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Abstract. The present study focuses on the synthesis of high energy-density fuel pentacyclotetradecane
(PCTD) through cyclodimerization followed by hydrogenolysis of norbornadiene (NBD) over mesoporous
silica-supported Co–Ni-based nanocatalyst. Catalytic materials are synthesized by incipient wetness
impregnation method using Al-MCM-41, MCM-48 and c-alumina as supporting materials for Co–Ni metals.
The textural properties of the catalyst have been investigated through XRD, TEM and N2 physisorption, and
the parameters concerning the reactivity of the catalyst optimized. The reaction was performed in a single pot
(pressure reactor), and the structure of the product was elucidated by using FTIR and NMR techniques. The
optimum reaction parameters (catalyst, temperature, and pressure) were developed to produce a yield of C
85%. The physicochemical properties such as caloriﬁc value (10754 cal./g), density (1.08 g/cc), etc. were
evaluated, and these can be utilized for ramjet application.
Keywords. Cyclodimerization; nanocatalyst; high energy density; hydrogenolysis.

1. Introduction
Several studies have been focused on the development
of high energy-density liquid hydrocarbon compounds
that provide more propulsive energy than conventional
hydrocarbons.1–4 The strained/cage hydrocarbon
compound and hydrogen to carbon ratio offer high
energy density, which leads to a high heat of combustion; the latter is beneﬁcial for volume-limited
spacecraft. The speciﬁc impulse(s) of high-density
hydrocarbon fuels show(s) greater than the baseline
hydrocarbon rocket propellant-1 (RP-1), e.g., RJ-5
(NBD dimer), RJ-6 and THDCPD.5 Therefore, there is
much interest amongst researchers to synthesize
strained polycyclic cage/energetic materials such as
norbornadiene dimer, cubane, bishomocubane and its
derivatives (NMBHC, NMyBHC and DNTMBHC),
etc.6–11 Norbornadiene is a reactive diene compound,
which is associated with ring strain and undergoes

ready intramolecular and intermolecular cycloaddition
reactions under photochemical and thermal conditions.
Theoretically, fourteen NBD dimers are possible as a
result of cyclizations (6-pentacyclic, 4-hexacyclic and
4 from heptacyclic)12–14 via [2p ? 2p], [2p ? 2p ?
2p] and [4p ? 4p] reactions. Among them, two
important dimers concerning high-density liquid fuel,
that is, hexacyclic RJ-5 and heptacyclic heptacyclotetradecane (commonly known as Binor-S) are
synthesized using a binuclear complex catalyst.1,15–19
The heptacyclotetradecane (HCTD) is a solid crystalline compound that can undergo hydrogenolysis
over Rh/C, Pd/C and PtO2 catalyst to convert into
liquid pentacyclotetradecane (PCTD) having high
energy density useful for Jet/rocket propulsion.17,20
Zero-valent transition metal complexes with ligands
such as phosphine, oleﬁns and carbon monoxide constitute some of the most versatile catalyst systems for
dimerization. Similarly, many other homogeneous,
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commercially-available catalysts3,14,21–23 and ionic
liquids24–26 are used for the dimerization reaction.
These catalysts cannot be recycled and reused. Additionally, the yield of this process is not economically
satisfactory. Since the process is also very time-consuming and tedious, this route is not suitable for bulk
production. The conventional (two-step) synthetic
process from NBD to PCTD is shown in Figure 1.
Therefore, the heterogeneous catalysts27–29 are the
best choice for several cyclodimerization reactions
because of easy recovery and reuse. The hierarchical
zeolites are also attracting much attention due to different levels of porosity,30 which open up new applications. Some heterogeneous zeolite-based catalysts
have been employed for dimerization of NBD,31,32
particularly, Hc, Hb and HZSM-5. However, very low
efﬁciency has been observed with the microporous
catalysts due to pore congestion and shape selectivity.33,34 Mesoporous zeolites such as KIT-6, MCM-41,
MCM-48 and SBA-1535–38 show more accessibility
towards the reactant molecules, and can lead to
enhanced reaction productivity as a consequence of
large pore sizes that preclude pore-clogging problem.
Al-MCM-41 and MCM-48 constitute promising candidates as catalysts as well as supporting materials due
to their well-deﬁned morphology. c-Al2O3 has been
used as a catalytic support material in petrochemical
industries because of its textural properties. The pore
size of mesoporous material, in particular, Al-MCM41 (1D hexagonal shape) is 2-3 nm, while that of
MCM-48 (3D cubical shape) is 3-3.3 nm. These pore
sizes can be varied by 2-10 nm through auxiliary
chemicals, surfactant, templation and reaction conditions. A very few reports on NBD dimerization over
the mesoporous aluminosilicate catalyst, Al-KIT-6, are
available,39 but the yield of the product has been
reported to be very low. Thus, there exists scope for
obtaining the dimerized product selectively. A simple
and efﬁcient approach is a compelling requirement to
synthesize this strategic material.
In the present work, a novel single-step synthesis of
high-density liquid fuel (PCTD) from NBD has been
developed with reusable nanocatalyst. In the conversion as well as selective dimerization of NBD, it has
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been observed that the temperature and pressure play a
crucial role along with the catalyst. The synthesis of
PCTD and its reaction mechanism are proposed based
on reaction analysis. Further, physicochemical properties of PCTD have been evaluated according to the
ASTM standard.
2. Experimental
2.1 Synthesis of nanocatalyst
The used ingredients including Nickel (II) chloride
hexahydrate and cobalt (II) chloride hexahydrate were
purchased from Merck. Al-MCM-41 and MCM-48
were purchased from Sigma Aldrich, and c-alumina
was obtained from SRL Pvt. Ltd. The catalysts were
synthesized by the incipient impregnation method40–42
using Co and Ni metal salts in various mesoporous
frameworks of Al-MCM-41, MCM-48 and gammaalumina. Among these, Co-Ni/Al-MCM-41 catalyst
showed better results. For the synthesis of the catalyst,
the aqueous solution of nickel chloride hexahydrate
and cobalt (II) chloride hexahydrate were taken in a
1:1 molar ratio for 10 wt.% loading in demineralized
water (100 mL). The solution was heated up to
80-90 °C with continuous magnetic stirring and subsequently added gradually to mesoporous supporting
material. The water content was evaporated to make a
thick paste and was further dried in an oven at 120 °C
for 12 h to remove all the moisture content. It was then
calcined for 4 h at 450 °C, with a rate of 5 °C/min
using a mufﬂe furnace in an open-air atmosphere.
During the calcination, metal salts are expected to
decompose to produce metal nanoparticles, which
deposit on the surface of Al-MCM-Al. The calcined
powder was used for NBD cyclodimerization reaction,
whose catalytic reaction process.
2.2 Characterization of nanocatalyst
The crystallinity of the nanocatalysts was established
by XRD using a 200B X-ray diffractometer (Rigaku
Ru) at 40 kV with Cu-Ka radiation in the range of

Figure 1. Conventional synthetic method for conversion of NBD to PCTD
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10-80° for 2h. The bulk material was analyzed by
Transmission Electron Microscope (TEM) (Technai
20 G 2U-Twin, Make-FEI Netherland) at 120 kV
accelerating voltage. Before the TEM analysis, each
sample was prepared by dispersing the particles in
methanol through ultrasonic technique and casting on
carbon-coated copper grids (300 Mesh) manufactured
by TED PELLA, INC. The surface area and pore
volume analysis of the catalyst were measured by N2
adsorption/desorption measurements at -196 °C using
the BET and BJH methods on Micromeritics (Model:
ASAP-2020); before the measurements, samples were
degassed under vacuum.
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reuse. The ﬁnal product was puriﬁed through distillation to remove all the unreacted NBD, solvent and
other side products. The residual PCTD was puriﬁed
by distillation under reduced pressure (B.P 105–110°
at 1.5 mm) as a colorless liquid. The gas chromatography revealed that the purity of the distilled compound (PCTD) is more than 99% with a caloriﬁc value
of 10754 cal./g. Conversion and selectivity of the
reaction were determined using equations 1-3 as
mentioned in the supplementary information.
2.4 Characterization of PCTD
The structure of the product was established by FT-IR,
H and 13C and NMR analyses. The spectral chemical
shift values are reported in CDCl3 solvent with reference to TMS. The reaction monitoring was done by
using a gas chromatograph equipped with a ﬂame
ionization detector (FID) and capillary column
(0.25 mm 9 0.25 lm 9 30 m). An autoclave pressure
reactor 750 mL capacity (Make: Amar Equipment Pvt.
Ltd. India) SS-316 equipped with a mechanical stirrer,
gas release valve, and cooling system was used for the
dimerization. The physical properties of the fuel are
measured according to the ASTM method such as the
caloriﬁc value that has been evaluated by using a
bomb calorimeter (Parr Instrument Comp. USA,
Model-6200). The density of the fuel was measured by
using Anton parr DMATM 35 and Flashpoint was
determined with a closed cup seta ﬂash apparatus.
Kinematic viscosity was determined by a capillary
viscometer. Similarly, pour point, freezing point,
hydrogen carbon ratio, etc., were also measured by the
ASTM method.
1

2.3 One-pot synthesis of PCTD
The NBD to PCTD conversion reaction was carried
out in a 750 mL pressure reactor in the presence of the
synthesized nanocatalyst. Before starting the reaction,
NBD (99%, Sigma Aldrich) was dried overnight
through anhydrous magnesium sulfate powder
(MgSO4.7H2O) and methylcyclohexane (MCH, extra
pure 99%) taken as a solvent. Freshly distilled NBD
and MCH in 1:1 volumetric ratio and 2.5-3.5 wt.%
nanocatalyst were placed together in a pressure reactor
at as shown in Figure S2 (Supplementary Information). The reactor was ﬂushed with nitrogen to create
an inert atmosphere before starting the reaction, and
the temperature was gradually increased to 150-200 °C
with mechanical stirring at a speed of 800-1000 rpm.
The dimerization reaction of NBD to HCTD was
performed for 8-9 h. Gas chromatography was used to
monitor the progress of the reaction as shown in Figure S3 (Supplementary Information), which reveals
that the dimerization of NBD is completed in an inert
atmosphere. Throughout the reaction, the sample was
drawn several times to analyses the progress of the
reaction. After completion of the cyclodimerization
reaction, hydrogen gas was passed gradually with a
pressure of 500-600 psi to hydrogenate the dimerized
product HCTD to PCTD.
HCTD is a white solid crystalline material (M.p.
60–63°) that is obtained after ﬁltration, while PCTD
(maximum*85%) is a transparent liquid obtained at
the end of the reaction process; since the entire reaction process is completed with a single feed in a single
pot, the process has been termed a single-step process,
and the reaction and its possible mechanism are shown
in Schemes 1 and 2. At the end of the reaction, the
reactor was allowed to cool down to room temperature
and the product was isolated after ﬁltration of the
mixture; of course, the catalyst was recovered for

3. Results and Discussion
3.1 Physical studies of nanocatalysts
The textural features of nanocatalysts, that is, BET
surface area, pore volume and average pore diameters,
are summarized in Table 1. The order of the surface
area of pure siliceous supporting materials is as follows: Al-MCM-41[MCM-48 [ c-alumina. The surface areas are reduced after metal loading as a result of
deposition in the mesopores. Thus, the metal loading is
optimized by taking into consideration of structural
features of the supporting materials. It is found that up
to 10 wt.% of loading, the materials retain their
properties. This is indeed sufﬁcient for carrying out the
reaction. Among the nanocatalysts, Co-Ni/Al-MCM41 has a maximum surface area and pore volume and
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Scheme 1. Single-step synthesis of NBD to PCTD.

Scheme 2. Proposed reaction mechanism NBD to PCTD.

Table 1. BET Surface area, pore volume and average pore size analysis of various catalysts.
Supporting material/metal loaded supporting
materials

Surface areaa BET
(m2/g)

Pore volumeb
(cm3/g)

Average pore sizec
(A0)

1086
869
940
770
134
127

0.916
0.670
0.858
0.665
0.097
0.099

32
28
30
28
35
36

Al-MCM-41
Co-Ni/Al-MCM-41
MCM-48
Co-Ni/MCM-48
c-alumina
Co-Ni/c-alumina
a

The surface area measured in the relative pressure range of 0.04 to 0.29
Total pore volume measured at p/p0 = 0.99
c
Average pore size calculated through the BJH method
b

is responsible for the highest order of reactivity and
conversion for the reaction in consideration. The N2
adsorption and desorption curves of MCM-41 and
MCM-48 are similar, whereas the same for c-alumina
show very low surface area and pore volume (Figure 2). For MCM-41, N2 adsorption adsorption volume
for P/P0 in the range of 0.4-0.6 is attributed to capillary
condensation due to mesoporous and regular pattern of

pore size. The N2 adsorption/desorption isotherm
pattern of Al-MCM-41 shows a small hysteresis curve,
and is steep at high pressure; this follows the Type-IV
isotherm of IUPAC that is associated with mesoporosity. Impregnated catalyst Co-Ni/Al-MCM-41 has
P/P0 at 0.3 to 0.7, which indicates cylindrical pores
with narrow size due to metal loading, but the desired
properties are retained even after impregnation. The
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Figure 2. N2 adsorption-desorption isotherm and Pore volume analysis of c-alumina, Co-Ni/c-alumina, Al-MCM-41 and
Co-Ni/Al-MCM-41.

TEM images of neat as well as calcined nanocatalysts
are shown in Figure 3. The TEM images of neat AlMCM-41 show very clear hexagonal shape. Its metalloaded structure shows very small particles with good
homogeneous dispersion and conﬁnement inside the
mesopores. However, The TEM studies of c-aluminasupported nanocatalyst show that the rod-shaped particles are less than 25 nm in size. These are stacked
over each other to form building-block type structure
with the agglomeration as shown in the TEM image of
Figure 3(e). The 3D silicate network frame with
mesophase gyroidal structure of MCM-48 might
indicate that the metal particles are not homogeneously dispersed. The TEM image Figure 3(f) reﬂects
the reduced surface area and pore volume. The low
angle XRD pattern of fresh Al-MCM-41 sample
shown in Figure 4(c) exhibits three major diffraction
planes (100), (110) and (200), which are characteristics peaks for hexagonal structures, whereas major
changes are seen in terms of diminution in peaks and
reduced diffraction intensity due to metal loading.
However, a wide-angle XRD pattern shows additional

intense peaks that indicate the crystalline phase of the
catalyst, Figure 4. The peaks intensities increased with
metals loading,40 which reveals the larger particle size.
Similarly, low angle XRD of MCM-48 mesopores
followed the same pattern as that of Al-MCM-41.
However, a wide-angle XRD pattern exhibited a broad
peak at 2h angle * 24.0°, revealing its amorphous
nature. After the metal impregnation, a broad little
hump is found at 2h angle * 35.0 with no additional
peaks being observed beyond, Figure 4 (b). The XRD
diffraction pattern of c-alumina exhibited major peaks
at 2h = 32.6, 36.95, 39.5 and 45.4°, and a similar
pattern with reduced intensity was observed for loading of metals. Some additional peaks are seen due to
the metal loading on surfaces. Through this detailed
structural investigation of the synthesized nanocatalyst, it is possible to conclude that, Co-Ni/c-alumina
has the lowest surface area and narrow pore size, while
Co-Ni/Al-MCM-41 has the highest surface area, large
pore volumes with a hexagonal shape. These properties are appropriate for the transport of large molecules
such as NBD, DCPD, etc. The aluminum atoms of Al-
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Figure 3. TEM Images (a) Al-MCM-41 (b) c-Al2O3 (c) MCM-48 (d) Co-Ni/Al-MCM-41 (e) Co-Ni/c-alumina (f) Co-Ni/
MCM-48

MCM-41 can act as acidic sites, which can play a
signiﬁcant role in the cyclodimerization reaction.
Therefore, it was to carry out further reactions and
optimize the selective dimerization reaction of NBD to
PCTD (Figure 5).

3.2 Catalytic performance for NBD dimerization
In the transition metals complex catalysts, the ligands
coordinating to the metal with metal-ligand bonds
changes its reactivity. Similarly, it has been recognized for the past few decades that transition metals
are capable of forming direct metal-metal bonds. For
catalysis, the metals provide more space not accessible
through ligand modiﬁcation of metal-complex based
catalysts.43 The metal-metal bond can perform either
single-site reactivity or multi-site reactivity44,45 to
enable several organic transformations. The activity of
the synthesized catalysts with Nickel metal loaded
comprising Al-MCM-41, MCM-48, and c-alumina
supported materials have been studied in detail for
NBD dimerization reaction as shown in Figure 5(a-d).
Among them, the Co-Ni/Al-MCM-41 catalysts have
yielded signiﬁcant results because of the large surface

area, acidic sites and appropriate pore sizes with a
hexagonal shape. These properties may facilitate
selective dimerization reaction of NBD to PCTD. The
supporting materials with narrow pore structure pose
pore diffusion problems for bulky molecules like NBD
and DCPD. The pore size of Al-MCM-41 is 5 to 6
times larger than the size of the NBD molecule,
whereby mass transfer is possible for better yields.
Several experiments were carried out to optimize the
reaction parameters for conversion and selectivity over
the synthesized nanocatalyst. The major inﬂuencing
factors were temperature and pressure. As shown in
Figure 5(a), Co-Ni/Al-MCM-41catalyst exhibited
maximum NBD conversion than other catalysts in
8-9 h, while the c-alumina displayed less than 10%
conversion even after in 12 h. Therefore, Co-Ni/AlMCM-41catalyst was used to optimize the yield by
varying other parameters such as catalyst concentration, temperature, pressure, etc. as presented in Figure 5. The turnover number (TON) and turnover
frequency (TOF) of the freshly-prepared catalyst (CoNi/Al-MCM-41) were found to be 1.49 105 and TOF
1.99 104/h, respectively.
The maximum conversion of NBD is obtained at
200 °C with 3 wt.% catalysts. Subsequently, the
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Figure 4. XRD pattern of different nanocatalyst (a) c-alumina and Co-Ni/c-alumina (b) MCM-48 and Co-Ni/MCM-48
(c) and (d) at different ranges of angle 2h (degree) of Al-MCM-41 and Co-Ni/Al-MCM-41.

formation of polymerized/oligomeric product was
observed when heating was prolonged longer periods
above 200 °C. During the dimerization, the samples
were drawn to analyze the reaction progress. We
believe that the reactant molecules interact at the
surface of the catalyst in such a fashion as to facilitate
cyclization through the multicenter process to allow
the formation of a dimer with endo-cis-endo stereochemistry in the yield indicated. The experimental
outcome shows that Al-MCM-41 supported catalyst is
very much selective for the synthesis of PCTD as
compared to the heterogeneous catalysts reported
previously. Based on the observed results, the reaction
mechanism is proposed in which two NBD molecules
interact at the surface of the catalyst with a metallic
active center giving rise transient transition state. In
which reactant molecules are sufﬁciently close to form
bonds in the intermediate step. Since the entire reaction proceeds in two consecutive steps, dimerization of
NBD to HCTD occurs presumably in an inert atmosphere and then hydrogenolysis in presence of

hydrogen. Therefore, before the hydrogenolysis, a
sample was taken out and solvent, as well as unreacted
NBD, were removed through distillation to get hold of
a white crystalline solid (M.p. 65-66 °C); the latter was
characterized by NMR, FTIR as HCTD detail presents
in the supplementary information as shown in the
Figures S4 to S5 and evaluated physicochemical
properties are mentioned in Table S1 (Supplementary
Information). After hydrogenolysis at the end of the
reaction, the product was puriﬁed through fractional
distillation to remove solvent and other products to
obtain PCTD.

3.3 Recycling of the catalyst
It was anticipated that the heterogeneous catalyst
would show superior performance in terms of selectivity, activity, durability, and recoverability based on
the dimensions of the pores. Indeed, freshly-prepared
nanocatalyst yielded [ 80% of the product.

29

Page 8 of 10

J. Chem. Sci.

(2021) 133:29

Figure 5. (a) NBD conversion over different nanocatalysts with time under N2 atmosphere. (b) Conversion and selectivity
of NBD dimerization over the Co-Ni/Al-MCM-41 catalyst under N2 atmosphere. (c) Effect of temperature for conversion
and selectivity of the NBD dimerization over Co-Ni/Al-MCM-41(3wt.%) catalyst with 9 h. reaction time. (d) Effect of
hydrogen pressure from the conversion of HCTD to PCTD at 200 °C, 3wt.% Co-Ni/Al-MCM-41 catalyst and for a reaction
time of 9 h.

repeated usage due presumably to the accumulated by
products blocking the pores of the supporting material,
the reaction was performed multiple times after
recovering the catalyst. It was found that up to four
runs, the yield of the product were more than 60%, as
presented in Figure 6; the Co-Ni/Al-MCM-41 catalyst
was recovered by washing with solvent (MCH, and
n-hexane), and was subjected to calcination before
reuse. The easy recovery and regeneration of the catalyst make it more viable and economic for bulk
production.

Yield

80

Yield (%)

60
40
20
0

1

2

3
4
Number of cycle

5

6

Figure 6. Repeatability of nanocatalyst

To examine the reusability of the catalyst and to
establish if the catalytic reactivity diminishes with

4. Conclusions
High energy-density fuel (PCTD) was synthesized in a
single-step process through cyclodimerization of NBD
over the reported nanocatalyst (Co-Ni/Al-MCM-41).
The reaction proceeds via two important consecutive
steps, namely, cyclodimerization and hydrogenolysis
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in a single pot, that is, pressure autoclave. Optimized
reaction parameters (temperature 150-200 °C, pressure
400-500 psi and catalyst 2.5-3.5 weight %) offer more
than 85% yield of the product. The cyclodimerization
reaction is presumed to proceed in an inert atmosphere
over the catalyst yielding a white crystalline product
(HCTD), which is subsequently hydrogenolyzed to the
liquid PCTD. The notable feature of this process is
that the entire reaction is completed in a single feed of
reactants without requiring any additional separation/
puriﬁcation steps. The catalytic materials synthesized
through the incipient wetness impregnation method
using different zeolites supports using Ni metals. The
activity of the supported catalyst, that is, Ni/Al-MCM41, is much better than MCM-48 and c-Al2O3 for the
conversion of NBD to PCTD. The catalyst can be
easily recovered and regenerated by ﬁltration and
calcination.
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