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ABSTRACT

Endo-tetrahydrodicyclopentadiene (endo-THDCPD) serves as a crucial precursor in the
synthesis of exo-tetrahydrodicyclopentadiene (exo-THDCPD), the primary component of JP-10, a
single-component hydrocarbon fuel utilized for high-performance cruise missiles, rockets, and
supersonic aircraft propulsion. Endo-THDCPD was synthesized through the hydrogenation
reaction of dicyclopentadiene (DCPD) using a Pd/C catalyst. In this study, optimal conditions for
the hydrogenation process have been thoroughly investigated. Specifically, the reaction is carried
out in n-hexane solvent at a reaction temperature of 90 °C, a total H pressure of 0.5 MPa, a
reaction time of 4 hours, and a catalyst/DCPD mass ratio of 10%.
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1. INTRODUCTION

In recent decades, scientists have consistently endeavored to increase the flight range of vehicles
such as airplanes, missiles, and spacecraft. A straightforward and effective approach to achieving
this goal is to improve the volumetric energy density of fuels. Fuels with high energy density can
provide more thrust energy than conventional refined fuels, thereby enhancing range, payload
capacity, and flight speed, which is particularly beneficial for rockets and missiles with limited mass
capacity [1]. Many high-energy liquid fuels are single compounds synthesized through chemical
methods. One of the fuels that has recently been researched and gained attention is JP-10.

JP-10 (exo-tetrahydrodicyclopentadiene) is a crucial fuel in military applications, particularly
in Ramjet engines [2]. The main advantages of JP-10 are its high volumetric energy density, low
freezing point, and high flash point. JP-10 is a single-component fuel because it primarily consists
of exo-THDCPD [3]. JP-10 has been widely used in ground-launched, sea-launched, and air-
launched missiles. This fuel has been used to extend the range of cruise missiles [4, 5].

JP-10 is synthesized using endo-dicyclopentadiene (endo-DCPD) as the raw material [6]. The
synthesis process involves hydrogenating DCPD to tetrahydrodicyclopentadiene (THDCPD) and
then isomerizing the endo configuration to the exo configuration. In this process, the hydrogenation
reaction is crucial because unsaturated compounds can lead to coke deposition and catalyst
deactivation in the downstream isomerization reaction [7-10]. Additionally, the synthesis of endo-
THDCPD directly influences the yield of exo-THDCPD. Moreover, the hydrogenation process
requires stringent conditions regarding both the reaction environment and the catalyst used [11].

Furthermore, endo-THDCPD, a saturated bicyclic hydrocarbon, is characterized by its high
thermal stability, low reactivity, and compact molecular structure (figure 1). These properties make
it a valuable compound in various high-performance applications [12]. Especially in material science
research, its incorporation into polymer matrices and composite materials enhances their mechanical
properties and thermal stability, making it suitable for advanced materials used in aerospace,
automotive, and defense industries [13]. Additionally, the compound serves as an important
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intermediate in synthetic organic chemistry, providing a stable framework for constructing complex
molecules and facilitating the development of new synthetic methodologies [14].

endo-THDCDP exo-THDCPD
Figure 1. Structural formula of endo-THDCPD and exo-THDCPD.

Therefore, research on the synthesis of endo-THDCDP has garnered attention from scientists
worldwide [15]. One of the recent focal points in the synthesis of endo-THDCPD is the
hydrogenation process of DCPD.

In this paper, we studied the modulation of endo-THDCPD through the hydrogenation reaction
of DCPD using a Pd/C catalyst. Specifically, our research focuses on optimizing conditions for the
hydrogenation process, such as reaction temperature, reaction time, starting material
concentration, and catalyst ratio, and analyses the fundamental properties, as well as the *H-NMR,
3C-NMR, GC spectrum of the synthesized endo-THDCPD product.

2. EXPERIMENTAL SECTION

2.1. Materials

The chemicals used include palladium on carbon (Pd/C, 10% Pd), dicyclopentadiene,
cyclohexane, n-hexane, dichloromethane, ethanol, and n-heptane of AR grade from Sigma
Aldrich. The H; gas with a purity of 99.999% was supplied by Novigas Company.

2.2. Characterization techniques

All reactions were performed in a high-pressure reactor (PARR) with controlled temperature
and stirring rate. Reaction progress was monitored by thin-layer chromatography (TLC) on 0.25
mm Merck silica gel plates (60 F254). The eluents were mixtures of n-hexane and ethyl acetate
(EtOAC), and detection was achieved using UV light or KMnQ4 staining solution. Infrared spectra
were recorded on Spectrum Two, Perkin Elmer, at the Le Quy Don Technical University. The
nuclear magnetic resonance (NMR) spectra have been recorded with Brucker Avance 500 MHz
spectrometers at the Institute of Chemistry, Vietnam Academy of Science and Technology. H-
NMR spectra: 6 (H) are given in ppm relative to tetramethylsilane (TMS), using 8 (CDCls) = 7.26
ppm as an internal reference. *C- NMR spectra: & (C) are given in ppm relative to TMS, using &
(CDCl3) = 77.0 ppm as an internal reference. Gas chromatography-mass spectrometry (GC-MS)
analysis was performed on a GC-456 instrument at the University of Science. The conversion and
yield of the reaction were calculated as follows:

Conversion (%): [1 — (amount of remaining DCPD/ initial amount DCPD) x 100%.
Yield (%): [amount of formed endo-THDCPD/ amount of theoretical endo-THDCPD] x 100%.
2.3. Synthesis endo-THDCPD

100 g of DCPD, 300 g of n-hexane, and 10 g of Pd/C were added to the PARR reactor. The lid
of the reaction vessel was then closed, and N gas was introduced for 3 minutes to purge all the air
from the vessel. Subsequently, the H, gas valve was opened, the gas release valve was closed, and
the lid of the reaction vessel was secured tightly. The mixture was stirred at 500 rpm and heated
to 90 °C. The Hz gas was continually released until the pressure reached 5 atm, and the reaction
was maintained for 4 hours. After the reaction, the H, gas supply was turned off, and the heating
was stopped, allowing the vessel to cool to room temperature. The air release valve was opened to
return the pressure to atmospheric level. The mixture was then filtered to recover the Pd/C catalyst,
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and the solvent was removed by vacuum evaporation to obtain a white solid (endo-THDCPD). The
solid was recrystallized from dichloromethane. The reaction process was controlled and monitored
by TLC, and the composition of substances after the reaction was determined by GC-MS.

3. RESULTS AND DISCUSSION

3.1. Effect of hydrogenation time on the conversion of dicyclopentadiene (DCPD)

The hydrogenation reaction of DCPD to form endo-tetrahydrodicyclopentadiene (endo-
THDCPD) using a Pd/C catalyst is significantly influenced by the reaction time. To evaluate the
conversion of DCPD, the research group conducted the hydrogenation reaction over periods
ranging from 1 to 5 hours. Samples were taken at 1-hour, 2-hour, 3-hour, 4-hour, and 5-hour
intervals and analyzed using TLC with a solvent system of n-hexane and ethyl acetate (1:1 volume
ratio). The TLC results are shown in figure 2.

0 1 2 3 4 5

Figure 2. TLC of starting materials and products according to reaction time.

Based on the TLC results, the spot at R¢= 0.72 corresponds to the initial DCPD, while the spot
at Rf = 0.81 indicates the presence of dihydrodicyclopentadiene (DHDCPD), a partially
hydrogenated product. Neither endo-THDCPD nor exo-THDCPD spots were observed on the TLC
plate. This suggests that after approximately 3 hours, DCPD was almost completely converted,
with residual DHDCPD remaining. By the 4-hour mark, no spots were visible on the TLC plate,
indicating a complete conversion of DCPD to endo-THDCPD.
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Figure 3. GC spectrum of the products after 4 hours of hydrogenation reaction.
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To validate these observations, a sample taken at the 4-hour mark was subjected to gas
chromatography analysis. The chromatogram revealed three distinct peaks at retention times of 7.29,
7.67, and 8.25 minutes, corresponding to DHDCPD, exo-THDCPD, and endo-THDCPD,
respectively (figure 3). Importantly, endo-THDCPD constituted 98.5% of the total product mixture.
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Figure 4. GC spectrum of endo-THDCPD after recrystallization.

After hydrogenation and catalytic removal, the product was recrystallized using
dichloromethane as the solvent, followed by subsequent gas chromatography analysis. The results
are depicted in figure 4.

From the results shown in figure 4, it is evident that the recrystallized product consists of two
compounds: endo-THDCPD, which exhibits a purity of 99.2%, and exo-THDCPD, present at a
concentration of 0.8%. Based on TLC and GC monitoring, it is concluded that the optimal reaction
time for the hydrogenation process is 4 hours.

3.2. Effect of hydrogenation reaction temperature on endo-THDCPD synthesis yield

Hydrogenation reactions are generally exothermic, and consequently, temperature plays a
crucial role in determining the yield of endo-THDCPD synthesis. To assess the temperature's
influence, the research group conducted the hydrogenation reaction at various temperatures over a
period of 4 hours. Detailed findings are presented in figure 5.
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Figure 5. Effect of temperature on endo- Figure 6. Effect of the amount of n-hexane solvent
THDCPD synthesis efficiency. on the synthesis efficiency of endo-THDCPD.
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The increase in reaction temperature from 30 °C to 90 °C enhances the synthesis yield due to
higher DCPD conversion rates (figure 5). However, further temperature elevation shows a plateau
and a slight decline in yield, attributed to the partial conversion of endo-THDCPD to exo-THDCPD.
Therefore, the optimal temperature for the hydrogenation reaction is determined to be 90 °C.

3.3. Effect of solvents on endo-THDCPD endo-THDCPD synthesis yield

The hydrogenation of DCPD is a heterogeneous reaction involving solid DCPD, gaseous Ho,
and solid Pd/C catalyst. Therefore, the use of a reaction solvent is essential for efficient reaction
kinetics. To optimize the choice of solvent, the researchers conducted hydrogenation at 90 °C for
4 hours using various solvents: cyclohexane, dichloromethane, ethanol, n-hexane, and n-heptane.
The results, illustrating the impact of different solvents on the yield of endo-THDCPD, are
summarized in table 1.

Table 1. The influence of solvents on the synthesis efficiency of endo-THDCPD.

No. Solvents Yield (%)
1 Cyclohexane 81.5
2 n-heptane 91.5
3 Dichloromethane 85.6
4 n-hexane 92.1
5 Ethanol 79.3

From the data in table 1, it is evident that all solvents used facilitate the conversion of DCPD
to endo-THDCPD, with n-hexane and n-heptane yielding higher synthesis efficiencies than other
solvents. Due to the low polarity of both DCPD and endo-THDCPD, they exhibit good solubility
in low polar solvents such as n-hexane, and n-heptane. However, due to the higher boiling point
of n-heptane (98 °C), its use complicates vacuum evaporation, making it more energy-intensive.
Therefore, opting for n-hexane as the solvent for the hydrogenation reaction is deemed optimal.

To assess the impact of varying amounts of n-hexane on synthesis efficiency, the research team
conducted the hydrogenation reaction for 4 hours at 90 °C, adjusting the quantity of n-hexane.
Specific findings and details are illustrated in figure 6.

From figure 6, it is observed that increasing the ratio of solvent to DCPD from 1 to 3 results in
a yield enhancement of more than 20%. However, further increases in the ratio, to 4 and 5, lead to
decreased yields. This phenomenon can be attributed to the following reasons: at lower solvent
ratios, the limited solubility of the solvent with DCPD hinders the reaction kinetics. On the other
hand, with higher solvent ratios, the reduced interaction between DCPD and H- results in slower
reaction rates. Based on these observations, the optimal ratio of n-hexane to DCPD is determined
to be 3:1.

3.4. Study on the effect of catalyst ratio on endo-THDCPD vyield

Pd/C catalyst is widely employed in hydrogenation reactions for its effectiveness. The quantity
of catalyst applied typically hinges on the nature of the reactant precursor. In this investigation,
we explored the influence of catalyst loading on the yield of endo-THDCPD synthesis. The
hydrogenation reaction was carried out for 4 hours at 90 °C in n-hexane as the solvent, with
variations in catalyst loading ranging from 1% to 20% relative to DCPD. The outcomes illustrating
the effect of the catalyst loading ratio are depicted in figure 7.

It has been noted that the highest yield is attained with a catalyst loading of 10%. Further
increasing the catalyst loading beyond this point does not lead to additional improvement in the
synthesis yield. Hence, it can be inferred that the reaction reaches equilibrium with a catalyst
loading of 10%.
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Figure 7. The influence of Pd/C amount on endo-THDCPD synthesis efficiency.

3.5. Basic properties and spectroscopic data of endo-THDCPD

The synthesized endo-THDCPD is a white solid with a melting point of 75 °C, soluble in non-
polar organic solvents such as cyclohexane and n-hexane. The product was characterized and
evaluated using FTIR, NMR, and GC spectroscopy.

1.0

1.0
0.9
Q\E 0.8 ;\? 0.8
3 @ 07 \1453
& 2
3 I
E 0.6 £ 964
% E 06 2873
I & 05
= (=
0.4 4 0.4 - 2939
0.3
0.2 T T T T T T T 0.2 T T T
3500 3000 2500 2000 1500 1000 500 4000 3000 2000 1000
Wavenumber (cm™) Wavenumber (cm™)
Figure 8. FTIR spectrum of DCPD. Figure 9. FTIR spectrum of endo-THDCPD.
Ei gg_ﬁ; 3 wREH YYURE HEER E E % E E ﬁ
Y b A ¥ i
| inn
| H ” |
4\ i |
o !\M 1 |
w \J W) | J
J k Jﬂll W kJI"’ '\,\_7 L M M
—_— ] Ny 1 1 T T
KR KR IR B8 ¢ E ¢t
230 235 230 205 220 215 210 205 200 L% 10 L85 130 175 L70 165 160 LS5 150 145 140 13 130 135 120 R EEEEE I EEEEEE Y
i) ()
- 1 -
Figure 10. "H-NMR spectrum of Figure 11. *C-NMR spectrum of
endo-THDCPD. endo-THDCPD.

194 B. A. Thug, ..., P. Q. Hieu, “Research on optimization of the ... from dicyclopentadiene.”



Nghién ciru khoa hoc cong nghé

Based on the FTIR data of endo-THDCPD (figure 9), characteristic peaks corresponding to the
—CH> functional group were identified. Specifically, the stretching vibrations (2939-2873 cm™)
and deformation vibrations (1484-550 cm™) of the —CH, group were observed. A comparison of
the FTIR spectra between the starting material DCPD (figure 8) and endo-THDCPD (figure 9)
revealed significant differences. Specifically, the absence of the peak at 1644 cm™ in the endo-
THDCPD spectrum, which corresponds to the stretching vibration of the C=C bond in DCPD,
confirms the complete conversion of DCPD to endo-THDCPD. The stretching vibration of the =C-
H group in DCPD (3045-2960 cm™) appears at higher wave numbers compared to the —CH> group
in endo-THDCPD (2939-2873 cm™). Additionally, the vibration range of 100-650 cm™,
characteristic of the deformation vibrations of the =C-H group in DCPD, is weak or absent in the
spectrum of endo-THDCPD. These observations collectively confirm the successful conversion of
DCPD to endo-THDCPD, as indicated by the changes in the FTIR spectra.

Furthermore, the 'H and *C-NMR spectroscopy data (figures 10, 11) provided a
comprehensive analysis of all protons and carbon atoms within the endo-THDCPD molecule, as
detailed in table 2.

Table 2. Analysis of *H and **C-NMR spectral data of endo-THDCPD.

No. on (ppm) dc (ppm) Groups
1 1.42;1.28 23.06 CH;
2 2.08 41.57 CH
3 1.42;1.28 23.07 CH>
4 2.08 41.59 CH
5 2.34 45,54 CH
6 2.34 45,54 CH
7 1.49; 1.43 26.96 CH;
8 1.49; 1.43 26.96 CH:
9 1.60 28.77 CH:
10 1.50; 1.37 43.30 CH>

The GC spectrum (figure 4) shows distinct peaks corresponding to endo-THDCPD with
retention times of 8.255 minutes and a purity of 99.2%.

4. CONCLUSIONS

Endo-THDCPD was successfully synthesized through the hydrogenation of DCPD, achieving
a conversion rate of 98.5% and a synthesis efficiency of 92.3%. The optimal reaction conditions
were rigorously determined such as the hydrogenation was conducted in n-hexane solvent at 90 °C
for 4 hours, with a mass ratio of Pd/C to DCPD to n-hexane set at 0.1:1:3. Furthermore,
comprehensive analysis using FTIR, NMR, and GC spectra confirmed the high purity of the
synthesized endo-THDCPD product. These spectroscopic techniques provided detailed insights
into the chemical structure and composition of the final product, validating the success of the
synthesis process under the optimized reaction conditions.
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TOM TAT
Nghién ciru t8i wu héa tong hop endo-tetrahydrodicyclopentadiene tir dicyclopentadiene

Endo-tetrahydrodicyclopentadiene (endo-THDCPD) déng vai tro la tién chdt quan trong
trong qud trinh tong hop exo-tetrahydrodicyclopentadiene, la thanh phan chinh ciia nhién liéu
JP-10, mét logi nhién liéu hydrocarbon mét thanh phan dwegc sir dung cho tén lira hanh trinh,
tén lira va dong co day mdy bay siéu thanh hiéu sudt cao. Endo-THDCPD duwoc tong hop
théng qua phdn vmg hydro héa dicyclopentadiene (DCPD) sir dung chdt xiic tic Pd/C. Trong
nghién ciru nay, cac diéu kién toi wu cho qud trinh hydro héa da dwoc nghién civu ky ludng.
Cu thé, phan vmg duwoc thuc hién trong dung méi n-hexane 6 nhiét d phan ving 90 °C, ap sudt
Hz la 0,5 MPa, thoi gian phan iing la 4 gio va ty 1é khoi heong chat xiic tac/DCPD la 10%.

Tir khéa: Endo-tetrahydrodicyclopentadiene; Dicyclopentadiene; Hydro hoa; Endo-THDCPD; DCPD.
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