-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 949 K along with the experimental errors (gray area) and the reference PIE 

curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. 

 

  



 

 

Figure S6-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 972 K along with the experimental errors (gray area) and the reference PIE 

curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 66 and 68, the PIE curves 

present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

  



 

 

Figure S6-3-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 994 K along with the experimental errors (gray area) and the reference PIE 

curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. 

  



 

 

Figure S6-3-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 994 K along with the experimental errors (gray area) and the reference PIE 

curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line resembles 

the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 80, the PIE curve presents 

sharp increase above10.5 eV due to photolysis fragment of JP-10. 

  



 

 

Figure S6-4-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1016 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 66 and 68, the 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

  



 

 

Figure S6-4-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1016 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10.  

 

  



 

 

Figure S6-5-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1038 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10. 

  



 

 

Figure S6-5-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1038 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10. 

  



 

 

Figure S6-6-1. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1061 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10. For m/z = 66 and 68, the 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

 

  



 

 

Figure S6-6-2. Experimental photoionization efficiency curves (PIE, black lines) recorded from the 

decomposition of JP-10 (NSRL) at 1061 K along with the experimental errors (gray area) and the reference 

PIE curves (blue, green and red lines). In case of multiple contributions to one PIE curve, the red line 

resembles the overall fit. JP-10 fragment means the photolysis fragment of JP-10. 

  



 

 

Figure S7. PIE measurement of m/z = 94 in the temperature from 949 K to 1083 K in NSRL. The 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 

 

 

  



 

 

Figure S8. PIE measurement of m/z = 108 in the temperature from 949 K to 1083 K in NSRL. The 

PIE curves present sharp increase above10.5 eV due to photolysis fragment of JP-10. 
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