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Thermal Stability and Isomerization Mechanism of
exo-Tetrahydrodicyclopentadiene: Experimental Study and Molecular Modeling

Sun Hee Park,” Cheong Hoon Kwon,” Joongyeon Kim,” Byung-Hee Chun,” Jeong Won Kang,’
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Thermal stability and the primary initiation mechanism of exo-tetrahydrodicyclopentadiene (exo-THDCP,
CyoH,6) were investigated in a batch-type reactor. The catalytic role of the stainless steel inside the reactor
was eliminated by inserting a quartz flask. exo-THDCP decomposed at temperatures over 623 K and
1-cyclopentylcyclopentene (1-CPCP, C;oH;¢) and 4-methyl-2,3.4,5,6,7-hexahydro-1 H-indene (4-MHI, C;oH¢)
were the primary decomposition products of exo-THDCP. C,, hydrocarbons were determined to be the major
products. The amount of Cs—C; hydrocarbons, such as cyclopentene, benzene, and toluene, were relatively
small. We performed the molecular modeling (MM) on some of the compounds, including 1-CPCP and 4-MHI
produced from exo-THDCP to evaluate the activation energy and molecular structure of the intermediates.
The experimental and MM results showed that 1-CPCP and 4-MHI were independently formed from exo-
THDCP. The experimental results closely corresponded with the MM result; the products that were only
minimally produced after the reaction had qualitatively higher activation energies than the other products.

1. Introduction

exo-THDCP, also called exo-tricyclo[5.2.1.0>%]decane, is a
synthetic liquid fuel and is used in pulse supersonic-combustion
ramjets and pulse detonation engines (PDE) due to its high-
energy density.'? exo-THDCP has attracted significant attention
due to its cooling ability and high thermal stability. It has the
ability to absorb aerodynamic heat, which leads to coking by
decomposition of the fuel, and this process causes problems
with the operating system. Therefore, a lot of studies have
examined the characteristics of thermal decomposition and the
decomposition mechanism of exo-THDCP with experiment and
molecular modeling.'~'°

Several experimental studies on exo-THDCP provided evi-
dence of low-molecular-weight decomposition products less than
Ce hydrocarbons and important information on the decomposi-
tion kinetics.' >~ In these studies, methane, ethylene, pro-
pylene, benzene, cyclopentene, propene, ethylene, acetylene,
1,3-butadiene, and cyclopentadiene were measured as the
decomposition products of exo-THDCP and pre-exponential
factor, activation energy, and overall reaction order for thermal
cracking of exo-THDCP were evaluated. However, the initiation
decomposition products of exo-THDCP have not yet been
experimentally revealed and the decomposition mechanism of
exo-THDCP has only been schematically suggested.

To analyze the decomposition mechanism of exo-THDCP,
computer modeling simulations'' ™' based on quantum me-
chanical calculations were also used. Herbinet et al. studied the
thermal decomposition of exo-THDCP in a jet-stirred reactor
over a temperature range of 848 to 933 K at atmospheric
pressure and developed a primary mechanism such as the
possible initiation steps and propagation reactions.® Chenoweth
et al. performed molecular dynamics (MD) simulations for the
decomposition of exo-THDCP by employing the ReaxFF
reactive force field and found that either ethylene plus Cg
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hydrocarbon or two Cs hydrocarbons were the primary initiation
products of exo-THDCP.'® The information provided by these
two simulation studies on exo-THDCP decomposition was
important for a better understanding of this process. However,
it was still insufficient in explaining the details of the decom-
position mechanism of exo-THDCP in terms of the primary
initiation of exo-THDCP. Therefore, we performed molecular
modeling to analyze decomposition mechanism of exo-THDCP
with a decomposition pathway, reaction intermediate (transient
state) and activation energy.

In this study, experiments were conducted to investigate the
thermal stability of exo-THDCP including the decomposition
temperature and primary decomposition products. In addition,
molecular modeling studies were performed to analyze the
mechanism of exo-THDCP decomposition in terms of the
initiation intermediate of exo-THDCP and activation energy.
Finally, we compared the experimental results with the molec-
ular modeling results of the decomposition mechanism of exo-
THDCP.

2. Experiments

Thermal decomposition of exo-THDCP was carried out in a
160 mL batch-type reactor. A quartz flask was inserted inside
the reactor made of stainless steel to remove the catalytic role
of stainless steel. An electrical heating jacket was used to heat
up the reactor. The reactor was purged with N, for 5 min to
eliminate any effects of O, after liquid exo-THDCP (exo-
THDCP, 97.878%; trans-decalin, 0.494%; adamantane, 0.611%;
endo-THDCP, 1.017%) was injected into the reactor. The unit
(%) of the composition iswas mol % because it was measured
by GC/MSD. Since the critical pressure (P.) of exo-THDCP
was below 38 bar,'® the pressure in the reactor was maintained
at 45 bar to ensure that the reaction remained in the liquid phase
during the reaction. Experiments were carried out for 10 h at
temperatures ranging from 583 to 683 K, which were all below
the critical temperature (7;) (701 K) of exo-THDCP. The liquid
product was sampled after the reaction and the reactor was
cooled to room temperature to prevent low-molecular-weight
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Table 1. Composition of Reactants and Products after Thermal Decomposition of exo-THDCP under N at 45 bar, 10 h from 608 to 683 K

compound name MF” 603 K 623 K 643 K 663 K 683 K
cyclopentene CsHg 0.080 0.222 0.284
I-methylcyclopentene CeHyo 0.035
ethylcyclopentane C;Hyy 0.034
1-ethylcyclopentene C/H, 0.049 0.120
methylbenzene C;Hg 0.041
ethylidenecyclopentane C;H, 0.041
propylcyclopentane CsHi6 0.038
1,2,3,3a,4,6a-hexahydropentalene CgH,, 0.044 0.115 0.140
cis-octahydropentalene CgHy4 0.087
2,3,4,5,6,7-hexahydro-1H-indene CoHyy 0.048 0.101
3a,4,5,6,7,7a-hexahydro-4,7-methanoindene CioHis 0.137 0.449 0.786
trans-decalin® CioHg 0.494 0.508 0.752 0.973 1.051
exo-THDCP? CioH 97.878 97.432 93.386 84.395 72.145
4-methyl-2,3,4,5,6,7-hexahydro-1H-indene CioHy6 0.058 0.380 1.215 1.698
2,2-dimethyl-5-methylenebicyclo[2.2.1]heptane CioHyg 0.070 0.107 0.111
1,1"-bicyclopentyl CoHyg 0.092 0.381 0.976
adamantane® CioHig 0.611 0.646 0.852 0.868 0.880
endo-THDCP CioHs 1.017 1.275 2.096 3.019 3.646
1-cyclopentylcyclopentene CioHe 0.081 0.520 1.492 2311
tricyclo[5.2.1.0(4,8)]decane CioHig 0.071
Tricyclo[4.2.1.1(2,5)]decane CioHig 0.049
tricyclo[4.4.0.0(2,8)]decane CioHie 0.071 0.157
2,3-dihydro-4-methyl-1H-indene CioHipn 0.244 0.902
1,2,3,4-tetrahydronaphthalene CioHi» 0.073
bicyclopentyl-1,1’-diene CioHys 0.047
bicyclopentyl-1,1’-diene CoHys 0.041
cis-8-ethyl-exo-tricyclo[5.2.1.0(2.6)]decane CoHyo 0.099
trans-syn-tricyclo[7.3.0.0(2,6)]-8-dodecene C,Hyg 0.141
1,2,3,6,7,8-hexahydro-as-indacene CoHyy 0.050 0.188
residue 0.000 0.000 1.591 6.302 13.707

@ Reactant. © Molecular formula.

compounds, such as cyclopentene (boiling temperature 317 K),
from vaporizing. The chemical composition of the products was
determined by GC/MSD (Agilent 7890A Series GC Custom,
5975C inert MSD Standard Turbo EI) equipped with a HP-5
ms column. In the GC/MSD analysis, if the main peaks in the
mass spectrum of the product compound did not match the main
peaks in the reference of the Wiley library by more than two
peaks, the compound was labeled as residue in Table 1, since
its identity could not be accurately determined.

3. Molecular Modeling

Calculations of the decomposition pathway were performed
using quantum mechanical calculation. The procedure used to
search for the decomposition pathway was as follows: Optimi-
zation of molecular structures of reactants and products by
minimization of configurational energy (steric energy). Search
for reaction intermediate (transient state) and its activation
energy from reactant to product. All molecular structures of
reactants and products were preliminarily optimized to obtain
the minimum energy using the MM3 method'” of CACHe
before that main calculations were performed. The decomposi-
tion mechanism of exo-THDCP was suggested, which was
determined using the optimized structure and calculating the
minimization energy. To determine the decomposition pathway,
the energy calculation of the intermediate was carried out using
the semiempirical PM3 method'® in the MOFAC (CACHe 7.7)"
software package. The map reaction function of this program
was used to determine the intermediate form (Figure 1).

4. Experimental Results and Discussion

4.1. Thermal Stability of exo-THDCP. As shown in Figure
2, the exo-THDCP was thermally stable under 603 K but it
decomposed at temperatures greater than 683 K. In addition,
72.145% of its composition remained in the liquid phase 10 h
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Figure 1. Molecular structure and optimized molecular structure by
molecular modeling: (a) exo-THDCP; (b) 1-cyclopentylcyclopentene; (c)
4-methyl-2,3.,4,5,6,7-hexahydro-1H-indene.

after completion of the reaction at 683 K, whereas 97.878% of
its composition was in the liquid phase before the reaction. The
composition of the other reactants, endo-THDCP, adamantane,
and trans-decalin, only slightly varied compared to their
composition before the reaction. The increment rate of composi-
tion of endo-THDCP was higher than adamantine and trans-
decalin as the temperature increased. This increase in compo-
sition of endo-THDCP could be explained by reversible
Wagner—Meerwein rearrangement.”’

Cyo hydrocarbons only constituted 0.139% of the decomposi-
tion product after completion of the reaction at 623 K, as shown
in Table 2 and Figure 3. However, as the temperature of the
reaction increased, Co hydrocarbons and C,3—C;4 hydrocarbons
became the major decomposition products of exo-THDCP
relative to Cs—Cy hydrocarbons. These results were different
from those reported in previous studies,"®~® where hydrocarbons
under Cg such as cyclopentene, cyclopentadiene, benzene, and
toluene were the major decomposition products of exo-THDCP.
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Figure 2. Thermal stability of exo-THDCP: variation in the composition
of reactants, without products.

Table 2. Distribution of Decomposition Products of exo-THDCP
Classified by the Number of Carbons, without Reactants

no. of carbons 623 K 643 K 663 K 683 K
5 0.126 0.382 0.594
6 0.000 0.000 0.035
7 0.000 0.049 0.236
8 0.044 0.115 0.265
9 0.000 0.270 0.657
10 0.139 4.897 8.983 13.093
11-12 0.000 0.418 1.596
13—14 1.547 5.385 11.380

In these previous studies, low molecular weight hydrocarbons,
except hydrocarbons around Cj,, were the main products,
because the reaction temperature, which is an important
parameter of the decomposition of exo-THDCP as well as
hydrocarbons, was over 773 K.

The structures of C;q products were from the split carbon—
carbon bond of exo-THDCP by f3-scission. The relatively high
composition of Cjy products meant that 3-scission was more
dominant than thermal cracking to low-molecular-weight com-
pounds. Analysis of the mechanism for production of the
C3—Cy4 component was difficult because most of them were
not determined by GC—MS. The structures of some products
specified by GC—MS were triple-ring compounds such as trans-
syn-tricyclo[7.3.0.0%9]-8-dodecene (C,H}s), 1,2,3,6,7,8-hexahy-
dro-as-indacene (Cj,H;4), and 1,3-dicyclopentylcyclopentane
(CisHje). On the basis of these three compounds, it could be
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Figure 3. Distribution of decomposition products of exo-THDCP classified
by the number of carbons, without reactants.
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Figure 4. Composition of reactants and products at 623 K.

predicted that radical polymerization occurred after splitting the
carbon—carbon bond of exo-THDCP by f-scission. It could be
assumed that after the radical of exo-THDCP was formed by
B-scission, radical polymerization was more dominant than
thermal cracking to low-molecular-weight compounds such as
one-ring compounds (cyclopentene, cyclopentane, ethylcyclo-
pentane, or methylbenzene).

The overall decomposition mechanism of exo-THDCP was
already schematically demonstrated in several studies.'>%%
Therefore, we focused on analyzing the primary initiation of
exo-THDCP.

4.2. Primary Initiation of exo-THDCP. 1-CPCP and 4-MHI
were identified to be the primary initiation products of exo-
THDCP decomposition at a reaction temperature of 623 K.
However, their production pathways from exo-THDCP were not
specified. In other words, there were two possible decomposition
pathways of exo-THDCP to 1-CPCP and 4-MHI. The first
potential pathway was that both 1-CPCP and 4-MHI were
simultaneously decomposed from exo-THDCP. The second
potential pathway was that one of them was first directly
decomposed from exo-THDCP and the other was produced from
the decomposition of the first product. As shown in Figure 4,
1-CPCP and 4-MHI were simultaneously produced after 1 h at
623 K and the amount of each component increased uniformly
as the reaction time increased. These results indicated that they
simultaneously and independently decomposed from exo-
THDCP. Molecular modeling was performed for a more detail
analysis and understanding of this process.

5. Molecular Modeling Results

To determine the mechanism by which 1-CPCP and 4-MHI
were produced from exo-THDCP, we performed molecular
modeling by considering intermediate structures and the activa-
tion energy of the reaction. In addition, we also performed
molecular modeling on adamantane, which was present before
and after the reaction, and 2,2-dimethyl-5-methylenebicyclo-
[2.2.1]heptane (2DSMBH), which was not present before the
reaction but was present after the reaction. This work was
conducted to analyze their relatively low composition after the
reaction and the calculated energy value was qualitatively
analyzed. The decomposition pathway “exo-THDCP — 1-CPCP”
is presented in Figure 5. The calculated energy values and
molecular structure of intermediate for each conformation are
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Figure 5. Decomposition mechanism of exo-THDCP to 1-CPCP: (a) exo-
THDCP; (b) intermediate; (c) 1-CPCP. Partial charge: red (positive), yellow
(negative). Bond order and bond type: green (0—0.60, weak), red (0.61—1.60,
single), yellow (1.61—2.60, double).

Table 3. Energy Variation from Reactant to Product

configurational

energy (kcal/mol) activation

energy

reactant product reactant intermediate product (kcal/mol)
exo-THDCP 1-CPCP 32 74 18 42
exo-THDCP 4-MHI 32 82 23 50
1-CPCP 4-MHI 18 115 23 97
4-MHI 1-CPCP 23 117 18 94
exo-THDCP adamantane 32 187 27 155
exo-THDCP 2D5MBH 32 352 51 320

shown in Table 3 and Figure 6, respectively. The decomposition
mechanism from reactant to product was expressed as “reactant
— product”.

5.1. exo-THDCP — 1-CPCP. Figure 5 shows the structural
decomposition mechanism of exo-THDCP (reactant) to 1-CPCP
(product). When the formation of an intermediate was consid-
ered, the bond length between C(10) and H(16) of exo-THDCP
became longer and weak enough to be scissile. In addition, the
bond between C(1) and H(16) became longer and a bond
between C(1) and C(10) was generated. The negative charge
of C(10) increased, and the bond between C(10) and C(1) was
expected to be a double bond. Through this sequence, exo-
THDCP could be decomposed to 1-CPCP. Therefore, the
intermediate specified in Figure 5 could be used to explain
the decomposition mechanism of exo-THDCP to 1-CPCP. The
activation energy from exo-THDCP to 1-CPCP was calculated
to be 41 kcal/mol, which explained why the production of
1-CPCP was relatively high during the decomposition of exo-
THDCP.

(a) (b) ()

Figure 6. Intermediates for each pathway: (a) exo-THDCP — 4-MHI; (b)
1-CPCP — 4-MHI,; (¢) 4-MHI — 1-CPCP.

5.2. exo-THDCP — 4-MHI. Figure 6a shows the molecular
structure of intermediate for decomposition mechanism of exo-
THDCP to 4-MHI, which was the other primary initiation
product of exo-THDCP, whose composition was 0.058% at a
reaction temperature of 623 K. When the formation of the
intermediate was considered, it was expected that the bond
length between C(10) and H(25), C(1) and C(1), C(5) and H(17),
and C(6) and H(18) became longer and weak enough to be
scissile. On the other hand, the negative charge of C(5)
drastically increased and the negative charge of the bond
between C(5) and C(6) also increased enough to become a
double bond because the strong negative charge was proportional
to the bond order. Therefore, the intermediate specified in Figure
6a could be used to explain the decomposition mechanism of
exo-THDCP to 1-CPCP. As shown in Table 3, the activation
energy from exo-THDCP to 4-MHI was 50 kcal/mol. This result
explained why more 1-CPCP was produced than 4-MHI during
the decomposition of exo-THDCP.

5.3. exo-THDCP — 1-CPCP — 4-MHL. In the previous
section, molecular modeling was used to determine the primary
initiation mechanism of exo-THDCP to either 1-CPCP or
4-MHI. However, these mechanisms could not be used to
determine whether both 1-CPCP and 4-MHI were directly
produced from the decomposition of exo-THDCP. Namely, if
the activation energy for conversion of 1-CPCP to 4-MHI was
lower than 50 kcal/mol, which was the activation energy
required to produce 4MHI from exo-THDCP, 4-MHI could be
produced from 1-CPCP after 1-CPCP was produced from exo-
THDCP. Therefore, we investigated the mechanism of producing
4-MHI from 1-CPCP after it was produced from exo-THDCP.
The production of 1-CPCP from exo-THDCP was not examined
in this section, since it was described in the previous section.
Figure 6b shows the intermediate determined by molecular
modeling for the production of 4-MHI from 1-CPCP. The
activation energy for this reaction was calculated to be 96 kcal/
mol, which was 46 kcal/mol higher than the activation energy
of producing 4-MHI directly from the decomposition of exo-
THDCP. Therefore, it is likely that 4-MHI is directly produced
from exo-THDCP rather than being produced from 1-CPCP.

5.4. exo-THDCP — 4-MHI — 1-CPCP. In light of the
above results, we also examined whether 1-CPCP could be
produced from 4-MHI. The activation energy of producing
1-CPCP from exo-THDCP was 41 kcal/mol. Therefore, if the
activation energy for producing 1-CPCP from 4-MHI is less
than 41 kcal/mol, it is likely that 1-CPCP is not produced from
exo-THDCP. However, the molecular modeling result indicated
that the activation energy of producing 1-CPCP from 4-MHI
was 93 kcal/mol, as shown Table 3. On the basis of these results,
1-CPCP is most likely directly produced from the decomposition
of exo-THDCP rather than through the 4-MHI produced from
exo-THDCP with respect to activation energy. The intermediate
from 4-MHI to 1-CPCP is shown in Figure 6c¢. Figure 7 shows
that energy variation in each reaction pathway of 4-MHI from
exo-THDCP and 1-CPCP from exo-THDCP.

5.5. exo-THDCP — Adamantane, exo-THDCP —
2D5MBH. There were lots of compounds produced in very low
quantities at a reaction temperature of 683 K. Therefore, we
investigated the activation energy required to produce these
compounds to determine if these values were related to their
low levels of production. First, we investigated adamantane,
whose composition was almost constant both before and after
the reaction. It was previously proposed that adamantane was
produced from exo-THDCP or endo-THDCP through a step
mechanism.”° However, the activation energy of producing
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Figure 7. Energy variation and reaction pathway: (a) 4-MHI from exo-THDCP; (b) 1-CPCP from exo-THDCP.

adamantane from exo-THDCP was investigated by molecular
modeling without considering the entire step mechanism. The
activation energy producing adamantane from exo-THDCP was
determined to be 155 kcal/mol. This value was 100 kcal/mol
higher than the activation energy required to produce either
1-CPCP or 4-MHI. Thus, the production of adamantane from
exo-THDCP was expected to be qualitatively very low due to
the high activation energy of the reaction. Second, we inves-
tigated the production of 2D5SMBH, which did not exist before
the reaction but was present after the reaction at a reaction
temperature of 643 K. According to the molecular modeling
results, the activation energy of 2D5SMBH from exo-THDCP
was 319 kcal/mol. Thus, production of 2D5SMBH from exo-
THDCP would be qualitatively lower than production of
adamantane with respect to the activation energy, except when
the decomposition of 2D5SMBH to other low-molecular-weight
compounds was considered.

6. Comparison between Experimental and Molecular
Modeling

A comparison between the activation energy of the primary
decomposition products of exo-THDCP by molecular modeling
and their experimentally determined composition is available
in Tables 1 and 3. At 603 K, the composition of 1-CPCP,
4-MHI, and 2D5SMBH was 0%. The change in composition of
adamantane was also 0%, since the composition of adamantane
both before and after the reaction was 0.61%. At 623 K, 1-CPCP
and 4-MHI were produced at the same time and constantly
increased as a function of time. In these experiments, more
1-CPCP was produced than 4-MHI, which corresponded with
the molecular modeling results; the activation energy for the
production of 1-CPCP was lower than that of 4-MHI. Also, at
reaction temperatures ranging from 643 to 683 K, it was
experimentally shown that the composition of 1-CPCP, whose
activation energy was lower than that of 4MHI, was higher than
4-MHI, although the composition of the products could not be
directly compared to the calculated activation energy because
the decomposition of these products to other compounds was
not considered.

Adamantane is most likely produced from either exo-THDCP
or other compounds and it is likely decomposed to other
compounds. However, it has been shown that adamantane
decomposes at temperatures greater than 873 K.>' Therefore,
in the reaction conditions of this study, adamantane could be
only produced from the decomposition of exo-THDCP. The
composition of adamantane, which has an activation energy of

155 kcal/mol, increased by 0.035% at 623 K, 0.257% at 663
K, and 0.269% at 683 K. These results showed that the
production of a compound with high activation energy was lower
than those with low activation energy, although we only
considered production of these compounds from exo-THDCP
and not other compounds and did not considered decomposition
of these compounds to other low-molecular-weight molecules.

7. Conclusion

exo-THDCP was thermally decomposed to test its thermal
stability in a batch-type reactor after eliminating the catalytic
effects of the metal. exo-THDCP was decomposed at temper-
atures above 623 K, and it became more decomposed as the
reaction temperature increased. 1-CPCP and 4-MHI were
determined to be the primary decomposition products of exo-
THDCP. Although Cs to Cy4 hydrocarbons were also produced
as decomposition products of exo-THDCP when the reaction
temperature was increased, C;o hydrocarbons were the major
products. Molecular modeling was performed on exo-THDCP
to investigate the decomposition pathway and activation energy
of the products produced through the decomposition of exo-
THDCP. With molecular modeling, intermediates from exo-
THDCP to 1-CPCP and 4-MHI were proposed and the
experimental results were found to correspond with the molec-
ular modeling results in terms of relating composition (experi-
mental) to activation energy (MM).

Supporting Information Available: Details of the process
flow diagram. This material is available free of charge via the
Internet at http://pubs.acs.org.
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