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Abstract Density functional theory (DFT) calculations have
been carried out to investigate the thermal cracking pathways
of JP-10, a high energy density hydrocarbon fuel. Thermal
cracking mechanisms are proposed, as supported by our
previous experimental results (Xing et al. in Ind Eng Chem
Res 47:10034–10040, 2008). Using DFT calculations, the
potential energy profiles of the possible thermal cracking
pathways for all of the diradicals obtained from homolytic
C–C bond cleavage of JP-10 were derived and are presented
here. The products of the different thermal cracking pathways
are in good agreement with our previous experimental
observations.
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Introduction

JP-10 (exo-tetrahydrodicyclopentadiene, C10H16) is a popular
missile fuel, and it is also used in volume-limited combustion
applications such as in ramjets and scramjets, due to its high
energy density, high heat capacity, low freezing point, and
favorable handling characteristics. Although studies [1–11] have
been conducted to investigate the physical properties and

catalytic cracking of JP-10 at various temperatures and pressures
by means of spectroscopic, gas chromatographic, and mass
spectrometric analyses, the high-temperature thermal
decomposition chemistry of JP-10 is still not well understood.

Our group [12–19] has performed fundamental research on
the thermal oxidation stability, physical properties, and
catalytic cracking of JP-10 under different conditions. The
experimental results we obtained indicate that the
predominant hydrocarbon products of catalytic cracking are
methane, ethane, ethene, propane, and propylene in the
gaseous phase, and benzene, indene, naphthalene, and their
homologs in the liquid phase. The thermal decomposition of
JP-10 also yields diverse products [5, 8, 20–24]. The variation
in experimental conditions may provide some explanation for
the diversity of the observed products.

Goddard et al. [25] have carried out molecular dynamic
simulations employing the ReaxFF reactive force field to
investigate the thermal oxidation and decomposition reactions
of JP-10. Their results show that the thermal decomposition of
JP-10 is initiated by C–C bond cleavage, resulting in either the
production of ethylene plus a C8 hydrocarbon or two C5

hydrocarbons. The temperature dependence of the product
distribution between C1 and C5 was derived and found to be in
good agreement with experimental observations. Jaffe et al. [26]
have performed high-level ab initio calculations to study the exo
and endo isomers of gas-phase tetrahydrodicyclopentadiene
(THDCPD). The calculated values for the gas-phase heat of
formation of ΔfH°(298) are −126.4 and −114.7 kJ mol−1 for
the exo and endo isomers, respectively. These results suggest
that the isodesmic bond separation reaction, C10H16 +14CH4→
12C2H6, can explain the production of the exo isomer (JP-10).
Williams et al. [27] have investigated the ignition of JP-10 by
means of theoretical methods. They showed that the chemical
mechanism of ignition consists of 174 elementary steps
involving 36 chemical species. The ignition times predicted by
the new detailedmechanismwere found to be in good agreement
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with data from JP-10 shock-tube experiments. Bozzelli et al. [28]
have reported the thermochemical properties of JP-10. The
standard enthalpy of formation of JP-10 and different
tricyclodecyl radicals corresponding to the loss of H atoms from
the carbon sites were evaluated using five density functional
methods along with the G3MP2B3 and CBS-QB3 composite
computational methods. Five isodesmic reactions that included
reference molecules with similar ring strains were used in order
to cancel out calculation errors.

Our group [29] has investigated the thermal cracking of JP-
10 in a batch reactor under different pressures. The gaseous
and liquid components were determined quantitatively by gas
chromatography and gas chromatography–mass spectrometry,
respectively. A possible mechanism for the thermal cracking
of JP-10 that could explain the product distribution was
proposed. In the work described in the present paper, density
functional theory (DFT) calculations were performed to study
the thermal decomposition chemistry of JP-10 in detail.

Computational details

All geometries of the reactants, intermediates, transition states,
and products involved in the thermal cracking reactions of JP-10
were fully optimized by means of DFT calculations using the
M06-2X functional [30, 31]. The reliability of the chosenmethod
has already been demonstrated by various work [32–37]. The 6-
31+g(d) basis set was used for the C,O, andH atoms. Frequency
analyses were performed to obtain the zero-point energies (ZPE)
and identify all of the stationary points as minima (no imaginary
frequency) or transition states (one imaginary frequency) on the
potential energy surfaces (PES). Intrinsic reaction coordinate
(IRC) calculations were also performed for the transition states
to confirm that these structures do indeed connect two relevant
minima [38, 39]. All calculations were performed with the
Gaussian09 software package [40].

Results and discussion

Figure 1 describes the possible biradicals obtained from the
homolytic C–C bond cleavage of JP-10. Table 1 gives the
relative energies (REs) of the seven possible biradicals of JP-
10 shown in Fig. 1. It should be noted that biradical R_1
involving C1–C2 bond cleavage is the most stable species,
while biradical R_7 involving C3–C4 bond cleavage is the
least stable species, and is higher in energy than R_1 by
10.1 kcal mol−1. The calculated relative energies of biradicals
R_2 and R_3 are similar, while R_3 is slightly more stable
than R_2 by 0.3 kcal mol−1. The biradical can then abstract
one hydrogen atom from a JP-10 molecule to yield a variety of
radicals, as presented in Fig. 2, where the relative energies are
shown in parentheses. According to the DFT calculations, the

radical 3_8 is the most stable species and the radical 5_4 is the
most unstable species. Thus, we take the energy of radical 3_8
as zero in the following calculations.

Possible thermal cracking pathways for diradical R_1

We first consider the possible thermal cracking pathways of
diradical R-1 of JP-10. R-1 can abstract one hydrogen atom
from another JP-10 to form radical 1_1 or radical 1_3 . Figure 3
shows the two possible thermal cracking pathways of diradical
R-1 of JP-10. Path a is a direct C–Cbond dissociation that yields
a cyclopentane radical and cyclopentene, and the former active
compound can then convert into the cyclopentane. Path b (paths
bi /bii ) considers the consequences of breaking the five-
membered ring during the thermal cracking pathway. The free-
energy profiles for thermal cracking paths a andb of diradicalR-
1 are displayed in Fig. 4.

In path a (Fig. 4), starting from the radical 1_1, the C6–C7
bond is directly dissociated via the transition state TS1 to give a
cyclopentane radical and cyclopentene. This result is consistent
with our experimental observations that cyclopentane and
cyclopentene are found in the product component analysis [29].

Fig. 1 Possible biradicals result from the homolytic C–C bond cleavage
of JP-10

Table 1 The relative
energies (REs, in
kcal mol−1) of the seven
possible diradicals of
JP-10 shown in Fig. 1

Species RE (kcal mol−1)

R_1 0.0

R_2 2.8

R_3 2.5

R_4 8.0

R_5 9.7

R_6 4.2

R_7 10.1
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The barrier (TS1) to C–C bond cleavage is calculated to be
25.6 kcal mol−1, and the C–C distance in TS1 is equal to
2.244 Å.

Path b has two possibilities (path bi and path bii) for the
thermal cracking of diradicalR-1 . In path bi (Fig. 4), the C7–
C10 bond is cleaved in radical 1_3 to produce radical 1_4 via
the transition state TS2, and the barrier is 32.4 kcal mol−1.
This step is endergonic by 16.4 kcal mol−1. From 1_4 , there
are two possible pathways for the thermal cracking reaction. It
is found that the pathway involving C8–C9 bond cleavage is
kinetically more favorable, and this has a barrier (TS3) of
21.1 kcal mol−1 from 1_4 to TS3. The overall barrier from
1_3 to TS3 is about 37.5 kcal mol−1. In path bii (Fig. 4), the
C8–C9 bond is cleaved in compound 1_3 , which is followed
by C7–C10 bond cleavage to give the final products (Fig. 4:
1_3 → TS6 → 1_6 → TS7 → 1_5 ). The overall barrier for
this path from 1_3 to TS7 is calculated to be 39.5 kcal mol−1.

According to the calculations, thermal cracking path a of
diradical R-1 is kinetically more favorable than paths bi and
bii , with a barrier of only 25.6 kcal mol−1.

Possible thermal cracking pathways for diradical R_2

Starting from R_2 , two thermal cracking pathways (paths c
and d ) are possible. Figure 5 presents the possible thermal
cracking pathways of diradical R-2 of JP-10, and the
calculated free-energy profiles are displayed in Fig. 6.

From Fig. 6, it is clear that path d is kinetically more
favorable. In path d (Fig. 6), the hydrogen atom in 2_9 is
transferred from the C7 atom to the C10 atom via TS to
generate the C7-centered radical 2_6 , and the barrier is about
35.1 kcal mol−1. Then the C5–C6 bond is dissociated to give
the C5-centered radical 2_7 , with a predicted barrier (TS4) of
23.5 kcal mol−1. From 2_7 , another hydrogen atom transfer
takes place to form the C4-centered radical 2_8 , with a barrier
of 37.5 kcal mol−1. Finally, the C2–C3 bond breaks to give
propene and radical 2_4 , and the latter radical can further form
toluene, which has been found in the experimental products
[29]. For path d , the overall barrier from 2_6 to TS5 is
predicted to be 52.9 kcal mol−1.

Possible thermal cracking pathways for diradical R_3

We consider the possible thermal cracking pathways of
diradical R-3 of JP-10 in Fig. 7. The free-energy profiles for
thermal cracking paths e and f of diradical R-3 of JP-10 are
displayed in Fig. 8.

According to the calculations, path f is kinetically more
favorable than path e . In path f , the C2–C3 bond in radical
3_8 dissociates via TS1 to give 3_9 , and the barrier is
calculated to be 26.7 kcal mol−1. From 3_9 , the hydrogen
atom is transferred from the C4 atom to the C3 atom, followed
by C2–C3 bond cleavage. The overall barrier from 3_8 to
TS2 for path f is calculated to be 56.1 kcal mol−1.

Fig. 2 Possible radicals derived
from the homolytic C–C bond
cleavage of JP-10 followed by the
abstraction of one hydrogen atom
from a new JP-10 molecule. The
relative free energies (kcal mol−1)
are shown in parentheses

Fig. 3 Possible thermal
cracking pathways of diradical
R-1 of JP-10
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Possible thermal cracking pathway for diradical R_4

Figure 9 shows the possible thermal cracking pathway of
diradical R-4 of JP-10, and the corresponding free-energy
profile is displayed in Fig. 10.

In 4_7 , the hydrogen atom is transferred from the C7 atom
to the C8 atom to give the C7-centered radical 4_1 . The
barrier (TS ) for hydrogen atom transfer is about
35.6 kcal mol−1. In 4_1 , the C5–C6 bond breaks and a second
hydrogen atom is transferred from the C4 atom to the C5 atom

Fig. 4 The free-energy profiles
for thermal cracking paths a and
b (bi/bii) of diradical R-1 of
JP-10. The relative free energies
are given in kcal mol−1, and the
bond lengths are given in
angstroms (Å)
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to form 4_3 . The overall barrier from 4_1 toTS2 is calculated
to be 56.5 kcal mol−1. Then a third hydrogen atom transfer
takes place, followed by C9–C1 bond dissociation, to yield 1-
methylcyclopentadiene (4_5 ), which was found in
experimental products [29].

Possible thermal cracking pathways for diradical R_5

Figure 11 depicts two possible thermal cracking pathways of
diradicalR-5 of JP-10, and the free-energy profiles for paths g
and h are presented in Fig. 12.

Fig. 5 Possible thermal cracking pathways of diradical R-2 of JP-10

Fig. 6 The free-energy profiles
for thermal cracking paths c and
d of diradical R-2 of JP-10. The
relative free energies are given in
kcal mol−1, and the bond lengths
are given in angstroms (Å)
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According to the calculations, path h is kinetically more
favorable than path g . In path h , the hydrogen atom in radical

5_4 is transferred from the C4 atom to the C3 atom to form the
C4-centered radical 5_5 . The barrier (TS1) is predicted to be

Fig. 7 Possible thermal cracking
pathways of diradicalR-3 of JP-10

Fig. 8 The free-energy profiles
for thermal cracking paths e and
f of diradical R-3 of JP-10. The
relative free energies are given in
kcal mol−1, and the bond lengths
are given in angstroms (Å)
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37.7 kcal mol−1. In 5_5 , the C5–C6 bond breaks and C7–C10
bond dissociation then occurs, resulting in the radical 5_7 . A
second hydrogen atom transfer occurs to give 5_8 , which can
finally form the toluene found in the thermal cracking
experiments [29]. The overall barrier from 5_5 to TS4 is
calculated to be 57.2 kcal mol−1, slightly lower than that of
path g (61.8 kcal mol−1 from 5_1 to TS2).

Possible thermal cracking pathway for diradical R_6

Figure 13 displays the possible thermal cracking pathway of
diradicalR-6 of JP-10, and the free-energy profile is displayed
in Fig. 14.

In 6_1 , the C3–C4 bond dissociates to form 6_2 . The
barrier (TS1) is equal to 28.7 kcal mol−1. In 6_2 , the C5–C6

bond breaks to produce ethane and radical 6_3 . The barrier
(TS2) for this is calculated to be 24.9 kcal mol−1. According
to the calculations, the overall barrier from 6_1 to TS2 is
predicted to be 39.0 kcal mol−1.

Possible thermal cracking pathways for diradical R_7

Figure 15 presents the possible thermal cracking pathways
(path i and paths ji /jii ) of diradicalR-7 of JP-10, and the free-
energy profiles for paths i and j are shown in Fig. 16.

According to the calculations, path jii is kinetically more
favorable than path i or ji . As shown in Fig. 16, the radical
7_5 initially converts into 7_6 via C5–C6 bond dissociation.
The barrier (TS1) to C–C bond cleavage is calculated to be
27.4 kcal mol−1. In 7_6 , the C7–C10 bond breaks, and then

Fig. 9 Possible thermal cracking pathway of diradical R-4 of JP-10

Fig. 10 The free-energy profile
for the thermal cracking path of
diradical R-4 of JP-10. The
relative free energies are given in
kcal mol−1, and the bond lengths
are given in angstroms (Å)

Fig. 11 Possible thermal
cracking pathways of diradical
R-5 of JP-10
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hydrogen atom transfer occurs to yield radical 7_10 . The
overall barrierfrom 7_5 to TS 5 is calculated to be
58.0 kcal mol−1. Finally, C2–C3 bond cleavage takes place
to form 1-methylcyclohexadiene 7_11 .

Comparison of the thermal cracking paths for the seven
possible diradicals of JP-10

The thermal cracking paths for the seven possible diradicals of
JP-10 are now compared. For diradicalR-1 , path a (involving

the formation of cyclopentane and cyclopentene) is
energetically favorable, with a barrier of 25.6 kcal mol−1.

Fig. 12 The free-energy profiles
for thermal cracking paths g and
h of diradical R-5 of JP-10. The
relative free energies are given in
kcal mol−1, and the bond lengths
are given in angstroms (Å)

Fig. 13 Possible thermal cracking pathway of diradical R-6 of JP-10

Fig. 14 The free-energy profile for the thermal cracking pathway of
diradical R-6 of JP-10. The relative free energies are given in
kcal mol−1, and the bond lengths are given in angstroms (Å)
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For diradical R-2 , path d is energetically favorable. From
radical 2_9 , a hydrogen atom is transferred and then C5–C6
bond dissociation occurs. Subsequently, another hydrogen atom
is transferred, which is accompanied by C2–C3 bond cleavage

to give propene and radical 2_4 . The latter radical can then
form toluene. The overall barrier from 2_6 to TS5 is
calculated to be 52.9 kcal mol−1. For diradical R-3 , it is found
that path f is energetically favorable. In radical 3_8 , the

Fig. 15 Possible thermal
cracking pathways of diradical
R-7 of JP-10

Fig. 16 The free-energy profiles
for thermal cracking paths i and
j (ji /jii) of diradicalR-7 of JP-10.
The relative free energies are
given in kcal mol−1, and the
bond lengths are given in
angstroms (Å)
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C2–C3 bond dissociates and then a hydrogen atom is
transferred. Finally, the C2–C3 bond is cleaved to yield the
product. The overall barrier from 3_8 to TS2 is calculated to
be 56.1 kcal mol−1. For diradical R-4 , a hydrogen atom is
transferred and then a second hydrogen atom is transferred to
form 4_3. After this, yet another hydrogen atom is transferred
before the C9–C1 bond dissociates to yield 1-
methylcyclopentadiene (4_5). The overall barrier from 4_1 to
TS2 is calculated to be 56.5 kcal mol

−1. For diradical R-5, path
h is energetically favorable. In path h , a hydrogen atom is
transferred from the C4 atom to the C3 atom, which is followed
by C5–C6 bond cleavage. The C7–C10 bond then breaks and a
second hydrogen atom is transferred to form toluene. The overall
barrier from 5_5 to TS4 is calculated to be 57.2 kcal mol

−1. For
diradicalR-6 , the C3–C4 bond in 6_1 dissociates before C5–C6
bond cleavage occurs to produce ethane and radical 6_3. The
overall barrier from 6_1 to TS 2 is predicted to be
39.0 kcal mol−1. For diradical R-7 , path jii is energetically
favorable. In path jii , the C5–C6 bond in 7_5 dissociates before
C7–C10 bond cleavage occurs. Then a hydrogen atom is
transferred, and the subsequent C2–C3 bond cleavage yields
7_11 . The overall barrier from 7_5 to TS5 is calculated to be
58.0 kcal mol−1. According to the calculations, path a of
diradical R-1 is energetically more favorable than the other
possible thermal cracking paths for all of the diradicals of JP-
10. The rate-determining barrier was calculated as
25.6 kcal mol−1, and related to direct C6–C7 bond cleavage.
The results of the calculations performed in the present work are
consistent with our experimental observations that cyclopentane
and cyclopentene are found in the product component analysis
with high yields [29].

Conclusions

The thermal cracking pathways of JP-10 were investigated by
means of density functional theory (DFT) calculations. Based
on these calculations, the possible pathways for all of the
diradicals obtained from the homolytic C–C bond cleavage
of JP-10 were proposed. For each of these diradicals, all of the
possible thermal cracking mechanisms that would yield the
final products were considered. The DFTcalculations showed
that the products obtained from the different thermal cracking
pathways are in good agreement with those seen in
experimental observations. The present calculations provide
new insights into the thermal cracking pathways of JP-10, and
useful information for optimizing performance.
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