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Abstract: This study aims to investigate the structural, spectroscopic, and electronic prop-
erties of the synthetic missile fuel exo- and endo-tetrahydrodicyclopentadiene (THDCPD,
JP-10) using density functional theory (DFT). It is to understand the dominance of the
liquid exo-isomer (96%) of the jet fuel from the subtle differences between the isomers. The
present DFT calculations reveal that the exo-isomer is 15.51 k] /mol more stable than the
endo-isomer, attributed to the flipping of the triangular AC8-C10-C9 ring in its norbornane
skeleton. Calculated nuclear magnetic resonance (3C-NMR) and infrared (IR) spectra,
validated by experimental data, reveal larger chemical shifts for junction carbons (C1/C2
and C3/C4) due to reduced electron shielding and show distinct vibrational patterns.
Charge analysis indicates that all carbon atoms are negatively charged except for the C1/C2
carbons which are positively charged in both isomers. While overall IR spectra of the

isomers appear similar, bands near 3000 cm !

correspond to distinctly different vibrational
modes. The exo-isomer’s electronic structure features a more delocalized HOMO and a
larger HOMO-LUMO gap (7.63 eV) than the endo-isomer (7.37 eV). All such differences
contribute to the properties of exo-THDCPD and, therefore, why the exo-isomer dominates

JP-10 fuel.
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1. Introduction

High energy density (HED) fuels have gained considerable attention in the aerospace
and defense sectors for their ability to deliver high-specific energy, making them essential
for applications where weight is a critical constraint [1]. This advantage has spurred
recent efforts to develop sustainable aviation fuels (SAFs) as researchers aim to create
alternatives that are both efficient and sustainable [2-5]. The emphasis on HED fuels
complements the growing demands for SAFs, which, under current standards of the
American Society for Testing and Materials (ASTM International), can be blended with
conventional jet fuels at up to 50% [3]. This blend compatibility highlights the role of SAFs
in reducing aviation’s environmental footprint while meeting the performance demands of
high-energy applications. The possibility of transitioning to 100% SAFs is being explored to
further reduce aviation’s environmental footprint. For example, the emission and climate
impact of alternative fuels (ECLIF3) study on commercial aircraft, such as Airbus A350,
demonstrated that using 100% SAF substantially reduced 56% soot particle emissions
and contrail formation compared to conventional fuels such as JetA-1 fuel [6]. Model
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simulations projected that contrail-related climate impacts estimated a 26% reduction with
100% SAF [6].

Aviation fuels contain energy in the form of chemical potential energy stored within
their molecular structures. This energy is primarily released through combustion or de-
composition processes, such as in propulsion systems for rockets or advanced aircraft.
Hydrocarbon fuels store energy within the chemical bonds such as C-H and carbon bonds
to allow efficient oxidation during combustion, releasing significant heat [2,5,7]. A recent
study found that many potential HED hydrocarbon fuel structures contain high H/C
ratios and multiple rings [5]. Prominent examples of HED fuels include R]-4, RJ-5, JP-10,
T-10, and RJ-7 [1,2]. Among these, JP-10, also known as exo-tetrahydrodicyclopentadiene
(exo-THDCPD, tricyclo [5.2.1.02¢]decane, CAS No. 2825-82-3, see Figure 1), stands out as
a single-component fuel due to its exceptional physicochemical properties. With a high
energy density of 39.6 MJ /L, excellent thermal stability, cost-effectiveness, and low freezing
point [8,9], JP-10 is an ideal fuel for detailed studies.

a4
7 2 S

Exo-THDCPD AE = 15.51 k_l/mol

Figure 1. The chemical structures and nomenclature of endo- and exo-THDCPD (JP-10) isomers. The
energy gap is based on the DFT B3LYP/aug-cc-pVTZ method of —390.830751 Ey, for endo-THDCPD
and —390.836484 E;, for exo-THDCPD, where the energy is the total electronic energy, including
zero-point energy (ZPE).

Despite its widespread use, the rational design of next-generation HED fuels remains
a significant challenge, largely due to the staggering number of potential candidates. For
example, liquid hydrocarbons in the C5-C20 range amount to an estimated 2.7 million
possible compounds, which include approximately 370,000 alkane isomers alone [10]. This
immense chemical space makes experimental exploration infeasible, necessitating the use
of advanced computational approaches. Machine learning (ML), combined with quantum
mechanical insights, offers a powerful framework to address this complexity by enabling
the rapid screening of vast molecular libraries and identifying optimal fuel candidates with
targeted properties [2]. Such an integrated approach not only accelerates the discovery
process but also enhances the understanding of the quantitative structure—property rela-
tionships (QSPRs) in the development of HED fuels. This paves the way for the rational
design of next-generation fuels with improved performance and sustainability.

To effectively leverage ML in the rational design of HED fuels, it is essential to establish
accurate databases and QSPRs. QSPR is fundamental to understanding how molecular
structure governs key properties, such as energy, thermal stability, and volatility. Quantum
mechanical methods, particularly density functional theory (DFT), play a pivotal role in
this endeavor, providing accurate insights into the electronic structure, thermodynamics,
and spectroscopic characteristics of compounds like JP-10. In addition, DFT calculations
not only uncover the underlying structure—property relationships [11] but also serve as
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benchmarks for validating and refining ML-generated descriptors. By integrating these
quantum mechanical insights with ML, it becomes possible to develop QSPR descriptors
that capture the nuanced features of molecular systems, enabling reliable predictions of
properties for HED fuel candidates. This approach significantly enhances the efficiency
of screening the vast chemical space of potential HED fuels, accelerating the discovery of
novel compounds optimized for performance, safety, and sustainability.

Developing robust QSPRs requires high-quality data from well-characterized fuels,
and JP-10 is an ideal candidate for such studies. As a single-component HED fuel, JP-10
offers a unique advantage with its well-documented physicochemical properties and rela-
tively simple composition, making it easier to model compared to multi-component fuels.
These attributes position JP-10 as a cornerstone for understanding and designing the next
generation of HED fuels. In addition, ongoing research is focused on developing SAFs
derived from strained hydrocarbons like exo-THDCPD, cis/trans-decalin, and norbornadi-
ene [12]. These molecules hold the potential to enhance the volumetric energy content of
conventional aviation fuels, such as Jet-A [13]. However, any new synthetic fuel formula-
tions must adhere to ASTM D7566/D4054 standards [14,15] to ensure their physicochemical
properties remain within regulated limits, a crucial requirement for ensuring both safety
and efficiency in aviation performance. This work underscores the potential of HED hydro-
carbons for high-energy applications and their role in advancing sustainable fuel solutions
for aviation.

This study investigates the structural differences between the endo- and exo-isomers
of JP-10 and their impact on HED characteristics. Using high-level DFT calculations,
we are able to analyze variations in energy, freezing points, and thermal stability by
examining electronic structures. While prior studies have explored JP-10 properties, a
comprehensive experiment validated DFT analysis of endo-/exo-THDCPD isomers re-
mains unexplored [11,16]. In addition to spectroscopic characterization, we computed
electronic properties, including the HOMO-LUMO gap and valence orbitals, via the excess
orbital energy spectrum (EOES) approach [17]. This work enhances understanding of
the exo-THDCPD structure’s role in JP-10’s performance as a high-energy-density fuel.
This article is organized as follows: Section 2 briefly describes the materials and methods,
including the computational framework and spectroscopic techniques. Section 3 presents
the results and discussion, highlighting the structural, electronic, and spectroscopic differ-
ences between the isomers. Finally, the key conclusions and proposed directions for future
research are summarized in Section 4.

2. Methods

The primary source of endo-THDCPD can be synthesized from dicyclopentadiene
(DCPD) through a hydrogenation process [18]. JP-10 (exo-THDCPD isomer) was predomi-
nantly generated by isomerizing its endo-THDCPD isomer in the presence of a powerful
catalyst [18]. A key distinction between the HED fuel JP-10 and other conventional aviation
fuels, such as Jet-A, is that JP-10 is considered a single-component fuel. It consists predomi-
nantly of exo-THDCPD (96.5%), with minor components including endo-THDCPD (2.5%)
and adamantane (1%) [9]. The high purity of exo-THDCPD in JP-10 simplifies its study
and optimization compared to the complex hydrocarbon mixtures in Jet-A fuel, offering a
unique opportunity for detailed structural and performance analysis.

Despite their structural similarities, the two forms of THDCPD—endo- and exo-
THDCPD—display markedly different physicochemical properties. For example, exo-
THDCPD remains liquid even at very low temperatures, with a freezing point of —79 °C,
while endo-THDCPD is solid under standard conditions, solidifying at 77 °C [19]. These
significant differences in freezing points, along with the fact that exo-THDCPD is used as a
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fuel and endo-THDCPD is not, highlight the importance of understanding the underlying
factors that govern these properties.

The DFT computational details are as follows. The molecular structures of exo-
and endo-THDCPD (refer to Figure 1) were optimized using DFT with the B3LYP and
B3PW91 functionals and the aug-cc-pVTZ basis set, as implemented in the Gaussian 16
(Swinburne Supercomputing OzSTAR, Melbourne, VIC, Australia) software package [20].
Combining the DFT functionals with a large basis set such as aug-cc-pVTZ balances ac-
curacy and computational efficiency [12,21-23], the aug-cc-pVTZ basis set (augmented
correlation-consistent polarized valence triple-zeta) includes diffuse functions that capture
long-range interaction [21], allowing a better prediction of internal structure. The absence
of imaginary frequencies in the optimized structures confirms that both endo-THDCPD
and exo-THDCPD are located at the energy minima, respectively, with stable configura-
tions [12].

IR and NMR techniques are the most commonly used techniques to study fuels and
composition [24-27]. Based on the optimized structures, IR, NMR, and EOES spectra
were calculated using the same DFT methods as they are reliable with spectroscopic accu-
racy [12,22,23]. For NMR calculations, the gauge-invariant atomic orbital (GIAO) method
was employed [28] to calculate the chemical shielding o of the sample (fuel); chemical shifts
(8) need to reference the chemical shieling of tetramethylsilane (TMS), which is built in the
software. The build-in absolute shielding for TMS was oc (TMS) = 182.47 ppm for '*C and
oy (TMS) = 31.88 ppm for 'H, so that the chemical shifts (5) of the sample (relative to TMS)
is given by the following:

6sample = o(TMS) — Osample 1)

Equation (1) is used for both 13C and 'H NMR chemical shifts, respectively. GaussView
6.0.16 [29] was employed to assist with some visual analysis and results.

3. Results and Discussion
3.1. Geometries of Endo/Exo-THDCPD Isomers

As indicated in Figure 1, the exo-THDCPD isomer is slightly more stable than the
endo-THDCPD isomer by 15.51 kJ/mol calculated using the DFT B3LYP/aug-cc-pVTZ
model. This finding aligns with previous computational studies and calorimetric measure-
ments, which also identify the exo-isomer as the more stable form [30]. The correspond-
ing cartesian coordinates for these optimized structures are provided in Table S1 of the
Supplementary Materials.

Geometric properties, including bond lengths, such as C-C and C-H bonds and their
connections (bond angles and dihedral angles), play a crucial role in determining the net
heat of combustion (NHOC) for hydrocarbon fuels [5,12]. The former (bond lengths) domi-
nate the energy of a compound, and the latter (bond angles and dihedral angles) determine
the orientation and strain energy of the compound. The cartesian coordinates for the opti-
mized geometries of the endo/exo-THDCPD isomers using the DFT B3LYP/aug-cc-pVTZ
and B3PW91/aug-cc-pVTZ models are given in Table S2 of the Supplementary Materials.

The subtle geometric differences between the optimized structures and the electrostatic
potential (ESP) of the endo- and exo-THDCPD isomers are given in Figure 2. Most calcu-
lated bond lengths and angles agree well with available experimental data (See Table S2
of the Supplementary Materials). The 3D structures of endo- and exo-isomers apparently
differ in their dihedral angle (£C8-C1-C2-C4), which controls the rotation around the
C1-C2 bond, determining the endo- and exp-THDCPD configurations. For instance, the
dihedral angle (£C8-C1-C2-C4) flips markedly from —126.12° in endo-THDCPD to 122.83°
in exo-THDCPD, indicating the distinct configurations of the two isomers in 3D. The flag
angle ZC3-C5-C4, although distorted significantly from the ideal bond angle of 109.5° of
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C-C sp® hybridization [31], experiences only minor isomeric changes. For example, the
flag angle ZC3-C5-C4 for the exo- and endo-isomers is calculated as 94.51° and 94.22°,
respectively, which is in close agreement with the available experimentally measured value
of 94.5° for the exo-isomer [9].
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Figure 2. Optimized structure (a) of endo-THDCPD (left) and exo-THDCPD (right) using DFT
B3LYP/aug-cc-pVTZ model. (b) The excess C-C bond lengths of endo- (blue) and exo-THDCPD
(orange) with respect to C-C of Ethane (1.53 A) using the same model (B3LYP/aug-cc-pVTZ), and
(c) the calculated electrostatic potentials (ESP) of endo (left) and exo (right) isomers of THDCPD.

Figure 2 also reports that the cyclic structure and selected geometric parameters (bond
angles and C—C bond lengths) distort more in endo-THDCPD compared to exo-THDCPD.
For example, the C1-C3 and C2-C4 pair of bonds stretched more in endo-THDCPD, as
shown in Figure 2b for the excess C-C bond lengths of endo/exo-THDCPD (JP-10) with
respect to isolated C-C bonds in ethane, which observed as 1.54 A experimentally [32]. All
C-C bond lengths in THDCPD experience elongation of approximately 0.01 A with respect
to ethane. This may be due to the multicyclic carbon ring structure with secondary carbons
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(CHy) and tertiary carbons (CH) of the hydrocarbons with respect to primary carbons
(-CH3) in ethane. The most substantial deviation in C-C bond length of both isomers is
the bridge tertiary C1-C2 bond with 0.04 A and 0.05 A, respectively, for endo- (1.57 A) and
exo-THDCPD (1.58 A), as shown in Figure 2b. The tertiary bridge C1-C2 bond is shared by
two rings, C1C2C7C6 and C1C2C9C10C8, in which the orientation of C1C2C9C10C8 ring
may cause certain strain, particularly in the exo-isomer.

The next largely elongated C-C bond stretch is the terminal secondary C6-C7 bond,
which extends approximately 0.03 A for both endo-/exo-THDCPD isomers. It indicates
that the orientation of the C1C2C9C10CS8 ring in the isomers is too far to impact the C6-C7
bond. However, in the endo-THDCPD isomer, the bond lengths of tertiary C1-C3 and
C2-C4 are larger, which suggests that the endo-THDCPD configuration impacts the C1-C3
and C2-C4 bond through space from the bottom, as shown in the optimized 3D structure
in Figure 2a. Usually, in strained systems (like cyclopropane), C-C bonds are longer due
to bond angle distortions, and these bonds are weaker, as bond length and bond strength
are inversely correlated [33], potentially enhancing combustion efficiency. Table S2 in
Supplementary Materials provides a detailed comparison of endo- and exo-THDCPD bond
lengths, including available experimental data for exo-THDCPD.

The electrostatic potential (ESP) is crucial for understanding chemical reactivity and
molecular structure in both molecules and solids. Various properties, such as atomic and
anionic radii, electronegativities, and energies, can be derived from ESP calculations [34].
The ESP of the endo- (left) and exo- (right) isomers of THDCPD, obtained from DFT
calculations, is shown in Figure 2c. These ESP values are computed at multiple points
in space around the molecule [35]. Regions of positive electrostatic potential (blue) are
depicted in Figure 2c.

Both isomers predominantly exhibit positive charge distributions. The endo isomer
has a broader ESP range (0.00978 to 0.83193), indicating greater charge variation, while
the exo isomer has a narrower range (0.01086 to 0.81730), suggesting a more uniform
electrostatic surface that may enhance interactions with polar molecules or surfaces. The
larger ESP variation in the endo isomer suggests greater electron density anisotropy, which
could influence molecular packing and phase behavior. This may contribute to a higher
freezing point and greater thermal stability, though these properties also depend on factors
such as molecular packing, dipole interactions, and steric effects.

To further explore the structural distinctions between the THDCPD isomers, Table 1
compares some selected properties, such as dipole moment, polarizability, total electronic
energy of the isomers, and electronic spatial extent <R?>. It is not surprising that many
isomers’ properties can be very similar. However, for some isomers, such as THDCPD,
small differences in their structures and properties may cause large differences in their
functionalities. As a result, it is important to examine the small differences that may lead
to a particular isomer’s unique properties. The most obvious differences between the
THDCPD isomers are their dipole moments, which are ten times smaller for exo-THDCPD
(0.014 D) with respect to its endo-isomer (0.14 D), though the dipole moments are very small.
Fuels with lower dipole moments generally exhibit reduced freezing points, a beneficial
property for performance in cold environments [36]. Therefore, the low dipole moment
of exo-THDCPD may enhance its suitability for aviation fuel, particularly in applications
requiring resistance to freezing at low temperatures. The next apparent property difference
is the electronic spatial extent <R?> [37]. This property of the endo-isomer is smaller than
the exo-isomer by approximately 8%. Electronic spatial extent is a measure of the average
spatial distribution of its electrons relative to the nucleus, and it provides insight into the
spatial distribution of electrons and their overall “reach” within a molecule, reflecting the
size, shape, and delocalization of the electron cloud. A larger value of (R?) in exo-THDCPD
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suggests a more diffuse electron distribution, while endo-THDCPD with a smaller value
indicates a more compact electron cloud and higher strain.

Table 1. Properties of endo- and exo-THDCPD isomers calculated using B3LYP /aug-cc-pVTZ *.

Properties Endo-THDCPD Exo-THDCPD
Dipole moment () (Debye) 0.14 0.014
ETotal(Eh) # —390.589648 —390.595828
Polarizability («) (a.u) 108.12 109.56
<R?> (a.u) 1233.48 1344.41

* BBLYP/aug-cc-pVTZ models. The AE of 15.51 kJ/mol of exo-isomer is more stable than endo-isomer and is in
good agreement with 12.7 k] /mol calculated by Zehe and Jaffe [38] and 14 k] /mol of Boyd et al. [39]. # The total
electronic energy with the zero-point energy (ZPE).

3.2. Nuclear Magnetic Resonance (NMR) Chemical Shifts

Molecular spectroscopy is experimental quantum mechanics [40]. NMR techniques
are the most commonly used techniques to study fuels and composition [24-27]. When
combined with DFT-based calculations, complementary insights into their structure, prop-
erties, and local behaviors can be achieved [41-43]. The 13C and 'H-NMR chemical shifts
in endo-THDCPD and exo-THDCPD are calculated in isolation as they minimize the
intermolecular interactions. Table 2 compares the calculated > C-NMR chemical shifts
with available experiments, whereas the TH-NMR chemical shifts refer to Table S4 in
Supplementary Materials.

Table 2. Comparison of the calculated and measured 13C-NMR chemical shifts (5¢) of exo/endo-
THDCPD isomers (ppm).

Endo-THDCPD Exo-THDCPD

EJ@ B3LYP" B3PW91 " Expt B3LYP * B3PW91 " Expt # Expt 2*
C1 50.49 4531 45.49 52.92 47.60 48.18 48.28
2 50.49 4531 45.49 52.92 47.60 48.18 48.28
C3 46.82 41.89 41,57 4459 39.95 40.65 40.74
C4 46.82 41.89 41.57 44.59 39.95 40.65 40.74
C5 44.26 40.41 43.28 33.06 29.23 32.07 32.12
C6 25.10 21.14 23.07 30.86 26.69 28.76 28.82
Cc7 25.10 21.14 23.07 30.86 26.69 28.76 28.82
C8 29.26 25.26 26.98 34.63 30.49 32.42 32.48
C9 29.26 25.26 26.98 34.63 30.49 32.42 32.49
C10 30.15 26.03 28.74 29.53 24.95 27.25 27.29

RMSD'! 3.56 1.71 (5.20) * 3.17 1.76 (5.20) -

RMSD 2 - - - 3.10 1.82 - -

"~ With the same aug-cc-pVTZ basis set. * Using build-in 5c(TMS) = 182.66 ppm and 5x(TMS) = 31.88 ppm
in chloroform (CHCI3) solvent. # In deuterated chloroform (CDCl3) solvent. * Root mean square deviation
(RMSD), RMSD ! with respect to Exp 1# [44], and RMSD 2 with respect to Exp 2# 143]. The latter is only available
for exo-THDCPD. Refer to the Supplementary Materials for detailed RMSD calculations.  The RMSD of the
measured NMR [44] between exo and endo isomers reveals the differences between the exo- and endo- *C-NMR
measurements and, therefore, the differences between the isomer pair.

As shown in Table 2, the DFT B3PW91 functional is slightly more accurate for 3 C-NMR
than the B3LYP functional, yielding lower RMSD! values of 1.71 ppm for endo-THDCPD
and 1.76 ppm for exo-THDCPD, in agreement with our early study [11]. The RMSD value
between the exo and endo isomers of the measured 1*C-NMR is as large as 5.20 ppm,
which reveals that the local chemical environments of exo- and endo-isomers are quite



Processes 2025, 13, 543

8of 17

different. For 'H-NMR, DFT B3PW91, and B3LYP, calculations aligned more closely with
experimental shifts, though B3LYP showed slightly better accuracy [11], producing the
RMSD values of 0.24 ppm for endo-THDCPD and 0.32 ppm for exo-THDCPD, as shown
in Table S4 in Supplementary Materials. Notably, discrepancies in the 'H-NMR data
for Carbons 8 and 9, reported by Hu et al. [44], suggest potential inaccuracies in their
experimental methods or a reporting error, as these values deviate significantly from the
more consistent results reported by Bui et al. [43]. These findings indicate that the potential
of DFT methods, particularly when appropriately chosen, can enhance the accuracy of
NMR predictions and minimize errors in computational and experimental analyses.

Figure 3 displays the 1> C-NMR chemical shifts (5¢) of the isomers. All §¢’s span within
20-50 ppm, indicating all chemical bonds in the isomers are single C-C bonds. The 5¢’s
of the junction carbons C1/C2 and C3/C4 is located on the higher side of 40 ppm, which
is larger than the alkane chemical shift range (10-40) ppm for CH- and CH,-functional
groups [45]. Similarly, 'H chemical shifts (see Table S4 in Supplementary Materials) are also
higher than typical alkane values (0.94-1.57 ppm) [27], further underscoring the impact
of the strain in the isomers. The 1> C-NMR spectra of exo/endo isomers are very different,
including shifting and swapping. The &, shifts at the triangle tips in the structures, such
as the positions of flagpole C5, are large between the isomers. For example, the 5¢ of
flagpole C5 (red) exhibits a pronounced shift/swap of the isomers, ¢ (C5) of exo-THDCPD
is 29.23 ppm whereas, the same C5 in endo-THDCPD is given by 40.41 ppm, a change of
over 11.18 ppm.

5
8
6
10
7 4 9
Exo-THDCPD i
5
3
6

8

4
a 2 10
[ Endo-THDCPD 9
50 45 40 35 30 25 20
Chemical Shift (ppm)

Figure 3. Comparison of 3C-NMR chemical shifts in isomers of endo-/exo-THDCPD isomers
calculated using DFT B3PW91/aug-cc-pVTZ model. The largest of the measured chemical shifts in
exo- and endo-THDCPD is Adcs = 11.16 ppm.

The position of d¢c (C5) changes from the 3rd largest in end-THDCPD to the 3rd
smallest in exo-THDCPD, a shift of over 10 ppm (Ad = 11.18 ppm). This may be caused
by the stronger intramolecular interaction of the flagpole C5 and the boat tip C10 in the
exo-isomer, the distance between C5---C10 is 3.85 A, whereas the distance between C5---C10
is given by 4.26 A for endo-isomer. Interestingly, the boat tip 5c (C10) exhibits only a small
shift but becomes the smallest 5¢ (C10) in exo-THDCPD, shifting from the 3rd smallest
position after 5¢c (C8/C9) and 5¢ (C6/C7). This observation suggests that the chemical
shift in the flagpole C5 is more sensitive to the boat tip C10. As shown in Figure 3, ¢
(C6/C7) also shifts apparently in endo- and exo-isomers, which are likely caused by the
strain contained in the C6-C7 bond-length changes (Ar = 0.03 A), as indicated in Figure 1.

To explore the larger than usual '>*C-NMR chemical shifts in the junction carbons pair
of C1/C2 and C3/C4 in the exo-/endo-THDCPD isomers, we calculated Mulliken atomic
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charges of the isomers, which are given in Figure 4. It is well known that the Mulliken
charges are based on partitioning electron density between atoms in a molecule [46].
Although Mulliken charges depend heavily on the choice of basis set and method, the
B3LYP/aug-cc-pVTZ method exhibits sufficient accuracy in calculating NMR chemical
shifts in the isomers. Interestingly, although no other atoms have larger electronegativity
than carbon atoms in a hydrocarbon compound, the junction carbon atoms exhibit less
electron density or are even positively charged. For example, the junction atoms (bridge
heads) C3/C4 (dark red) are less negatively charged than other carbon atoms (red) in the
isomers, together with the boat tip C10 in the endo-THDCPD isomer, which displays less
positive charges (dark red), which is quite different from the boat tip C10 in exo-isomer in
the same figure. The rotational axis C1/C2 exhibits positive charges, opposite to all other
carbon atoms in the isomers. These carbon atoms with either positive charges (green) or
less negative charges (dark red) in the hydrocarbons in Figure 4 reveal that their chemical
bonding and geometries can be highly non-standard, such as strain effects and through-
space interactions.

Endo-THDCPD Exo-THDCPD

3-8

Side View

Color Range: ~0.749 to  0.365 Color Range: —0.600 | to | 0.432
ﬂ -

Figure 4. The calculated Mulliken atomic charges of the endo-/exo-THDCPD isomers. Red represents
negative charges, and green represents positive charges. Note that all hydrogen atoms, which are all
positive (green), are not presented.

3.3. Vibrational Spectra

Vibrational spectroscopy is a valuable tool for investigating molecular structures con-
taining functional groups or unique bonding characteristics [40]. It deciphers molecular
vibrations to reveal detailed information about bond types (e.g., C-H, C=C, or strained
rings) and assesses chemical concentrations. This technique provides critical insights into
structural strain inherent in fuels under study [41,42,46,47]. It is also useful in monitoring
thermal stability and decomposition pathways by tracking vibrational frequency shifts
under various conditions. Figure 5 compares the calculated IR spectra (FWHM =4 cm™1)
with experimental measurements of Brotton et al. [42] for the exo-isomer. The general
agreement between the calculated and measurements is achieved. The IR spectrum of the
exo-isomer is more intensive than the endo-isomer, which agrees well with the measure-
ment of Hu et al. [44]. The fully calculated vibrational frequencies of the isomers refer
to Table S5 in Supplementary Materials. Due to small dipole moments, the IR spectra of
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the hydrocarbon isomers are quite “clean”, with the apparent vibrations concentrating on
regions of 1500 cm~! and 3000 cm ™!, respectively. Further examination of the IR spectra
found that the IR band at 1500 cm ! is dominated by CH, waving or bending vibrations. In
contrast, the band at 3000 cm ! has a concentration of CH, and CH stretching vibrations.

R
rmm .‘3"1*410 Yl

|

exo ——
endo —

R l

500 1000 1500 2000 2500 3000

v/cm?t

Figure 5. Comparison of calculated IR spectra (red exo-THDCPD, blue endo-THDCPD) with mea-
sured IR spectrum of exo-THDCPD from Brotton et al., reproduced with permission from refer-
ence [42]. Copyright (2022) American Chemical Society.

The IR band at 3000 cm ™! of both isomers is vibrational intensive, and therefore,
we target this band. Figure 6 compares the 3000 cm~! band of the IR spectra of the
isomers, together with the major band assignments. It is apparent that the variations in
the IR spectra between the isomers are due to the strength of CH; and C-H stretching
vibrations [47], as C-H bonds are stronger than C-C bonds in the hydrocarbons. The
six apparent bands in the spectra are labeled as A, B, C, D, E, and F for the exo-isomer,
whereas the bands at similar positions are labeled as A’, B’, C’, D’, E’, and F’ for the
endo-isomer. Under the same conditions, the most intensive IR vibration in Band D of
the exo-isomer at V(Imax) = 3070 cm™~! with an intensity of D = 150.77 (10740 esu? cm?).
Similarly, the corresponding Band D’ for the endo-isomer appears at v(Imax) = 3069 cm ™!
with an intensity of D = 151.17 (100 esu? cm?). However, the overall IR spectra band
intensity of the endo-isomer is less intensive, the ratio is 0.789 of the intensity of the exo-
isomer. This is due to the fact that the distribution of the vibrational transitions around the
V(Imax) of the exo-isomer is more intensive than the endo-isomer, which has been clearly
indicated in the IR spectra given in Figure 6.

The spectra in Figure 6 clearly indicate that the IR spectra do not belong to the same
molecule. For example, the IR Band F of exo-THDCPD at v = 3089 cm ™! and Band F’ of
endo-THDCPD atv = 3109 cm ™!, although close in frequencies, are assigned to different
vibrations. As shown in the assignment in the same figure, Band E (v = 3089 cm ™) of
the exo-isomer is dominated by the C(5)-H2 asymmetric stretches, whereas the Band E
(L = 3109 cm™!) of the endo-isomer is assigned to the C(6)-H2, C(7)-H2 and C(10)-H2
asymmetric stretches. The most intensive Band D at v(Imax) = 3070 cm ! of the exo-isomer
is dominated by the C3-H/C4-H; C6-H(up)/C7-H(up) asymmetric stretches, whereas the
most intensive Band D’ at V(Imax) = 3069 cm~! of the endo-isomer by vibrations of the
C3-H and C4-H asymmetric stretch vibrations. It is interesting that Band C” at 3050 cm ! of
the endo-isomer is a collection of C6-H2/C7-H2, C1-H/C2-H, C8-H2/C9-H2 and C10-H2
symmetric stretches. The close frequency vibration in Band C at 3045 cm ™! of the exo-
isomer is a collection of symmetric stretches of C5-H2, C6-H2/C7-H2, C3-H/C4-H, and
C1-H2/C2-H2, which is the norbornane skeleton. The IR spectra of the exo-/endo-isomer in
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Figure 6 clearly demonstrate that the orientation and the shape of the THDCPD compound
can affect the molecular geometric and electronic structures and, therefore, spectroscopy.

3020 . 3040 3060 3080 3100
Frequency u/cm™1

Figure 6. Comparison of calculated IR spectra of exo-THDCPD (bottom) and endo-THDCPD (top) in
the IR region of 3000-3100 cm .

3.4. Valence Molecular Orbitals of the Isomers

The '*C-NMR chemical shifts and IR spectroscopy in previous sections have revealed
the differences between the exo- and endo-isomers. Here, the valence molecular orbitals of
the isomers are further explored for their electronic structural differences. Table 3 compares
the calculated electronic properties of the isomers. It is seen that all the properties in Table 3
are without large differences, with discrepancies within the error bars. Many properties
in Table 3, however, depend on the wavefunctions (or orbitals), which are usually less
sensitive to angular-dependent properties. The energy gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) [46],
AE = Erumo — Enomo, is given by 7.37 eV and 7.63 eV for the endo-isomer and exo-isomer,
respectively, which is even larger than the total electronic energy difference (15.5 kJ /mol)
between the isomers. Electronegativity represents the molecule’s tendency to attract elec-
trons toward itself when interacting with other molecules or atoms. In strained systems
(e.g., bicyclic molecules), electron density distribution can enhance electronegativity in
certain areas. The electronegativity of the exo-isomer (—4.14 eV) is more negative than the
endo-isomer (—4.05 eV); hence, the exo-isomer has a slightly greater ability to attract and
hold electrons.

Table 3. Comparison of electronic properties of the exo-/endo-THDCPD isomers *.

Parameter Endo-THDCPD Exo-THDCPD
EHOMO (eV) —7.73 —7.95
ELUMO (eV) —0.36 —0.32

AEHOMO*LUMO (eV) 7.37 7.63
Electronegativity (x) (eV) —4.05 —4.14
Hardness () (eV) 3.69 3.82
Softness (o) (eV) ™! 0.27 0.26
Electrophilicity () (eV) 1.11 1.12

* Enomo and Epymo were obtained using the B3LYP/aug-cc-pVTZ method. Refer to the Supplementary Materials
for a detailed calculation of electronic properties.
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Excess orbital energy spectrum (EOES) [17] highlights the orbital energy differences
(AE = Egngo — Egxo) of two isomers, offering orbital-based insights into the structural and
electronic distinctions between the exo-/endo-isomers. As a result, Figure 7 plots the
EOES for the THDCPD isomers using their orbital energies without any orbital symmetry
corrections. The discussion will concentrate on the valence orbitals as they experience
significant changes in isomerization. The discussion will concentrate on the orbitals with
EOES outside of the green box and HOMO, a total of five orbitals pairs. They are orbitals
38a (HOMO), 27a, 20a, 15a and 14a, as shown in Figure 7. As seen in this figure, all valence
orbitals of the isomer pair change, as apart from some core orbitals, orbital energies of
all valence orbitals of the isomer pair are not the same, indicating that the exo-/endo
configurations change the valence electronic structures of the isomers, except for orbital
24a, which can be accidentally equal orbital energy, as the orbital distributions (the insert)
of this orbital is very different in the isomers.

40
301 A
- HOMO

1
20
101 CoreAOrbltals
] \ LUMO
| Side View Bird View

—301 y & m Exo

| 8Sc W cno

5 10 15 20 25 30 35 40
Molecular Orbital

EOES (&gndo - €Exo) (kJ/mol)

Figure 7. Excess orbital energy spectrum (EOES) of exo-/endo-THDCPD, A¢; = ¢j(endo) — ¢;(exo),
using DFT B3LYP/aug-cc-pVTZ model. Orbital 24a has accidentally had the same energy; their
orbital densities differ.

The valence electron distributions of the isomer are quite different, which impacts
their physicochemical properties. The EOES also indicates that all valence spaces of the
isomers change, including the inner and outer valence spaces. The inner valence orbitals
exhibit shifts that alter steric interactions, bond length, and bond angles, as highlighted
by previous research [17,48]. Frontier orbitals such as HOMO and LUMO cannot be
ignored, although inner valence orbitals demonstrate significant changes. For this reason,
Figure 8 reports the HOMO-LUMO energy gap and the electron distributions of HOMO
and LUMO of the isomers. As already known from Table 3, the HOMO-LUMO energy gap
of the endo-THDCPD isomer is 7.37 eV, which is 0.26 eV for the exo-isomer of 7.63 eV. A
larger HOMO-LUMO energy gap typically correlates with stability and lower reactivity,
suggesting that exo-THDCPD may be more stable and less reactive under combustion
conditions. This stability is particularly beneficial for aviation fuel applications, where
thermal resilience is critical for safety and efficiency [49].
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(39a)

AE

HOMO
(38a)

Endo-THDCPD Exo-THDCPD

Figure 8. The HOMO and LUMO orbitals of the two isomers of THDCPD and the HOMO-LUMO
transitions (side view (left) and bird view (right)).

The electron densities of the HOMOs (38a) of the isomer exhibit symmetry through
the flagpoles C5 and C10, as shown from the bird views. However, the side views of the
HOMGOs indicated that the HOMO of the exo-isomer is more delocalized so that it has lower
orbital energy of —7.95 eV, whereas the same orbital of the endo-isomer with more nodal
planes possesses higher orbitals energy of —7.73 eV. The situations in the LUMO orbitals
are different. Although the LUMO orbitals of the isomers are different, they share the
feature that both LUMOs are largely delocalized. Hence, their orbital energies are closely
lying; that is, the LUMO energy of the exo-isomer is —0.31 eV, whereas the endo-isomer
is —0.36 eV. Another very interesting feature of the LUMOs of the isomers is that space
density overlaps underneath the norbornane skeleton. This through-space density can be
inherited from norbornane [21]. The additional triangular structure of AC8-C10-C9 distorts
the LUMO density but extends to a larger area of delocalization, impacting the electronic
structures of the isomers in the future.

Strained molecular structures, such as multi-ring or cage-like hydrocarbons, lead to
high internal potential energy [2,5,7]. The strain energy in hydrocarbons arises from devia-
tions in bond angles, torsional angles, and steric interactions relative to ideal conditions in
a molecule. These deviations create internal strain, increasing the molecule’s energy, which
can be released during chemical reactions such as combustion. The major types of strain
energies in hydrocarbons include ring strain and bond stretch strain [2,5]. The former is a
combination of angle and torsional strain, which occurs when bond angles deviate from the
ideal sp? hybridization angle of 109.5° [2,5,7], found in cyclic hydrocarbons and the latter
happens when bond lengths deviate from ideal values [44]. For instance, quadricyclane
(C7HB8) exhibits high energy density due to its significant strain energy, despite having
fewer hydrogen atoms than other hydrocarbons [3]. Similarly, cyclopropane and cyclobu-
tane demonstrate considerable strain energy due to their pronounced deviations from
optimal bond angles [50]. Measuring strain energy empirically, often using cyclohexane as
a strain-free reference, highlights the critical role of ring strain in determining hydrocarbons’
overall energy content [51]. This understanding is essential for optimizing fuel molecules
for high energy density. Besides fuel applications, exo- and endo-THDCPD molecules could
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be explored for molecular solar thermal energy storage (MOST), leveraging conformational
changes to store and release energy [52]. Additionally, their HED makes them potential
candidates for energy-intensive chemical reactions, advanced materials, and photochemical
applications. This motivates further research into the applicability of THDCPD in areas
such as renewable energy systems and other innovative sectors.

4. Conclusions

This study provides detailed theoretical insights into the structures and properties of
the JP-10’s fuel exo- and end-isomers. The density functional theory (DFT) calculations
reveal that the exo-isomer is more stable (by 15.51 kJ/mol) without the additional through-
space interaction in the endo-isomer where the triangular ring (AC8-C10-C9) flips from
underneath the norbornane skeleton, which introduces additional strain.

The calculated '*C-NMR spectra and vibrational (infrared) spectra, which align well
with recent experimental measurements, reveal distinct differences in the carbon chemical
environments of the isomers and are consistent with findings from our recent exo-THDCPD
chair/boat study. The extra strain in the endo-isomer leads to apparent chemical shifts
in the flagpole carbons (C5) and boat tip carons (C10), which engage with fewer positive
charges. Moreover, the junction carbons (C1/C2), which control the rotation from exo-
isomer to endo-isomer, turn into positively charged, accumulating considerable strain. The
calculated infrared (IR) spectra of the isomers, which are validated by experimental results,
show distinct vibrations responsible for the signals.

The EOES indicates that while many physical properties of the isomers fall within error
bars, the valence electronic structure of the isomers is significantly different. Notably, the
exo-isomer’s HOMO-LUMO gap (7.63 eV) is larger than that of the endo-isomer (7.37 eV),
attributed to the more delocalized HOMO of the exo-isomer (—7.95 eV), compared to
the endo-isomer (—7.73 eV). These structural, spectroscopic, and electronic differences
underscore the unique fuel properties of exo-THDCPD, making it the preferred form of
JP-10 fuel.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www:.
mdpi.com/article/10.3390/pr13020543 /s1. Figure S1: Optimized structure of Ethane using B3LYP/aug-
cc-pVTZ model; Figure S2: 'H NMR spectra of endo-THDCPD using B3LYP/aug-cc-pVTZ model;
Figure S3: "H NMR spectra of exo-THDCPD using B3LYP/aug-cc-pVTZ model; Figure S4: Compari-
son of the calculated IR wavenumbers of exo-THDCPD using B3LYP/aug-cc-pVTZ model with the
experiment; Table S1: Cartesian coordinates of exo-THDCPD and endo-THDCPD using B3LYP/aug-
cc-pVTZ model; Table S2: Comparison of bond length, angles, and dihedrals of two isomers of
THDCPD using B3PW91 and B3LYP functiaonals and aug-cc-pVTZ basis set; Table S3: Comparison of
bond length of Ethane with literature; Table S4: Comparisons of ' H-NMR of endo-and exo-THDCPD
using B3LYP and B3PW91 functional and aug-cc-pVTZ basis set; Table S5: Comparison of the calcu-
lated IR with the experimental values and those computed by Brotton et al. [42]. References [53-55]
are cited in the Supplementary Materials.
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