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ABSTRACT

We investigated temperature-dependent products in the pyrolysis of helium-seeded n-dodecane,
which represents a surrogate of the n-alkane fraction of Jet Propellant-8 (JP-8) aviation fuel. The
experiments were performed in a high temperature chemical reactor over a temperature range of
1,200 K to 1,600 K at a pressure of 600 Torr, with in situ identification of the nascent products in
a supersonic molecular beam using single photon vacuum ultraviolet (VUV) photoionization
coupled with the analysis of the ions in a reflectron time-of-flight mass spectrometer (ReTOF).
For the first time, the initial decomposition products of n-dodecane - including radicals and
thermally labile closed-shell species were probed in experiments, which effectively exclude mass
growth processes. Fifteen different products were identified, such as molecular hydrogen (H),
C2 to C7 1-alkenes [ethylene (C2H4) to 1-heptene (C7H14)], C1-C3 radicals [methyl (CH3), ethyl
(C2Hs), allyl (CsHs)], small C1-C3 hydrocarbons [acetylene (C2H2), allene (CsHa),
methylacetylene CsHa], as well as the reaction products [1,3-butadiene (CsHs), 2-butene (CsHs)]
attributed to higher-order processes. Electronic structure calculations carried out at the
G3(CCSD,MP2)//B3LYP/6-311G(d,p) level of theory combined with RRKM/Master Equation
of rate constants for relevant reaction steps showed that n-dodecane decomposes initially by a
non-terminal C-C bond cleavage and producing a mixture of alkyl radicals from ethyl to decyl
with approximately equal branching ratios. The alkyl radicals appear to be unstable under the
experimental conditions and to rapidly dissociate either directly by C-C bond p-scission to
produce ethylene (C2Hs4) plus a smaller 1-alkyl radical with the number of carbon atoms
diminished by two or via 1,5-, 1,6-, or 1,7- 1,4-, 1,9-, or 1,8-H shifts followed by C-C g-scission
producing alkenes from propene to 1-nonene together with smaller 1-alkyl radicals. The stability
and hence the branching ratios of higher alkenes decrease as temperature increases. The C-C S-
scission continues all the way to the propyl radical (CsH7), which dissociates to methyl (CHs)
plus ethylene (C2H4). In addition, at higher temperatures, another mechanism can contribute, in
which hydrogen atoms abstract hydrogen from C12H26 producing various n-dodecyl radicals and

these radicals then decompose by C-C bond p-scission to C3 to C11 alkenes.



1. INTRODUCTION

Jet Propellant-8 (JP-8) represents a kerosene-based jet fuel which is widely used by the US
military. It is comprised of hundreds of hydrocarbons which include aliphatic molecules (33-
61% n-alkanes and isoalkanes; 1-5% olefins), monocyclic ‘paraffins’ (10-20%), alkyl-substituted
benzenes (12-22%), and polycyclic aromatic hydrocarbons (PAHs) (10-20%). Combustion
scientists have been exploiting surrogate fuels in an attempt to convincingly model the
performance along with emission characteristics of JP-8 engines.>* While single-component
surrogate fuels are suitable to replicate combustion efficiencies, multi-component surrogates are
essential to adequately model the chemistry of soot formation and flames.?

These kinetic models require precise input parameters and an accurate knowledge of the
initial steps, which initiate bond rupture in JP-8 surrogates. These processes essentially supply a
pool of highly reactive radicals - often aromatic radicals (AR) and resonantly stabilized free
radicals (RSFRs) - ultimately managing the autoignition and successive oxidation processes
under combustion relevant conditions of up to 1,600 K and pressures up to a few
atmospheres.122 Previous experimental studies on the decomposition of the aliphatic
component of JP-8 exploited n-dodecane (Ci2Hzs) as surrogates. These studies utilized high
pressure shock tubes, flow reactors, jet stirred reactors, and micro reactors covering temperatures
from 673 K to 1739 K and pressures from 0.68 atm to 100 atm with diverging residence times of
up to a few thousands of milliseconds (Table 1). In principle, these experiments revealed that the
decomposition and ‘pyrolysis’ of these surrogates lead to smaller C1 to C12 hydrocarbon
molecules, but also reveal mass growth processed leading eventually to polycyclic aromatic
hydrocarbons (PAHSs) (Table S1).

The studies of n-dodecane thermal decomposition can be traced back to the 1980s. With
high-pressure single pulse shock tube setups, Malewicki and Brezinsky®® performed an
experimental and modeling study on the pyrolysis and oxidation of n-dodecane. The experiment
covered the temperature range from 867 to 1739 K, pressures from 19 to 74 atm, reaction times
from 1.15 to 3.47 ms, and equivalence ratios from 0.46 to 2.05, and c. They measured the major
hydrocarbon intermediates during n-dodecane pyrolysis experiments including ethylene (C2Ha),
methane (CH4), propylene (CsHs), acetylene (C2H>), ethane (C:Hs), 1-butene (CsHs), 1,3-
butadiene (CsHe), 1-hexene (CeHi12), 1-pentene (CsHio), 1-heptene (C7Hi4), 1-octene (CgHuis),
vinylacetylene (C4H4), 1-nonene (CgHis), and 1-decene (C1oH20). Davidson et al.! utilized high-
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pressure shock tubes to detect the pyrolysis of three hydrocarbons including n-dodecane,
methylcyclohexane, and iso-cetane from 990 to 1520 K at 17 to 23 atm. The fuel decomposition
rates and ethylene yields were reported. They found that iso-cetane decomposes much faster than
n-dodecane and MCH decomposes much slower than n-dodecane. n-dodecane decomposition
resulted in negligible amounts of propene and 1-butene at the conditions of 20 atm and 1000-
1500 K. Later, Banerijee et al.®? performed an experimental and modeling study on the pyrolysis
and oxidation of n-dodecane exploiting a flow reactor and a temperature range of 1,000 K to
1,300 K, a pressure of 1 atm, and a residence time up to 40 ms. They found that over the
temperature of 1,000 K, the process can be divided into two stages, decomposition of the fuel
and its intermediates. The second step of intermediate decomposition is always rate limiting.
Bounaceur et al.>® presented experimental results for n-dodecane pyrolysis from 950 to 1,050 K
at 1 atm. The time-history of several hydrocarbon intermediates and final products were
measured including methane (CHa), ethane (C2Hs), acetylene (C2H.), ethylene (C2Ha), propene
(CsHe), 1-butene (CsHs), 1,3-butadiene (CsHs), 1-pentene (CsHio), 1-hexene (CeHi2) 1,3-
hexadiene (CgH10) and 1-heptene (C7H14). By using a jet-stirred reactor, Herbinet et al.>* carried
out an experimental and kinetic modeling study on the thermal decomposition of n-dodecane in
the temperature range from 773 to 1,073 K at residence times between 1 and 5 s at atmospheric
pressure. This study observed products including hydrogen (H2), methane (CHa), ethane (C2He),
1,3-butadiene (CsHe), and 1-alkenes from ethylene (C2Ha) to 1-undecene (C11H22). And at higher
temperatures and residence times, mass growth processes to monocyclic and polycyclic aromatic
species were observed. Zhou et al.*® presented a flow reactor pyrolysis study on several higher
molecular weight straight-chain alkanes including n-dodecane within a temperature range from
623 K to 893 K at atmospheric pressure. The residence time ranged from 3.3 to 12.3 s. In this
study, the authors found the 1-alkene selectivity strongly depends upon the system pressure in
the pyrolysis of straight-chain alkanes as major products. The lower the pressure, the higher this
selectivity. Yu and Eser®®-3" used a stainless steel tubing bomb reactor to study the near-critical
and supercritical phase thermal decomposition of C10-C14 alkanes at 673K to 723 K and 1-10
MPa. They observed the relative yields of the primary (n-alkanes and 1-alkenes) and secondary
products (cis- and trans-2-alkenes, smaller normal and branched alkanes) are dependent upon the

reaction conditions (pressure/loading ratio, conversion, and temperature). As pressure increases,



the yields of C6-Cm-1 n-alkanes and Cm+ alkanes increase and the yields of 1-alkenes and C1-

C3 n-alkanes decrease. And high temperature favors the formation of 1-alkenes.

Besides the aforementioned experimental studies, kinetic modeling projects on n-dodecane
pyrolysis were also carried in the recent years. With MAMOX++ program, Ranzi et al.®®
generated a wide-range kinetic modeling study of the pyrolysis, partial oxidation and combustion
of large n-alkanes, including n-decane, n-dodecane and n-hexadecane. Later, they assembled the
mechanisms for n-heptane and n-dodecane oxidation and reduced them, with the lumping
approach proposed for the detailed mechanism®. Battin-Leclerc et al.>**° built up kinetic
mechanisms of n-dodecane with EXGAS software to simulate several experimental data
including JSR pyrolysis, JSR oxidation, shock tube ignition delay times, turbulent flow reactor
oxidation, for both high and low temperatures. In their studies, the NTC (negative temperature
coefficent) region was reproduced for the JSR and shock tube experiments. Wang et al*
proposed a detailed Kkinetic model consisted of 1306 reactions and 171 species for the
combustion of n-alkanes up to n-dodecane above 850 K, validated against several experimental
data including flow reactor pyrolysis, JSR pyrolysis, laminar flame speeds and shock tube
ignition delay times. In addition to their experimental study, Malewicki and Brezinsky*° also
performed a modeling study on the pyrolysis and oxidation of n-decane and n-dodecane. Based
on their present and some previous literature data, they revised the kinetic model by Dooley et
al.* Of particular interest, Westbrook and coworkers*® carried out a comprehensive detailed
chemical kinetic mechanism for n-alkanes from n-octane to n-hexadecane. Their mechanism was
designed to reproduce n-alkane oxidation in both low and high temperatures, and validated
through extensive comparisons between computed and experimental data from a wide variety of
different sources, including flow reactor pyrolysis, JSR pyrolysis, JSR oxidation, shock tube and
RCM ignition delay times. Recently, Narayanaswamy et al.** also presented a comprehensive
kinetic modeling study for oxidation and pyrolysis of n-dodecane. They simulated several
experimental data including ignition delay times, shock tube oxidation/pyrolysis speciation, flow
reactor oxidation and burning velocity. The proposed reaction mechanism can describe the
kinetics of n-dodecane, as well as that of n-heptane, iso-octane, and some substituted aromatics
(toluene, styrene, ethylbenzene, m-xylene and 1-methylnaphthalene), which are important

components of transportation fuel surrogates.



Very recently, we started a systematic research program to untangle the decomposition
mechanisms of JP-8 surrogates by pyrolyzing helium-seeded n-decane (n-CioH22) in a chemical
reactor at pressures of 600 Torr over a temperature range from 1,100 K to 1,600 K*. The product
distribution - including radicals and thermally labile closed shell species - was probed on line
and in situ in a supersonic molecular beam utilizing soft photoionization with single photon
vacuum ultraviolet (VUV) photons followed by a mass spectroscopic analysis of the ions in a
reflectron time-of-flight mass spectrometer (Re-TOF), which can be utilized to identify and
quantify products in the pyrolysis, especially radicals and isomers.*5°" By limiting the residence
time in the reactor to a couple of tens of microseconds, our major objectives are to explore the
initial reaction products and aim to eliminate successive reactions of the initially formed species,
which can lead to molecular mass growth processes. These studies reported multiple lower-mass
C3 to C7 hydrocarbons including alkenes, alkynes and dienes along with C1 (methane) and C2
(acetylene, ethylene) as final products. Also, five radicals were observed in the n-decane
pyrolysis including methyl, vinyl, ethyl, propargyl, and allyl. Further, the study presented
branching ratios along with the underlying decomposition mechanisms. Here, we expand our
studies to investigate via a combined theoretical and experimental strategy, the decomposition
mechanisms of n-dodecane (Ci12H26) within the pyrolytic reactor and compare our findings with
those data from previous high pressure shock tubes, flow reactors, and jet stirred reactor studies.
It is our goal to provide both qualitative and quantitative identification of all nascent
decomposition products (radicals and closed shell molecules along with their structural isomers),
the fundamental decomposition mechanisms, and reveal how their branching ratios depend on
the temperature of the reactor. These data are of critical importance to the JP-8 modeling
community to eventually optimize combustion efficiency and limit the production of toxic
byproducts such as carcinogenic and mutagenic PAHSs.

2. EXPERIMENTAL APPROACH

The experiments were conducted at the Advanced Light Source (ALS) at the Chemical
Dynamics Beamline (9.0.2.) exploiting a ‘pyrolytic reactor’. The experiment apparatus has been
described before.%®-% Briefly, the high temperature chemical reactor consists of 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 containing 0.0027% n-dodecane (Ci2H26) (Sigma-Aldrich; 99%-+) in
helium carrier gas (He; Airgas; 99.999%) is prepared by bubbling helium gas through n-
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dodecane stored in a stainless-steel bubbler held at 271 +1 K, the vapor pressure being 0.016
Torr at this temperature. The gas mixture was introduced into a resistively heated silicon carbide
tube held at temperatures ranging from 1200 K to 1,600 =5 K as monitored by a Type-C
thermocouple in steps of 100 K. Here, photoionization efficiency (PIE) scan were performed
with 0.05 eV intervals from 8.00 eV to 11.50 eV. For each temperature, the PIE scans were
recorded three times and averaged; the experimental uncertainties were derived within one sigma
as shown in the shaded areas in Fig. 2. A set of additional mass spectra was also taken at 15.5 eV
to get extra information on hydrogen and methane (if they exist), which cannot be ionized at 11.5
eV. Pressures in the reactor at axial distances of 10 mm and 15 mm from the inlet are predicted
to drop to about 60% and 30% of the inlet pressure based on simulations.®® This would result in
typically three to four (1,600 K) collisions of a dodecane molecule with the helium atoms at
these distances.

PIE analysis*®475>%" and branching ratios were also performed to reveal the tendency of the
products along with the temperature increasing. The detailed methods for PIE analysis branching
ratio calculation were also introduced in our previous work®. In brief, the PIE curves were fitted
based on the known photoionization cross sections of corresponding species from the online
database’®. For the branching ratio calculation, for a certain species, since the ion count
(normalized by the photon fluxes) presents a direct proportional relationship with the mole
fraction (concentration), photoionization cross section and mass discrimination (S;(T,E) o
X;(T) - 0;(E) - D;),% and the ion counts were measured in the experiment, the cross sections can
be looked up in the database, then the relationship between the concentrations of individual

Xi{(T) _ Sy(TE) oj(E) Dj

products can be calculated ( = —). Subsequently the branching ratios
xi(tr) Si{TE) oiE) D
J JASE i i

can be worked out. Here, the branching ratios were computed by exploiting photoionization
known cross sections of 9.5, 10.0, 10.5, 11.0, 11.5, and 15.5 eV with data obtained at 15.5 eV
used to calculate the branching ratios of methane and hydrogen. The mass discrimination factors
were taken from Reference ®8. The uncertainties of the photoionization cross sections of 15-20%
were also taken into consideration.®® In this work, the uncertainties of the cross section are

chosen as 20%.

3. COMPUTATIONAL METHODS



Geometries of n-dodecane, its primary and secondary decomposition products, and transition
states for secondary decomposition reactions (C-C bond p-scissions) and for direct H atom
abstractions by hydrogen atoms have been optimized using the density functional B3LYP/6-
311G(d,p) method. Vibrational frequencies of various stationary structures have been computed
at the same level of theory. Then, relative energies for all optimized structures have been
reevaluated by single-point calculations at the G3(CCSD,MP2) level of theory’"® with
B3LYP/6-311G(d,p) zero-point vibrational energy corrections (ZPE), including the empirical
higher level correction (HLC)”™ and using B3LYP/6-311G(d,p) optimized geometries. The
inclusion of the HLC increases the calculated strengths of C-H bonds by 7 kJ/mol, decreases
relative energies of transition states and products for the C12Hzs + H — Ci12H2s + Hz hydrogen
atom abstraction reactions also by 7 kJ/mol, is insignificant for C-C bond cleavages, and zero by
definition for C-C bond p-scissions. The G3(CCSD,MP2)//B3LYP theoretical level has been
shown to provide ‘chemical accuracy’ within 3-6 kJ/mol in terms of average absolute deviations
of relative energies of various stationary structures.”> The ab initio calculations were performed
using the GAUSSIAN 0974 and MOLPRO 20107° program packages.

Rate constants for primary and secondary reactions involved in the pyrolysis of n-dodecane
have been calculated using the RRKM/Master Equation approach’® with the MESS package’’,
generally utilizing the Rigid-Rotor, Harmonic-Oscillator (RRHO) approximation for the
evaluation of partition functions for molecular complexes and transition states. Collisional
energy transfer rates in the master equation were expressed using the “exponential down”
model,”® with the temperature dependence of the range parameter o for the deactivating wing of
the energy transfer function expressed as a(T) = a300(T/300 K)", with n = 0.86 and as00 = 228 cm’
! obtained earlier from classical trajectories calculations as ‘universal’ parameters for
hydrocarbons in the nitrogen bath gas.”® We used the Lennard-Jones parameters (s/cm *, 6/A) =
(253, 5.16) for the n-dodecane/nitrogen system derived by Jasper et al.”® based on the fit of

results using the “one-dimensional optimization” method®.

Since our goal in this work is both qualitative and quantitative evaluation of relative yields
of various products at different stages of the pyrolysis in order to account for the observed
experimental results, we used a simplified approximation to treat C-C and C-H single bond

cleavages in the original n-dodecane molecule occurring without barriers. In particular, rate



constants for these reactions were calculated using phase space theory with empirical potential
energy parameters selected in such a way that the rate constants for the reverse CxHy + C12.xHoe.y
and CioH2s + H radical recombination reactions reproduce the rate constants for the prototype
CHs + CHs and C;Hs + H reactions in the experimental 1,200-1,600 K temperature interval
studied earlier by Klippenstein and co-workers®'-82 using the most accurate up-to-date theoretical
approach, variable reaction coordinated transition state theory (VRC-TST). Another theoretical
issue is the appropriate treatment of soft normal modes in Ci2H26 and Ci12H2s radicals, which are
represented by convoluted coupled hindered rotations. Identification of such hindered rotors and
evaluation of their potential energy profiles in long alkanes is an extremely complex task.
However, in our previous work, we showed that in smaller 1-alkyl radicals, from CsH7 to CoH1s,
the replacement of harmonic oscillators with hindered rotors increased the computed C-C p-
scission rate constants by 8-41% at 1000 K and by only 2-25% at 1,600 K.** Here, all
calculations have been performed within RRHO keeping in mind the above mentioned error bars
in rate constants. The anticipated errors in ratios of rate constants are expected to be smaller than

the errors in their absolute values due to cancelations of similar inaccuracies.

4. EXPERIMENTAL RESULTS

Figure 1 exhibits the mass spectra collected during the pyrolysis of n-dodecane (C12H2s, m/z
= 170) at the energy of 10.0 eV covering the temperature range from 1,200 K to 1,600 K. The
photon energy was chosen to be 10.0 eV to avoid the formation of fragment ions from
dissociative photoionization of n-dodecane at photon energies higher than 10.5 eV. These
fragments are labeled as ‘n-dodecane fragment’ in Figure 2. The mass spectrometric data alone
provide evidence of ion counts from m/z = 15 to m/z = 98 along with the parent ions of the
ionized n-dodecane precursor at m/z = 170. No ion counts of molecules heavier than n-dodecane
were observed at the experiment temperature. This requirement represents a crucial prerequisite
for the extraction of the initial pyrolysis products of n-dodecane. The detected mass-to-charge
ratios, as well as the chemical formulae and chemical structures of the products, are listed in
Tables 2 and 3; species observed for the first time in a pyrolysis experiment of n-dodecane are
emphasized in bold. The corresponding photoionization efficiency (PIE) curves along with the
best fits are visualized in Fig. 2 for all temperatures from 1,200 K to 1,600 K. As outlined in the
experimental section, the individual PIE curves from m/z = 15 to m/z = 170 were fitted with the

linear combination of known PIE curves of the corresponding species. Generally, the black lines
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in Fig. 2 represent the experimental data of PIE curves in this work 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. Literature PIE curves are taken from the combustion
chemistry database’ and are individually referenced as well (Table 4). A detailed analysis of the

temperature dependence of the PIE curves (Figure 2) as outlined above reveals interesting trends.

First, the intensity of the parent ion of n-dodecane (m/z = 170) decreases as the temperature
drops from 60% (1,200 K) via 48% (1,300 K), 9% (1,400 K), and eventually vanishes at 1,500

K. This suggests that the decomposition of the n-dodecane precursor is complete at 1,500 K.

Second, as compiled in Table 3, as the temperature increases, the number of pyrolysis
products first rises from eight C1 to C7 species at 1,200 K to ten (1,300 K), twelve (1,400 K),
fifteen products (1,500 K) before ultimately decreasing to twelve C1-C4 products (1,600 K).
This trend proposes that as the temperature increases beyond 1,400 K, degradation occurs for the
initial higher molecular weight products from C4 to C6 hydrocarbons, especially for C5 and C6
transients, which are completely consumed at 1,600 K.

Third, we have identified 15 products, which can be arranged into six groups. i) a
homologues series of alkenes [C2-C7; ethylene (C2Ha), propene (CsHg), 1-butene (CsHg), 2-
butene (C4Hs), 1-pentene (CsHio), 1-hexene (CeHi2) and 1-heptene (C7Hi4)], ii) diene [1,3-
butadiene (C4Hs)], iii) cumulene [allene (C3H4)], iv) alkynes (acetylene (C2H>), methylacetylene
(CsH4)], v) radicals [methyl (CHs), ethyl (C2Hs), allyl (CsHs)], and vi) smaller products
[hydrogen (H2)]. The appearance energies (ionization onsets) of these products as determined in
our experiments agree very well with the adiabatic ionization energies as compiled in Table 5
with deviations of less than 0.05 eV in cases of excellent signal-to-noise ratios of the PIE curves,
but not more than 0.08 eV otherwise. Among these species, it is important to highlight that this
technique is ideally suited to detect C1 to C3 radical species as pyrolysis products, among them
the methyl (CHs), ethyl (C2Hs) and allyl (C3Hs) radicals being detected for the first time in n-
dodecane pyrolysis experiments. Compared with our previous n-decane investigation, methane,
vinyl and propargyl were not observed in this n-dodecane pyrolysis. There might be two reasons:

1) the initial concentration of n-dodecane is lower by 88% compared with that of n-decane due to
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the lower vapor pressure;* 2) the branching ratios of these three species is much lower with

respect to the other products.

Fourth, Table 3 and Fig. 3 quantify that ethylene (C2Ha4) represents the major decomposition
products of n-dodecane over the complete temperature range increasing from about 30% to 60%
from 1,200 K to 1,600 K. It is important to highlight that simultaneously the branching ratios of
the chemically related ethyl radical (C2Hs) decrease from about 20% at 1,200 K to less than 1%
at 1,500 K. Acetylene (C2H>) represents only minor products of less than 2% at most (1,600 K).
The initial appearance temperature of acetylene was found to be 1,500 K; its branching ratio
increases with rising temperature suggesting that acetylene represents one of the final, thermally
stable products generated from higher molecular weight intermediates. Besides these C2
products, propene (CzHs) with branching ratios slightly decreasing from about 13% (1,200 K) to
8% (1,600 K) represents the most prominent C3 product. The C3 close shells products allene and
methylacetylene (CsH4) only contribute a total from about 0.6% (1,400 K) to 6.7% (1,600 K) to
the total branching. The C3 radical allyl (CsHs) appears at 1,300 K. The branching ratio increases
from 4% at 1,300 K to 9% at 1,500 K, and abruptly drops to 2% at 1,600 K, suggesting that allyl
represents a dynamic intermediate that is simultaneously decomposing while being produced.
The branching ratios of the C4 to C7 alkenes steadily decrease as the temperature rises from
1,200 K to 1,600 K indicating that these alkenes decompose in consecutive processes. Therefore,
this trend proposes that the C4 to C7 hydrocarbons can be classified as reaction intermediates. As
a matter of fact, at 1,600 K, 1-pentene, 1-hexene, and 1-heptene are completely decomposed and
hence undetectable. At 1,600 K, among the C4 to C7 products, only 1,3-butadiene (CsHe), 1-
butene and 2-butene survive at fractions of less than 1%. Finally, it should be noted that our
studies also detected molecular hydrogen (Hz) along with the methyl radical (CHz). Both of them
increase with temperature up to 1,500 K, where methyl drops off at 1,600 K (the branching ratio

of methyl drops from 13% to 9%), while molecular hydrogen keeps increasing.

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 Figure 4
versus the temperature. The expected C/H ratio of 0.46 is fully recovered at 1,200 K suggesting
that the mass balance is conserved. At this initial temperature, seven species were observed, with
their photoionization cross sections well defined. The precursor is 40% depleted, and most of

carbon and hydrogen elements are still counted from n-dodecane. Thus the mass balance is well
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conserved. As the temperature rises, the C/H ratios are a little higher than the expected ratio of
0.46. But the theoretical value of 0.46 is still completely covered within the error bars in the

entire temperature range.

5. COMPUTATIONAL RESULTS

The n-dodecane molecule can decompose by initial cleavage of various C-C (reaction (R1))
and C-H bonds (reaction (R2)) producing pairs of 1-alkyl radicals and n-dodecyl radicals plus a
hydrogen atom, respectively.

Ci2H26 — CxHy + Cx'Hy R1
C12H26 — Ci2H2s + H R2
5.1. Homolytic C-C and C-H Bond Cleavages & Consecutive g-Scissions (C-C; C-H)

The energetics of the C-C bond cleavages in C12Ho6 is illustrated in Figure 5. The C-C bond
strengths are calculated to be in the range of 361-366 kJ/mol, where the C2-C3 bond was found
to be the weakest and the C5-C6 bond to be the strongest. The differences in the C-C bond
strengths are so small that one can anticipate that all product pairs, CHs + C11H23, CoHs + C1oHo1,
CzH7 + CoH19, C4Hg + CgH17, CsH11 + C7H1s, and CeHa1z + CeHas, can be in principle formed. On
the other hand, the calculated strengths of C-H bonds are significantly higher (Fig. 5). The
primary C1-H bonds in terminal CHs groups are the strongest, 418 kJ/mol, whereas the
secondary C-H bonds in CH> groups vary in a very narrow range of 406-407 kJ/mol. These
values are close to the corresponding experimental C-C and C-H bond strengths in n-butane,
propane, and ethane evaluated based on enthalpies of formation at 0 K from Active
Thermochemical Tables®® and also to the theoretical values for n-decane calculated in our

previous work.*

Due to the large difference in the bond strengths, rate constants for the C-H cleavages
appeared to be several orders of magnitude lower than those for the C-C cleavages and therefore
the C-C bond cleavage is predicted to dominate the unimolecular decomposition of dodecane
(Figure 6(a)). In the temperature range of 1,000-1,600 K and 1 atm, the rate constants for the C-
C cleavages exhibit well-defined Arrhenius behavior and grow from 2.6-3.6 s to 1-2x10° s,
These values agree with the experimental observations that while only a small fraction of n-
dodecane is consumed at 1,100 K, no parent molecules survive above 1,500 K during the

residence time in the reactor, about tens of microseconds. The computed rate constants for the
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cleavages of the terminal bonds to produce CHs + Ci1H23 are found to be one-two orders of
magnitude lower than those for the cleavage of non-terminal C-C bonds. The rate constants
calculated at 1 atm, except for the one to produce CHs + C11Ha3, grow to 4-6x107 s at 2,500 K;
a small fall-off behavior at higher temperatures is seen in a decrease of the slope of the rate
constant curves (Fig. 6(a)). The computed relative product yields are ~1% for CHs + C11H23, 17-
16% for CoHs + CioHa1, 23-24% for CaH7 + CoH19, ~19% for C4Hg + CgHa7, 18-19% for CsH11 +
C7H1s, and 21-22% for CsH13 + CsH13 and show very slight temperature dependence from 1,000
to 2,500 K. The product yields are also practically independent of pressure in the range from 30
Torr to 100 atm. This allows us to conclude that the pyrolysis of n-dodecane at 1,500 K and
above should predominantly produce a mixture of 1-alkyl radicals, from ethyl to 1-decyl, on the

timescale of 1-2 ..

In our previous work considering the pyrolysis of n-decane®® we have shown that the higher
1-alkyl radicals are unstable in the experimental temperature range and are subject to a rapid C-C
bond g-scission producing ethylene C2H4 together with a smaller 1-alkyl. As shown in Fig. 5 and
Table 6, the calculated barrier heights and reaction energies for the C-C bond p-scissions are
123-126 and 86-92 kJ/mol, respectively. The computed rate constants for C-C bond p-scissions
are approximately in the range of 107-108 s* at T = 1,200-1,600 K and hence, the lifetimes of the
primary dissociation products, 1-alkyl radicals, is shorter than 1 s under the experimental
conditions and they are expected to rapidly decompose to the ultimate CoH4, CH3, and C2Hs
products detected experimentally via the stepwise mechanism shown below. Depending on the
residence time, the ethyl radical may or may not further lose an H atom via a C-H bond f-
scission producing ethylene.

CioH21 —» CgHi7 + C2H4
CoHi19 = C7H15 + CoHy
CsH17 — CeHiz + C2oHy
C7H1s — CsHi1 + CoHg
CeH1z — CsHg + CoH4
CsH11 — CsH7 + C2Ha4

C4Ho — CoHs + CoHg
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C3sH7 > CHs + CoH4
CoHs > H+ CoH4

The mechanism of consecutive direct C-C bond f-scissions unzipping large 1-alkyl radicals
down to the mixture of CoHa, CoHs, and CHs cannot explain the experimental observation of
higher 1-alkenes, especially propene and 1-butene, which are among major pyrolysis products at
1,200 K and are still present up to 1,600 K. We discussed several possible formation pathways of
1-alkenes in the previous paper on n-decane.*® The first one is C-H bond g-scission in 1-alkyls,
but according to the calculations C-H g-scission barriers are 20-26 kJ/mol higher than the
corresponding C-C g-scission barriers in CsH7-CgH17. Because of this difference, the computed
branching ratios for the C-H g-scission channels in CsHo-CgHz7 are very small and do not exceed
1-2% until the highest temperatures and pressures (2,500 K and 100 atm), where they reach 5-
6%.% The relative yield of propene + H is higher from CsHy and increases from 3-4% at 1,100-
1,600 K and 1 atm to 6%, 9%, and 13% at 2500 K and pressures of 1, 10, and 100 atm,
respectively. Thus, C-H bond f-scissions cannot explain the large experimental yields of propene
and 1-butene since they are largely unfavorable compared to the g-scissions with the loss of
C2H4. Summarizing, C-C bond cleavages leading to 1-alky radicals are strongly favored
compared to C-H bond rupture processes; the higher 1-alkyl radicals (> C2) do not survive
under our experimental conditions and decay via successive C-C p-scissions (C2Ha
elimination), which dominate over C-H p-scission (alkene formation), to yield eventually
the C1 to C2 hydrocarbons CHs, C2Hs, and CzHa.

5.2. Hydrogen Migrations & Consecutive f-Scissions

The second possible mechanism to form higher alkenes involves H atom shifts in 1-alkyl
radicals followed by C-C bond pg-scission. We have shown® that isomerization channels
involving 1,2- and 1,3-H atom shifts in CzH7; and C4Hg are not competitive due to their high
barriers of 157-162 kJ/mol significantly exceeding the C-C bond p-scission barriers of ~124
kJ/mol. On the other hand, a possibility of 1,4-H, 1,5-H, 1,6-H, and 1,7-H shifts eventually opens
up in higher 1-alkyl radicals beginning from CsHi1 and the corresponding typical barriers for
these processes, 92-94, 64-66, 71-72, and 80 kJ/mol, respectively, are lower than those for the C-
C bond p-scission. The hydrogen shifts are followed by C-C p-scissions forming higher 1-
alkenes rather than ethylene, i.e., propene (CsHe), 1-butene (CsHg), 1-pentene (CsH1o), and so on,
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depending on the radical position in the alkyl. We calculated and reported product branching
ratios in dissociation of 1-alkyl radicals CsH11-CgHa7 taking into account direct C-C and C-H p-
scissions as well as all C-C pg-scissions following the H shifts in the previous work® and
demonstrated that at low pressures up to 1 atm, the products formed after a 1,5-H shift are
preferable, but at high pressures of 10 and 100 atm, the direct C-C g-scission from 1-alkyls
producing ethylene (C2H4) dominates. Nevertheless, various alkenes can be formed from the 1-
alkyl radicals with non-negligible branching ratios, e.g., from CsH11: CsH7 + C2Hs (direct), CoHs
+ CsHe (via 1,4-H shift and 2-pentyl); from CsHi3: C4Ho + C2H4 (direct), CsH7 + CsHe (via 1,5-H
shift and 2-hexyl), CHs + CsHio and CzHs + C4Hs (both via 1,4-H shift and 3-hexyl); etc. (see
Figure 7 for the full list of possible products from 1-alkyls CsH7-C1oH21). As compared with n-
decane, n-dodecane has two higher 1-alkyl radicals among its primary products, 1-nonyl (CoHz9)
and 1-decyl (C1oH21). While one can expect that the barriers for 1,4-, 1,5-, 1,6-, and 1,7-H shifts
should retain their typical values in CoHi9 and CioH21 and hence the corresponding H shift/C-C
[-scission channels would remain competitive, new reaction channels may additionally open up,
1,8-H shifts both in 1-nonyl and 1-decyl and 1,9-H shift in 1-decyl. Here, we evaluated the 1,8-
and 1,9-H shift barriers in CioHo1. The calculation gave the values of 97 and 90 kJ/mol,
respectively. While these barriers are higher than those for 1,5-, 1,6-, and 1,7-H shifts, and are
comparable to 1,4-H shifts, they are still somewhat lower than the barrier for the direct C-C g-
scission. Therefore, the dissociation channels involving the 1,8- and 1,9-H shifts followed by C-
C p-scissions can give minor contributions to the overall product yield. In particular, 1-nonyl can
isomerize to 2-nonyl by 1,8-H shift and then decompose to CsH1s + C3Hs. 1-decyl can isomerize
to 2-decyl by 1,9-shift and dissociate to C7Hs + CsHe or isomerize to 3-decyl and decompose to
either CHs + CgHig or CeHiz + CsHs. Summarizing, the reaction mechanism involving
hydrogen migration in C5 to C10 1-alkyl radicals preceding C-C g-scission accounts for the
observation of C3-C7 alkenes [propene, 1l-butene, 1l-pentene, 1-hexene, and 1-heptene]
observed in our experiments, and especially, for the large branching ratios of CsHs and
CsHs at low temperatures (and even at 1,600 K for propene). At temperatures of 1,500 K
and above the lifetime of a single C-C bond approaches 1 15 and hence higher alkenes are
likely to decompose on the timescale of the experiment and their yield significantly
decrease.

5.3. Hydrogen Abstraction
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The third possible pathway to the higher alkenes involves C-C bond f-scissions in n-dodecyl
radicals (n > 1, see Fig. 5 and Table 6). While n-dodecyls are not expected to be formed by C-H
bond cleavages in n-dodecane, they can be produced by direct hydrogen abstractions by H atoms
or other radicals when those radicals appear in the reactive system. The barrier heights and
reaction exoergicities for the H abstraction reactions by a hydrogen atom from secondary C-H
bonds are computed to be 35-36 (27-28) and 23-24 (30-31) kJ/mol; the numbers in parenthesis
include HLC in the G3(CCSD,MP2) calculations. The H abstractions from the primary C-H
bonds exhibit a higher barrier and a lower reaction exoergicity of 49 (42) and 12 (19) kJ/mol,
respectively. These results are close to the corresponding values obtained in the previous work
for n-decane.*® Note that, the most accurate up-to-date calculations of H abstraction from CzHs
and C,He gave the reaction barriers and exoergicities as 32 and 27 kJ/mol, respectively, for the
secondary hydrogen abstraction and 43-44 and 15-16 kJ/mol for the primary hydrogen
abstraction.3* The calculated rate constants for secondary H abstractions are generally higher
than those for the primary hydrogen abstraction (Fig. 6(b)) and, among secondary H abstractions,
the reaction producing 5-dodecyl is preferred and followed by the reactions giving 5-dodecyl,
then by 2- and 3-dodecyl (with similar rate constants), and finally by 4-dodecyl. The computed
rate constants to form 2- and 3-dodecyl agree best with the literature data (the most accurate
calculations for C3Hs® and experimental data for CsHs, C4H10, and CsH1,%5%) for the secondary
H abstraction at 500 K but overestimate the literature data at 2,500 K by approximately a factor
of 3. Alternatively, the rate constants for the production of 4-dodecyl agree closely with the
literature values at high temperatures. Our results indicate that the rate constants for secondary H
abstraction are sensitive to the attacked hydrogen atom position in the alkane. It should be noted
however that a more rigorous anharmonic treatment of soft normal modes would be required to
generate quantitatively accurate H abstraction rate constants. For the primary hydrogen
abstraction, the C12H26 + H rate constants underestimate those for CsHs + H by 50-60% if HLC

is taken into account; the difference is bigger if the correction is not included.

Our main conclusion is that the secondary H abstractions are feasible and form n-dodecyl
radicals (n > 1). Once the n-dodecyl radicals are produced, they can rapidly undergo C-C bond f-

scission to yield higher alkenes together with 1-alkyl radicals:

Ci2H2s (2-dodecyl) — C3zHs + CoHig
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Ci2Has (3-dodecyl) — CiiHzz + CH3

— C4Hs + CgH17

Ci2Has (4-dodecyl) — CigHzo + CoHs

— CsHio + C7H1s

C12Hos (5-dodecyl) — CoHig + C3H7

— CeHi2 + CgHis

C12Hos (6-dodecyl) — C7H1a + CsHis

— CgHis + CaHo
The calculated barriers for these reactions are 123-125 kJ/mol and they are endoergic by 88-
93 kJ/mol; these energetic parameters are thus similar to those for C-C g-scissions in smaller
alkyl radicals considered above and in the previous work.* The rate constants calculated at 1 atm
are close for all the reactions considered within a factor of 2 (Fig. 6(c)). The results indicate that
the lifetime of the dodecyl varies in the 5-50 ns range under the experimental conditions.
Summarizing, n-dodecyl radicals, which may be produced by hydrogen abstraction, can

also undergo subsequent C-C bond B-scissions leading to experimentally observed alkenes:

1-butene, 1-pentene, 1-hexene, and 1-heptene.

6. DISCUSSION & CONCLUSION
We combine now the experimental results with the electronic structure and rate constant
calculations with the goal to elucidate the (predominant) temperature-dependent decomposition

pathways. The compiled mechanism of the pyrolysis is illustrated in Figures 7 and 8.

1. At the initial stage, n-dodecane dissociates by C-C bond cleavages (excluding the terminal C-
C bonds) and produces CioH21 + C2Hs, CgH1g + C3H7, CgHiz7 + CaHg, C7H1s + CsH11, and CeHis
+ CeHa13, i.e., a mixture of C2 to C10 1-alkyl radicals from ethyl to 1-decyl.

2. The alkyl radicals are unstable under the experimental conditions. They rapidly dissociate by
two possible mechanisms: a) C-C bond f-scissions to split ethylene (C2Ha) plus a 1-alkyl radical
with the number of carbon atoms reduced by two and b) 1,4-, 1,5-, 1,6-, 1,7-, 1,8-, or 1,9-H shifts
followed by C-C p-scission producing alkenes from propene to 1-nonene in combination with
smaller 1-alkyl radicals. The higher alkenes become increasingly unstable as the temperatures

rises and the yield of propene and 1-butene, large at 1,200 K, decreases. When the C-C p-
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scission continues all the way to the propyl radical, CsHyv, it dissociates producing CHs + C2Ha.
This mechanism allows us to explain the appearance of the predominant pyrolysis products,
ethylene (C2H4), methyl (CHs), ethyl (C2Hs), propene (CsHs), and 1-butene (CsHs), as well as
small yields of 1-pentene (CsH1o), 1-hexene (CeH12), and 1-heptene (C7Hai4). The higher yield of
the ethyl radical here as compared to n-decane may be related to the fact that a larger amount of
higher 1-alkyl radicals is formed among the primary decomposition products of n-dodecane.
These higher 1-alkyls require more C-C p-scission steps and hence a longer time to reach CoHs.
Consequently, a larger fraction of the C2>Hs radicals survives and does not dissociate to CoHs + H

before leaving the reactor.

3. At higher temperatures, hydrogen atoms can abstract hydrogen from C12H2s to yield n-dodecyl
radicals. The n-dodecyl radicals can dissociate via C-C bond p-scissions to C3-C11 alkenes.
Hydrogen migration and p-scissions of radicals are important reactions in hydrocarbon

decomposition.87-#

4. The other trace products, which account for a maximum of about 10%, can only be produced
via higher order reactions. For instance, acetylene C:Hz can be formed via unimolecular
decomposition of C2H4 by sequential losses of two H atoms or by H elimination.® In contrast to
the n-decane pyrolysis,* we have not observed the vinyl radical C2Hs here, although it can be in
principle formed by H loss from CHs or via a single C-C bond cleavage in higher alkenes.
Apparently, the yield of C2Hs is too low for this radical to be detected in this work. The allyl
radical C3Hs can be formed by the primary C-H bond cleavage in propene or a single C-C bond

cleavage in higher alkenes:
CsHe —» C3Hs + H
CsHg — C3Hs + CH3
CsHio — C3Hs + CoHs
CeHi2 = C3Hs + C3Hy

The allyl radical is well known to eventually decompose to allene, methylacetylene (CzHa)
and eventually to the propargyl radical C3Hs.%°2 Propargyl was not detected in the present
experiment indicating that its yield was too small. At last, 2-butene can be formed by
isomerization of 1-butene®® and 1,3-butadiene is a major dissociation product of the CsH7
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radical,®* which in turn can be produced by C-H bond cleavage in 1-butene®® or by C-C bond

cleavage in higher alkenes starting from 1-pentene.

Comparing the results of the present experiment with those from previous experimental
studies, it should be noted that the earlier investigations were mostly limited to the identification
of closed-shell hydrocarbon intermediates and products because the decomposition products
were derived mainly from off-line and ex situ (HPLC, GC MS) analysis. This approach
disallowed the detection of thermally unstable intermediates and hydrocarbon radicals. This
limitation has been overcome in the present investigation since photoionization of the
decomposition products on-line and in situ is a solid and versatile experimental tool allowing the
detection of a full set of decomposition products including both thermally stable and unstable
species, such as radicals. Additionally, we observed the decomposition products on the
microsecond time scale, meaning that the initial decomposition products were detected. In
previous experiments in the reactors and shock tubes, residence timescales were in the order of a
few milliseconds (Table 1) and thermally unstable products, especially, radicals are not likely to
survive, although they may have been formed initially. Therefore, the present study provides a
most complete record of radicals and other thermally unstable species produced in the initial
stage of decomposition and thus de facto characterizes the radical pool available for further
oxidation of the fuel, which is required for generation of accurate kinetic models of combustion
of aviation fuels. Also, the short residence time used in the present work effectively excludes
undesired mass growth processes. Finally, the combined experimental and theoretical studies of
n-dodecane and earlier,”® of n-decane allowed us to reveal and clearly formulate the chemical
mechanism of the pyrolysis of large n-alkane molecules, which represent the major fuel

components.
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Table 1. Compilation of previous experimental studies on the pyrolysis of n-dodecane.

Temperature

Pressure

Residence time

Group Method (K) (atm) (ms) Ref.
Brezinsky | High-pressure shock tube 867-1,739 22.84, 49.42 1.15-3.47 %0
Davidson Shock tube 990-1520 17-23 2 31
Banerjee Flow reactor 1,000-1,300 1 0-40 82
Bounaceur Flow reactor 950, 11 (())g(()) and 1 200 3
Herbinet JSR 773-1073 1 1,000-5,000 3

Zhou Flow reactor 623-893 1 3,300-12,300 35
Eser | Stainless steel tubing bomb 673-723 10-100 9.0E8-3.6E9 | ¥

reactor
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Table 2. Compilation of products observed in the present experiments on the decomposition of
n-dodecane.

Molecule Formula | Mass | Structure

Hydrogen H> 2 H—-H

Methyl radical CHs 15 CHge

Acetylene CzH; 26

Ethylene CoHq4 28 et

Ethyl radical CoHs 29 .

Allene CsH4 40 =—C

Methylacetylene CsHq 40 e

Allyl radical CsHs | A\,

Propene CsHs 2 | A\
1,3-Butadiene CsHs 54 \/\
1-Butene CHs | 56 | "\
2-Butene CHs | 56 | AN
1-Pentene CsHio 70 /\/\
1-Hexene CeH12 84 /\/\/
1-Heptene CrHua 98 | AN
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Table 3. Branching fractions of the products in the decomposition of n-dodecane at 600 Torr in
the chemical reactor at 1,200, 1,300, 1,400, 1,500 K and 1,600 K.

— Temperature
Species Formula | Mass =55 T 1300 K 1,400 K 1,500 K 1,600 K

Hydrogen H, 2 - 6.63.99 | 3.684097 | 495+15 | 11.4043.22
Methyl radical CHs 15 | 10.4143.60 | 9.38+2.32 | 11.6342.53 | 13.1542.87 | 9.0142.41
Acetylene CoH2 26 - - - 0.2340.06 1.5940.36
Ethylene CaHa 28 | 29.8547.99 | 40.4448.71 | 52.35+11.82 | 57.67+13.03 | 60.28+13.50
Ethyl radical CaHs 29 | 20.4646.32 | 8.6842.20 | 3.3540.80 | 0.8540.28 :
Allene CsHa 40 - - 0554018 | 2.7440.67 | 537+.16
Methylacetylene CsH4 40 - - - 0.52+40.34 1.3240.86
Allyl radical CaHs 41 ; 4464129 | 8024198 | 8524216 | 1.794052
Propene CaHo 42 | 13.14+4.19 | 10.7043.09 | 10514259 | 8.85+.96 | 8.03+.80
1,3-Butadiene CaHe 54 - - 0344008 | 04240.09 | 0.38+0.09
1-Butene CaHs 56 | 1845%6.50 | 12.49+4.22 | 6.17+1.84 | 1594041 | 0412014
2-Butene CaHs 56 - - ; 0.0840.04 | 0.0640.03
1-Pentene CsHio | 70 | 3954156 | 3.014083 | 1.534040 | 0.1840.05 ;
1-Hexene CeHi» | 84 | 3744122 | 3.6340.83 | 1.6740.40 | 0.09+0.03 -
1-Heptene CiHu | 98 | 015007 | 1.0040.16 | 0.7120.09 ;

*Note: As there is no cross section database of 1-heptene, its branchlng fraction cannot be
calculated. Therefore, the normalized ion count intensities of 1-heptene at 10.0 eV are listed in
the last row to reveal the trend of 1-heptene formation from 1,200 to 1,600 K.
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Table 4. The photoionization cross sections of the species at selected energies exploited for the
calculations of the branching ratios in this work.

. Photon Energy (eV)
Species Formula Mass 95 10.0 105 11.0 115 155 Ref.
Hydrogen H, 2 - - - - - 4.73 %
Methyl radical CHs 15 - 4.78 5.81 - - - %
Acetylene CzH, 26 - - - - 18.258 - 57
Ethylene CaoH4 28 - - 0.918 | 7.794 8.016 - o7
Ethyl radical CaHs 29 4.36 5.05 5.52 5.64 5.37 - %
Allene CsH4 40 - 5.66 15.48 | 22.26 25.84 - 9
Methylacetylene CsHa4 40 - - 23.06 | 43.84 42.1 - o7
Allyl radical CaHs 41 5.636 6.227 6.091 - - - 100
Propene CsHs 42 - 5.33 9.05 11.40 12.66 - tol
1,3-Butadiene C4Hs 54 8.48 13.96 16.44 19.91 22.45 - 9
1-Butene C4Hs 56 - 7.35 10.02 | 10.88 17.33 - tol
2-Butene CsHs 56 5.24 9.06 11.04 14.05 19.17 - 102
1-Pentene CsHio 70 0.62 14.38 14.90 14.83 13.92 - 102
1-Hexene CeHu2 84 0.89 8.58 9.65 8.86 9.00 - 9
n-dodecane Ci2Ha6 170 0.01 3.325 | 30.058 | 43.15 | 53.542 - 108
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Table 5. The database and measured photoionization energies of the species in the PIE scan.

Photoionization Energy (eV)

Species Formula | Mass |5 r ce® | 1200K | 1,300K | 1400 K | 1500K | L600K
Methyl radical CH3 15 9.839 9.85 9.75 9.75 9.75 9.75
Acetylene CyH» 26 114 - - - 11.3 10.35
Ethylene CyHs 28 10.514 10.40 10.50 10.50 10.45 10.45
Ethyl radical CoHs 29 8.117 8.15 8.15 8.10 8.10 -
Allene CsH, 40 9.692 - - 9.70 9.75 9.70
Methylacetylene CsHq 40 10.36 - - - 10.30 10.30
Allyl radical CsHs 41 8.18 - 8.10 8.10 8.10 8.10
Propene CsHe 42 9.73 9.75 9.70 9.75 9.70 9.70
1,3-Butadiene C4Hs 54 9.072 - - 9.05 9.05 9.05
1-Butene CsHg 56 9.55 9.55 9.55 9.55 9.60 9.55
2-Butene C4Hs 56 9.11 - - - 9.10 9.15
1-Pentene CsHio 70 9.49 9.55 9.50 9.45 9.55 -
1-Hexene CeH12 84 9.44 9.45 9.45 9.45 9.45 -
1-Heptene C7/H1s 98 9.27 9.30 9.30 9.30 - -
n-dodecane CioHoe 170 9.64* 9.65 9.65 9.65 -

*Note: based on the cross section curve of n-dodecane, the ionization energy is about 9.64 eV.
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Table 6. Calculated barrier heights and reaction energies for various C-C bond f-scission and
direct H abstraction reactions.

Reactions Barrier (kJ/mol) Reaction energy (kJ/mol)
C11H23 — CoHig + CoH4 124 90
CioH21 — CgHi7 + CoH4 123 89
CoH19 — C7H1s5 + CoH4 124 89
CsHi17 — CeHiz + C2oHy 124 92
C7His = CsHi1 + CoHy 124 91
CeH1z — CsHo + CoHy 124 89
CsHi1 — CsH7 + CoHy 124 89
CsHg — CoHs + CoH4 123 86
CsH7 > CHz + CoHy 126 86
C12H2s (1-dodecyl) — CioHo1 + CoHa 124 90
C1oH2s (2-dodecyl) — CoH19 + C3Hs 124 92
C1oH2s (3-dodecyl) — Ci11H2o + CH3 125 89
C12H2s (3-dodecyl) — CgH17 + CsHs 125 93
C12H2s (4-dodecyl) — CioHzo + C2Hs 123 88
C1oHos (4-dodecyl) — CsH1o + C7H1s 125 93
C12H2s (5-dodecyl) — CoH1g + C3Hy 125 92
C12H2s (5-dodecyl) — CsH12 + CsH13 125 93
C12H2s (6-dodecyl) — C7H14 + CsH11 125 92
C1oH2s (6-dodecyl) — CgH16 + C4Hg 125 92
C12H26 + H — C12H2s (1-dodecyl) + Ha 49 (42)? -12 (-19)?
Ci12H26 + H — Ci12H2s (2-dodecyl) + Ha 36 (28)? -24 (-31)?
C1oH2e + H — C12Hos (3-dodecyl) + Ha 36 (28)? -23 (-30)?
C1oH2e + H — C12Hos (4-dodecyl) + Ha 35 (28)? -23 (-31)?
C12H26 + H — Ci12H2s (5-dodecyl) + Ha 35 (27)? -23 (-31)?
C12H26 + H — C12H2s (6-dodecyl) + Ha 35 (27)? -23 (-30)?

®The values including the higher level correction (HLC) for H abstractions are given in

parenthesis.
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Figure 1. Mass spectra of the products obtained from the decomposition of n-dodecane recorded
at a photon energy of 10.0 eV at different temperatures from 1,200 K to 1,600 K.
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Figure 2-1. Experimental photoionization efficiency (PIE) curves (black lines) recorded from the
decomposition of n-dodecane at 1,200 K along with the experimental errors (gray area) and the reference
PIE curves (red, green and blue lines).
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Figure 2-2. Experimental photoionization efficiency (PIE) curves (black lines) recorded from the
decomposition of n-dodecane at 1,300 K along with the experimental errors (gray area) and the reference
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Figure 2-3. Experimental photoionization efficiency (PIE) curves (black lines) recorded from the
decomposition of n-dodecane at 1,400 K along with the experimental errors (gray area) and the reference
PIE curves (red, green and blue lines).
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Figure 3. Overall branching ratios of the species obtained in the decomposition of n-dodecane in

the temperature range from 1,200 to 1,600 K.
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Figure 7. Proposed reaction mechanism for the pyrolysis of n-dodecane.
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Figure 8. Summary of reaction mechanisms leading to primary reaction products in the
decomposition of n-dodecane.
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Table S1. Detected molecules in previous experimental studies of n-dodecane pyrolysis.

Molecule Formula | Mass | Structure Ref.
Hydrogen H: 2 H—H 1
Methane CHa4 16 CH, 15
Acetylene CoH> 26 13
Ethylene CoH. 28 —_ 18
Ethane CoHs 30 5
Allene CsHa 40 —Cc— 13
Methylacetylene CsH. 40 _— 13
Propene CsHs 42 /\ 15,78
Propane CsHs 44 N 57-8
Diacetylene C4H, 50 3
Vinylacetylene CsHs 52 - \\ 3
1,3-Butadiene CaHs 54 \/\ 13
1-Butene CaHs 56 \/\ 157-8
2-Butene CasHs 56 \/\ 5,78
Cyclopentadiene CsHs 66 @ 1
Cyclopentene CsHs 68 @ 1
1-Pentene CsHio 70 /\/\ 1-47-8
2-Pentene CsH1o 70 /\/\ 5,78
n-Pentane CsHy2 72 N 5,7-8
Benzene CesHe 78 @ 13
1,3-Hexadiene CeH1o 82 /\/\/ 2
1-Hexene CsH1o 84 /\/\/ 1-5,7-8
2-Hexene CeH1z 84 /\/\/ 57-8
n-Hexane CeHus 86 N 7-8
Toluene CoHe 9 ©/ 1
1-Heptene C/Hy4 08 /\/\/\ 1-4,7-8
2-Heptene C7Hua 98 P YV VUa N 5,7-8
n-Heptane C7H1s 100 NN 78
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X

Styrene CsHs 104 !
1-Octene CsHas 112 = 1-35,7-8
2'OCtene C8H16 112 \ 7-8
n-Octane Cngg 114 5,7-8
Indene CoHs 116 1
1-Nonene CoHis 126 = 1-357-8
2-Nonene CoHis 126 ™ 7-8
n-Nonane CoHxo 128 578
Naphthalene CioHs 128 1
Methylnaphthalene CuH1o 142 1
1-Decene CioH20 140 = 1-357-8
1-Decene C10H20 140 NS 7-8
n-Decane CioH2 142 5,78
Acenaphthalene Ci2Hs 152 OO 1
Biphenyl Ci2H1o 154 1
1-Undecene CuH2» 154 = 1,357-8
1'Undecene C11H22 154 \ 7-8
n'Undecane C11H24 156 5,7-8
1'D0decene C12H24 168 = 5,7-8
n-Dodecane CioHos 170 18
Anthracene CuaH1o 178 OOO 1
Phenathrene CuHio 178 OGQ 1
Pyrene CieH1o 202 080 1
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Table S2. Parameters of the fitted modified Arrhenius expressions, A - T* - exp(—E,/RT), for most important reactions involved in
pyrolysis of n-dodecane at pressures of 0.03-0.04, 1, 10, and 100 atm.

The data are presented in the following order:

/p,atm A, cm® molts? o E., cal molY/ ! fit btw. T1 and T, with MAE = mean/max absolute error
The title line for each reaction shows A, a, and E, at the high-pressure limit.
The fits are provided to a single Arrhenius expression and to a sum of two Arrhenius expressions

C12H26 = C2Hs + CroH21 3.81E+67 -14.27 110300.0
PLOG/3.000E-02 2.27E+107 -26.56 125300.0/ ! fit btw. 500 and 2500 K with MAE of 44.6%, 153.4%
PLOG/3.947E-02 2.64E+106 -26.26 125100.0/ ! fit btw. 500 and 2500 K with MAE of 44.5%, 155.5%
PLOG/1.000E+00 8.94E+92 -22.00 120800.0/ ! fit btw. 500 and 2500 K with MAE of 49.3%, 165.1%
PLOG/1.000E+01 8.35E+80 -18.31 116100.0/ ! fit btw. 500 and 2500 K with MAE of 53.7%, 157.2%
PLOG/1.000E+02 3.81E+67 -14.27 110300.0/ ! fit btw. 500 and 2500 K with MAE of 53.0%, 124.8%
PLOG/3.000E-02 7.61E+253 -74.12 166000.0/

PLOG/3.000E-02 2.28E+122 -30.73 136700.0/ ! fit btw. 500 and 2500 K with MAE of 29.5%, 63.2%
PLOG/3.947E-02 2.00E+122 -30.67 137200.0/

PLOG/3.947E-02 8.60E+256 -75.03 167400.0/ ! fit btw. 500 and 2500 K with MAE of 28.3%, 60.4%
PLOG/1.000E+00 -2.37E+98 -23.91 118200.0/

PLOG/1.000E+00 8.43E+86 -20.36 113800.0/ ! fit btw. 500 and 2500 K with MAE of 38.0%, 63.1%
PLOG/1.000E+01 3.25E+109 -26.20 139000.0/

PLOG/1.000E+01 1.22E+102 -25.86 116800.0/ ! fit btw. 500 and 2500 K with MAE of 16.8%, 35.8%
PLOG/1.000E+02 2.48E+57 -11.63 102500.0/

PLOG/1.000E+02 8.17E+142 -35.04 172800.0/ ! fit btw. 500 and 2500 K with MAE of 8.1%, 20.9%
Ci2H26 = CsH7 + CoHuo 3.14E+68 -14.45 111400.0
PLOG/3.000E-02 3.92E+108 -26.85 126500.0/ ! fit btw. 500 and 2500 K with MAE of 45.0%, 154.5%
PLOG/3.947E-02 4 54E+107 -26.54 126300.0/ ! fit btw. 500 and 2500 K with MAE of 44.9%, 156.7%
PLOG/1.000E+00 1.28E+94 -22.26 122000.0/ ! fit btw. 500 and 2500 K with MAE of 49.6%, 166.8%
PLOG/1.000E+01 9.40E+81 -18.53 117200.0/ ! fit btw. 500 and 2500 K with MAE of 54.1%, 159.5%
PLOG/1.000E+02 3.14E+68 -14.45 111400.0/ ! fit btw. 500 and 2500 K with MAE of 53.5%, 126.8%
PLOG/3.000E-02 5.15E+254 -74.29 167000.0/

PLOG/3.000E-02 3.09E+123 -30.98 137800.0/ ! fit btw. 500 and 2500 K with MAE of 29.9%, 64.4%
PLOG/3.947E-02 2.84E+123 -30.93 138300.0/

PLOG/3.947E-02 6.69E+255 -74.59 167700.0/ ! fit btw. 500 and 2500 K with MAE of 28.7%, 61.5%
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PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

Cu2H2s — CaHo + CgHa17

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

Ci2H26 —» CsHa1 + C7Hss

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00

-4.90E+99
1.91E+88
6.68E+110
2.36E+102
1.31E+58
1.77E+144

2.18E+108
2.53E+107
7.35E+93
5.59E+81
1.96E+68

3.58E+254
1.81E+123
1.63E+123
1.15E+257
-1.62E+99

8.39E+87
2.35E+110
8.48E+102

8.70E+57
9.51E+143

2.46E+108
2.85E+107
8.22E+93
6.19E+81
2.14E+68

3.81E+254
1.97E+123
1.79E+123
1.32E+257
-1.40E+99

1.34E+88

-24.21
-20.67
-26.49
-25.85
-11.75
-35.34

-26.80
-26.50
-22.22
-18.49
-14.42

-14.27
-30.94
-30.89
-75.01
-24.11
-20.60
-26.39
-26.06
-11.73
-35.29

-26.82
-26.52
-22.23
-18.51
-14.43

-74.28
-30.96
-30.90
-75.03
-24.07
-20.66

119700.0/
115300.0/
140400.0/
117600.0/
103500.0/
174200.0/

126300.0/
126100.0/
121800.0/
117000.0/
111300.0/

166800.0/
137700.0/
138100.0/
168000.0/
119100.0/
114900.0/
140000.0/
117700.0/
103300.0/
174000.0/

126400.0/
126200.0/
121800.0/
117100.0/
111300.0/

166900.0/
137700.0/
138200.0/
168100.0/
119300.0/
115000.0/

S5

! fit btw

! fit btw

! fit btw

. 500 and 2500 K with MAE of 37.8%, 62.1%
. 500 and 2500 K with MAE of 16.9%, 35.9%

. 500 and 2500 K with MAE of 8.2%, 20.9%

1.96E+68 -14.42 111300.0

! fit btw

! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.

! fit btw.

. 500 and 2500 K with MAE of 45.0%, 154.4%
500 and 2500 K with MAE of 44.8%, 156.6%
500 and 2500 K with MAE of 49.6%, 166.6%
500 and 2500 K with MAE of 54.1%, 159.2%
500 and 2500 K with MAE of 53.5%, 126.5%
500 and 2500 K with MAE of 29.9%, 64.2%
500 and 2500 K with MAE of 28.6%, 61.3%
500 and 2500 K with MAE of 39.1%, 64.3%
500 and 2500 K with MAE of 16.9%, 36.1%

500 and 2500 K with MAE of 8.2%, 20.9%

2.14E+68 -14.43 111300.0

! fit btw
! fit btw
! fit btw
! fit btw
! fit btw

! fit btw

! fit btw

! fit btw

. 500 and 2500 K with MAE of 45.0%, 154.4%
. 500 and 2500 K with MAE of 44.8%, 156.6%
. 500 and 2500 K with MAE of 49.6%, 166.6%
. 500 and 2500 K with MAE of 54.1%, 159.2%
. 500 and 2500 K with MAE of 53.5%, 126.5%

. 500 and 2500 K with MAE of 29.9%, 64.3%
. 500 and 2500 K with MAE of 28.7%, 61.4%

. 500 and 2500 K with MAE of 38.3%, 65.8%



PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

Ci2H26 =& CeHiz + CsHas

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

4.25E+110
1.64E+102

9.37E+57
1.09E+144

2.80E+108
3.25E+107
9.36E+93
7.04E+81
2.43E+68

4.12E+254
2.28E+123
2.06E+123
1.42E+257
-2.13E+99

9.64E+87
4.86E+110
1.83E+102

1.06E+58
1.23E+144

CoH21 (1-nonyl) = C2Ha4 + C7Ha1s”

PLOG/3.000E-02

PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02

PLOG/3.000E-02

PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

5.15E+33
1.74E+37
1.11E+35
1.51E+29

1.61E+77
9.57E+22
4.64E+48
7.47E+67
8.47E+79
1.08E+26
1.15E+70
1.81E+23

-26.46
-25.84
-11.74
-35.31

-26.82
-26.51
-22.23
-18.50
-14.43

-14.27
-30.96
-30.90
-75.02
-24.12
-20.60
-26.46
-25.83
-11.74
-35.30

-6.79
-1.34
-6.45
-4.56

-19.82
-3.67
-10.72
-14.95
-19.50
-3.91
-16.20
-2.92

140200.0/
117500.0/
103400.0/
174100.0/

126400.0/
126200.0/
121800.0/
117100.0/
111300.0/

166900.0/
137700.0/
138200.0/
168100.0/
119200.0/
114800.0/
140200.0/
117500.0/
103400.0/
174000.0/

33390.0/
38490.0/
39240.0/
37640.0/

53500.0/
29830.0/
44080.0/
92450.0/
66240.0/
34190.0/
66790.0/
33990.0/

S6

! fit btw. 500 and 2500 K with MAE of 16.8%, 35.9%

! fit btw. 500 and 2500 K with MAE of 8.2%, 21.1%
2.43E+68 -14.43 111300.0

! fit btw. 500 and 2500 K with MAE of 45.0%, 154.4%
! fit btw. 500 and 2500 K with MAE of 44.8%, 156.6%
! fit btw. 500 and 2500 K with MAE of 49.6%, 166.6%
! fit btw. 500 and 2500 K with MAE of 54.1%, 159.2%
! fit btw. 500 and 2500 K with MAE of 53.5%, 126.6%
! fit btw. 500 and 2500 K with MAE of 29.9%, 64.2%

! fit btw. 500 and 2500 K with MAE of 28.7%, 61.4%

! fit btw. 500 and 2500 K with MAE of 39.7%, 66.2%

! fit btw. 500 and 2500 K with MAE of 16.8%, 35.9%

! fit btw. 500 and 2500 K with MAE of 8.1%, 21.1%
1.51E+29 -4.56 37640.0

! fit btw. 500 and 2500 K with MAE of 29.6%, 88.7%

! fit btw. 500 and 2500 K with MAE of 18.3%, 31.0%

! fit btw. 500 and 2500 K with MAE of 10.6%, 17.6%

! fit btw. 500 and 2500 K with MAE of 8.7%, 22.8%

! fit btw. 500 and 2500 K with MAE of 3.1%, 5.7%

! fit btw. 500 and 2500 K with MAE of 4.7%, 18.3%

! fit btw. 500 and 2500 K with MAE of 1.4%, 3.4%

! fit btw. 500 and 2500 K with MAE of 0.6%, 2.0%



C1oHa21 (1-decyl) - CaHa + CgH1rP

PLOG/3.000E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

1.83E+36
1.73E+38
4.70E+34
7.78E+27

1.57E+81
9.22E+22
3.24E+47
2.71E+74
6.57E+82
3.22E+26
4.98E+67
6.14E+22

C12H25 (1-dodecyl) - C2Ha + CioH21”

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

6.15E+34
1.86E+35
3.62E+37
4.96E+34
2.13E+28

6.14E+81
6.46E+22
1.48E+82
7.33E+22
4.07E+47
3.27E+70
4.27E+85
3.94E+26
1.07E+67
3.93E+22

C12H25 (2-dodecyl) - CsHs + CoHigP

PLOG/3.000E-02
PLOG/3.947E-02

6.83E+34
2.08E+35

-7.50
-7.61
-6.33
-4.19

20.97
-3.66
10.36
16.63
20.31
-4.04
15.50
-2.79

-7.06
-7.16
-7.41
-6.33
-4.31

21.11
-3.60
21.17
-3.59
10.37
15.59
21.09
-4.05
15.29
-2.73

-7.07
-1.17

35050.0/
39310.0/
39280.0/
37110.0/

55830.0/
29670.0/
43780.0/
102300.0/
68740.0/
34640.0/
65840.0/
33870.0/

34320.0/
34830.0/
39020.0/
39350.0/
37400.0/

56370.0/
29640.0/
57020.0/
29720.0/
43950.0/
97770.0/
70880.0/
34750.0/
65680.0/
33800.0/

34360.0/
34870.0/

7.78E+27 -4.19 37110.0

! fit btw
! fit btw
! fit btw
! fit btw
! fit btw
! fit btw
! fit btw

! fit btw

. 500 and 2500 K with MAE of 33.0%, 70.9%
. 500 and 2500 K with MAE of 17.9%, 33.0%
. 500 and 2500 K with MAE of 11.0%, 18.7%
. 500 and 2500 K with MAE of 10.7%, 21.0%
. 500 and 2500 K with MAE of 3.3%, 5.5%

. 500 and 2500 K with MAE of 6.3%, 19.0%

. 500 and 2500 K with MAE of 1.4%, 3.3%

. 500 and 2500 K with MAE of 0.8%, 2.1%

2.13E+28 -4.31 37400.0

! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.

! fit btw.

! fit btw

500 and 2500 K with MAE of 30.4%, 86.1%
500 and 2500 K with MAE of 29.6%, 79.5%
500 and 2500 K with MAE of 17.5%, 30.4%
500 and 2500 K with MAE of 10.5%, 20.5%
500 and 2500 K with MAE of 9.4%, 22.9%
500 and 2500 K with MAE of 3.3%, 6.6%
500 and 2500 K with MAE of 3.2%, 6.3%
500 and 2500 K with MAE of 5.2%, 19.9%
500 and 2500 K with MAE of 1.2%, 3.5%

. 500 and 2500 K with MAE of 0.7%, 2.1%

3.49E+28 -4.36 37550.0

! fit btw
! fit btw

. 500 and 2500 K with MAE of 30.5%, 86.6%
. 500 and 2500 K with MAE of 29.7%, 80.0%



PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

4.72E+37
7.40E+34
3.49E+28

8.43E+81
6.95E+22
2.17E+82
7.98E+22
7.26E+47
1.55E+70
4.71E+85
4.20E+26
1.92E+67
4.44E+22

7.44
-6.38
-4.36

-21.15
-3.60
-21.22
-3.59
-10.44
-15.50
-21.10
-4.06
-15.36
-2.74

Ci12H2s (3-dodecyl) — Ci1H22 (1-undecene) + CH3?

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

Cu12H2s (3-dodecyl) = CsHs (1-butene) + CsHi7P

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01

1.63E+34
6.61E+34
6.32E+38
2.52E+37
1.46E+32

1.70E+82
3.89E+23
7.54E+82
3.28E+23
8.20E+53
3.39E+54
4.61E+41
5.63E+140
1.92E+78
9.88E+24

8.40E+33
3.24E+34
2.06E+38
8.11E+36

-6.96
-7.10
-7.81
-7.13
-5.40

-21.34
-3.86
-21.48
-3.81
-12.28
-11.50
-8.39
-33.62
-18.58
-3.41

-6.92
-7.05
-1.72
-7.05

39090.0/
39470.0/
37550.0/

56440.0/
29670.0/
57100.0/
29760.0/
44090.0/
97230.0/
70860.0/
34780.0/
65780.0/
33850.0/

33710.0/
34280.0/
39450.0/
40720.0/
39600.0/

55800.0/
30550.0/
56540.0/
30430.0/
46770.0/
74430.0/
42870.0/
195800.0/
71250.0/
35300.0/

33300.0/
33860.0/
38870.0/
40080.0/

S8

! fit btw. 500 and 2500 K with MAE of 17.6%, 30.6%
! fit btw. 500 and 2500 K with MAE of 10.7%, 20.7%
! fit btw. 500 and 2500 K with MAE of 9.5%, 23.5%
! fit btw. 500 and 2500 K with MAE of 3.4%, 6.5%

! fit btw. 500 and 2500 K with MAE of 3.2%, 6.3%

! fit btw. 500 and 2500 K with MAE of 5.3%, 20.5%

! fit btw. 500 and 2500 K with MAE of 1.2%, 3.5%

! fit btw. 500 and 2500 K with MAE of 0.7%, 2.1%
1.46E+32 -5.40 39600.0

! fit btw. 500 and 2500 K with MAE of 33.4%, 108.2%
! fit btw. 500 and 2500 K with MAE of 32.6%, 101.5%
! fit btw. 500 and 2500 K with MAE of 21.9%, 36.5%

! fit btw. 500 and 2500 K with MAE of 12.9%, 22.5%

! fit btw. 500 and 2500 K with MAE of 9.6%, 26.4%

! fit btw. 500 and 2500 K with MAE of 4.1%, 8.2%

! fit btw. 500 and 2500 K with MAE of 3.9%, 7.2%

! fit btw. 500 and 2500 K with MAE of 5.2%, 21.5%

! fit btw. 500 and 2500 K with MAE of 7.0%, 24.8%

! fit btw. 500 and 2500 K with MAE of 0.7%, 2.3%
5.90E+31 -5.36 38970.0

! fit btw. 500 and 2500 K with MAE of 32.8%, 105.5%
! fit btw. 500 and 2500 K with MAE of 32.1%, 99.0%

! fit btw. 500 and 2500 K with MAE of 21.6%, 35.8%
! fit btw. 500 and 2500 K with MAE of 12.6%, 22.2%



PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

5.90E+31

5.95E+80
3.07E+23
2.74E+81
2.22E+23
1.59E+53
1.88E+54
1.39E+41
6.88E+138
3.58E+78
7.97E+24

-5.36

-20.95
-3.87
-21.10
-3.80
-12.13
-11.48
-8.30
-33.17
-18.73
-3.44

Cu12H2s (4-dodecyl) — CioH20 (1-decene) + C2Hs?

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

9.80E+33
3.21E+34
2.58E+37
1.36E+35
1.72E+29

1.28E+81
4.28E+22
4.80E+81
4.28E+22
1.44E+49
6.88E+62
2.13E+83
1.29E+26
4.19E+71
1.27E+23

-6.94
-7.05
-1.47
-6.56
-4.66

-21.04
-3.64
-21.15
-3.62
-10.94
-13.69
-20.56
-4.01
-16.73
-2.96

Ci2H2s (4-dodecyl) — CsHio (1-pentene) + C7H1s”

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

2.05E+34
6.97E+34
7.37E+37
3.94E+35
4.40E+29

-7.00
-7.12
-7.56
-6.65
-4.73

38970.0/

54840.0/
30300.0/
55580.0/
30120.0/
46080.0/
74040.0/
42210.0/
193300.0/
71040.0/
34850.0/

33640.0/
34170.0/
38680.0/
39370.0/
37730.0/

55550.0/
29540.0/
56280.0/
29550.0/
44420.0/
86940.0/
68480.0/
34300.0/
67940.0/
33960.0/

34010.0/
34550.0/
39160.0/
39880.0/
38240.0/

S9

! fit btw.

! fit btw.

! fit btw.

! fit btw.

! fit btw.

! fit btw.

500 and 2500 K with MAE of 9.3%, 25.3%

500 and 2500 K with MAE of 4.0%, 7.9%
500 and 2500 K with MAE of 3.7%, 7.0%
500 and 2500 K with MAE of 5.0%, 20.9%
500 and 2500 K with MAE of 6.8%, 23.9%

500 and 2500 K with MAE of 0.7%, 2.2%

1.72E+29 -4.66 37730.0

! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.

! fit btw.

500 and 2500 K with MAE of 31.1%, 93.0%
500 and 2500 K with MAE of 30.4%, 86.5%
500 and 2500 K with MAE of 19.0%, 31.9%
500 and 2500 K with MAE of 11.2%, 18.8%
500 and 2500 K with MAE of 9.1%, 23.9%
500 and 2500 K with MAE of 3.5%, 6.4%
500 and 2500 K with MAE of 3.3%, 6.1%
500 and 2500 K with MAE of 5.1%, 20.6%
500 and 2500 K with MAE of 1.4%, 3.7%

500 and 2500 K with MAE of 0.7%, 2.3%

4.40E+29 -4.73 38240.0

! fit btw.
! fit btw.
! fit btw.
! fit btw.
! fit btw.

500 and 2500 K with MAE of 31.5%, 95.2%
500 and 2500 K with MAE of 30.9%, 88.6%
500 and 2500 K with MAE of 19.3%, 32.3%
500 and 2500 K with MAE of 11.3%, 18.9%
500 and 2500 K with MAE of 9.2%, 24.2%



PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

3.93E+81
7.55E+22
1.62E+82
7.48E+22
4.96E+49
1.10E+70
5.25E+83
2.69E+26
4.44E+70
2.06E+23

-21.15
-3.68
-21.28
-3.65
-11.06
-15.57
-20.63
-4.07
-16.41
-2.98

Cu12H2s (5-dodecyl) — CoH1s (1-nonene) + CsH7°

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

7.43E+33
2.79E+34
1.21E+38
2.52E+36
8.86E+30

2.68E+81
1.32E+23
1.19E+82
1.11E+23
9.05E+51
1.77E+62
1.00E+190
1.26E+40
1.85E+76
2.09E+24

-6.93
-7.06
-7.68
-6.93
-5.14

-21.17
-3.79
-21.31
-3.75
-11.78
-13.60
-46.61
-8.01
-18.08
-3.30

Ci2H2s (5-dodecyl) — CeH12 (1-hexene) + CeHisP

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02

1.17E+34
4.37E+34
1.74E+38
3.60E+36
1.31E+31

3.61E+81
2.14E+23

-6.91
-7.04
-7.65
-6.90
-5.12

-21.13
-3.78

55980.0/
29920.0/
56730.0/
29920.0/
44950.0/
95270.0/
68920.0/
34730.0/
67430.0/
34340.0/

33550.0/
34110.0/
39060.0/
40140.0/
38830.0/

55480.0/
30180.0/
56230.0/
30080.0/
45810.0/
84310.0/
257700.0/
42000.0/
70290.0/
34830.0/

33450.0/
34010.0/
38930.0/
39990.0/
38690.0/

55350.0/
30070.0/

S10

! fit btw. 500 and 2500 K with MAE of 3.6%, 6.4%

! fit btw. 500 and 2500 K with MAE of 3.4%, 6.7%

! fit btw. 500 and 2500 K with MAE of 5.3%, 20.1%
! fit btw. 500 and 2500 K with MAE of 1.5%, 3.7%

! fit btw. 500 and 2500 K with MAE of 0.7%, 2.1%
8.86E+30 -5.14 38830.0

! fit btw. 500 and 2500 K with MAE of 32.6%, 103.5%
! fit btw. 500 and 2500 K with MAE of 31.8%, 96.9%

! fit btw. 500 and 2500 K with MAE of 20.9%, 34.8%

! fit btw. 500 and 2500 K with MAE of 12.2%, 21.1%

! fit btw. 500 and 2500 K with MAE of 9.1%, 24.8%

! fit btw. 500 and 2500 K with MAE of 3.9%, 7.5%

! fit btw. 500 and 2500 K with MAE of 3.7%, 6.7%

! fit btw. 500 and 2500 K with MAE of 5.2%, 20.5%

! fit btw. 500 and 2500 K with MAE of 6.9%, 23.9%

! fit btw. 500 and 2500 K with MAE of 0.7%, 2.2%
1.31E+31 -5.12 38690.0

! fit btw. 500 and 2500 K with MAE of 32.4%, 102.8%
! fit btw. 500 and 2500 K with MAE of 31.7%, 96.2%

! fit btw. 500 and 2500 K with MAE of 20.8%, 34.6%

! fit btw. 500 and 2500 K with MAE of 12.2%, 21.0%
! fit btw. 500 and 2500 K with MAE of 9.1%, 24.8%

! fit btw. 500 and 2500 K with MAE of 3.9%, 7.5%



PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

C12H2s (6-dodecyl) — CsHis (1-octene) + CaHg”

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

1.64E+82
1.80E+23
1.65E+52
3.42E+56
4.86E+190
1.69E+40
2.14E+76
3.14E+24

3.76E+33
1.55E+34
1.50E+38
6.48E+36
4.39E+31

9.65E+80
2.08E+23
4.00E+81
1.72E+23
1.40E+53
3.96E+58
1.29E+41
6.03E+135
3.29E+76
5.31E+24

-21.28
-3.73
-11.78
-12.01
-46.72
-7.98
-18.03
-3.28

-6.80
-6.94
-7.66
-7.00
-5.29

-21.01
-3.80
-21.14
-3.75
-12.09
-12.61
-8.26
-32.35
-18.13
-3.36

Cu12H2s (6-dodecyl) — C7H1a4 (1-heptene) + CsH11P

PLOG/3.000E-02
PLOG/3.947E-02
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+02

PLOG/3.000E-02
PLOG/3.000E-02
PLOG/3.947E-02
PLOG/3.947E-02

3.62E+33
1.48E+34
1.41E+38
6.09E+36
4.13E+31

9.49E+80
1.99E+23
3.75E+81
1.65E+23

-6.80
-6.94
-7.65
-6.99
-5.29

-21.01
-3.79
-21.13
-3.75

56100.0/
29970.0/
45710.0/
77350.0/
258300.0/
41850.0/
70080.0/
34690.0/

33040.0/
33620.0/
38740.0/
40000.0/
38890.0/

54810.0/
30170.0/
55520.0/
30030.0/
46000.0/
78870.0/
42170.0/
189200.0/
69620.0/
34740.0/

33020.0/
33600.0/
38720.0/
39980.0/
38860.0/

54800.0/
30140.0/
55500.0/
30010.0/

S11

! fit btw. 500 and 2500 K with MAE of 3.6%, 6.8%

! fit btw. 500 and 2500 K with MAE of 5.1%, 21.0%
! fit btw. 500 and 2500 K with MAE of 6.9%, 23.9%
! fit btw. 500 and 2500 K with MAE of 0.7%, 2.2%
4.39E+31 -5.29 38890.0

! fit btw. 500 and 2500 K with MAE of 33.0%, 107.7%
! fit btw. 500 and 2500 K with MAE of 32.3%, 101.1%
! fit btw. 500 and 2500 K with MAE of 21.7%, 36.0%

! fit btw. 500 and 2500 K with MAE of 12.5%, 22.3%

! fit btw. 500 and 2500 K with MAE of 9.2%, 24.8%

! fit btw. 500 and 2500 K with MAE of 4.1%, 7.9%

! fit btw. 500 and 2500 K with MAE of 3.8%, 6.9%

! fit btw. 500 and 2500 K with MAE of 5.0%, 20.4%

! fit btw. 500 and 2500 K with MAE of 6.7%, 23.5%

! fit btw. 500 and 2500 K with MAE of 0.7%, 1.7%
4.13E+31 -5.29 38860.0

! fit btw. 500 and 2500 K with MAE of 32.9%, 107.5%
! fit btw. 500 and 2500 K with MAE of 32.2%, 100.9%
! fit btw. 500 and 2500 K with MAE of 21.7%, 35.9%

! fit btw. 500 and 2500 K with MAE of 12.5%, 22.3%

! fit btw. 500 and 2500 K with MAE of 9.2%, 24.8%

! fit btw. 500 and 2500 K with MAE of 4.1%, 7.9%

! fit btw. 500 and 2500 K with MAE of 3.8%, 6.9%



PLOG/1.000E+00
PLOG/1.000E+00
PLOG/1.000E+01
PLOG/1.000E+01
PLOG/1.000E+02
PLOG/1.000E+02

1.26E+53
4.22E+58
1.19E+41
8.35E+135
1.35E+78
7.07E+24

-12.08
-12.61
-8.25
-32.39
-18.59
-3.40

45970.0/

78910.0/ ! fit btw. 500 and 2500 K with MAE of 5.0%, 20.3%
42140.0/

189400.0/ ! fit btw. 500 and 2500 K with MAE of 6.7%, 23.4%
70740.0/
34800.0/ ! fit btw. 500 and 2500 K with MAE of 0.7%, 2.2%

aFits have been carried out using the auxiliary MESS_TPfit written by Franklin Goldsmith; see http://tcg.cse.anl.gov/papr/codes/mess.html.
bThe calculations of the rate constant have been performed using a simplified PES including only the direct C-C bond f-scission channel.
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