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A B S T R A C T   

The molecular structure of different hydrocarbons in crude oil has a significant effect on the thermal cracking 
mechanism. This study delves into the thermal cracking mechanism, pyrolysis process, and kinetics of 4,4,8,10- 
tetramethyl decalin (a representative bicyclic sesquiterpane in crude oil) using reactive molecular dynamics 
simulation (ReaxFF–MD) at the temperature range from 2000 K to 3000 K. Interestingly, the major intermediate 
products from thermal pyrolysis simulation align closely with the main ion fragments in the mass spectrometry of 
4,4,8,10-tetramethyl decalin. The results can be directly used to analyze the pyrolysis mechanism. It reveals five 
reaction pathways implicated in the initial pyrolysis of 4,4,8,10-tetramethyl decalin: three demethylation re
actions (more likely to occur) and two ring-opening reactions. By employing first-order kinetic analysis based on 
ReaxFF–MD simulations within the temperature range of 2000 K to 3000 K, the apparent activation energies for 
4,4,8,10-tetramethyl decalin are calculated and compared with our prior simulation results for n-tetradecane. 
The initial pyrolysis of 4,4,8,10-tetramethyl decalin predominantly entails the cleavage of C–C bonds in both 
branched chain and carbon ring systems, resulting in the generation of methyl and high molecular weight ring- 
structured radicals. Conversely, the initial pyrolysis of n-tetradecane yields low molecular weight straight–chain 
radicals by cleaving C–C bonds except for the terminal position. This implies that the bicyclic sesquiterpane 
4,4,8,10-tetramethyl decalin serves as the favorable precursor for producing methane (CH4) and liquid hydro
carbons (C6–C13) during the primary formation stage of light oil. With an equivalent number of carbon atoms, n- 
tetradecane serves as the preferred precursor for generating wet gases (C2–C5) at the initial formation stage of 
wet gases. The insights derived from the ReaxFF–MD simulation offer valuable perspectives for comprehending 
the process of thermal cracking in crude oil under geological conditions.   

1. Introduction 

4,4,8,10-Tetramethyl decalin is a representative bicyclic sesqui
terpane with a decahydronaphthalene skeleton substituted by C4, C8 and 
C10 alkyl side chains [1–5]. 4,4,8,10-tetramethyl decalin (C14) with the 
drimane type (C15–C16) skeleton is widely distributed in crude oil and 
sediments. Alexander et al. [5] suggest that bicyclic sesquiterpanes are 
the products formed by the degradation of bacterial hopane at the early 
stage of diagenesis. In the later diagenetic process, a variety of isomers 
were formed by defunctionalization and rearrangement. The C14–C16 
drimane series is generally formed by bacteria and other microbes. And 
the bicyclic sesquiterpanes have been employed to differentiate the 

organic matter input from various sedimentary environments and 
classed as an organic source indicator that widely justifies the applica
tions of relative proportions of the C14–C16 bicyclanes in oil-source 
correlation [6–8]. C15-C16 bicyclic sesquiterpanes, namely, 8β(H)-dri
mane, 8β(H)-homodrimane, and 8α(H)-homodrimane, are commonly 
used to indicate the maturity of samples in the immature-low-maturity 
stage due to their relatively high sensitivity to temperature changes. 
Yan et al. [1], Luo et al. [2], and Xia et al. [3] reported the ratios 8β(H)- 
drimane/8β(H)-homodrimane, 8β(H)-homodrimane/8α(H)-homo
drimane, and 8β(H)-drimane/8α(H)-homodrimane increased with the 
degree of thermal evolution before the temperature turning point. 
Compared with C15 and C16, abandoned C14 bicyclic sesquiterpanes 
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detected in crude oil have rarely been studied for their thermochemical 
property. 

Pyrolysis experimentation is an effective technology to quantita
tively investigate the thermal evolution of hydrocarbons in crude oil. 
The principle is that temperature and time exert complementary effects 
on the hydrocarbon generation process within sedimentary layers [9]. 
However, only brief descriptions of product characteristics were pro
vided. ReaxFF–MD simulation [10] offers an insightful analysis of 
intricate chemical reactions, encompassing the examination of in
termediates. This analysis was conducted within a timescale ranging 
from femtoseconds to picoseconds. Numerous investigations of the 
thermal decomposition phenomenon of diverse components within 
fossil fuels and petroleum have been provided by ReaxFF–MD over the 
past decades [11–16]. 

For instance, Salmon et al. (2008) [17] show that the initial pyrolysis 
mechanism of algous biopolymer is the cleavage of the C–O bond in the 
ester group, accompanied by the formation of isoprenoid structure by 
the cleavage of C–C. In addition, ReaxFF–MD simulation was performed 
to study the pyrolysis process of defunctionalization, depolymerization, 
and rearrangement of coal structures observed in the experimental 
studies [18–20]. The scission of C–C bonds is the main way to generate 
gaseous hydrocarbons during the thermal evolution of coal. On the other 
hand, the pyrolysis chemistries of some straight-chain alkanes, such as n- 
heptane (C7H16) [11], n-dodecane (C12H26) [21], n-tetradecane (C14H30) 
[16], n-hexadecane (C16H34) [22], and n-eicosane (C20H42) [23], have 
also been simulated by ReaxFF molecular dynamics. The results indicate 
that the homolytic fission of C–C bonds plays a dominant role in the 
whole pyrolysis process of n-alkanes in contrast to dehydrogenation 
reactions. For branched-chain alkanes, Xin et al. [13]and Tian et al. 
[24,25] found the pyrolysis of branched hydrocarbons occurs earlier 
than that of straight-chain hydrocarbons. The pyrolysis rates of paraffin 
gradually increase with the increase of chain length with a similar mo
lecular structure. For cycloalkane, the dissociation of substituents on the 
ring and the cleavage of adjacent C–C bonds on the ring (ring-opening 
reaction) are the main initial decomposition mechanisms of naphthenic 
hydrocarbons [12,15,26–30]. Therefore, the type and carbon number of 
substituents on rings and the number of carbocyclic rings have a sig
nificant effect on the position of bond cleavage and the key products of 
initial pyrolysis channels. Additionally, it was found that the order of 
thermal decomposition of various petroleum compounds with the same 
number of carbon atoms is as follows: cycloalkane > branched-chain 
alkanes > straight-chain alkane [13]. Many studies have used 
ReaxFF–MD to explore the reaction mechanisms of petroleum compo
nents, however, the effects of single-component reaction mechanisms on 
the formation and preservation of petroleum have not been discussed in 
geological conditions. 

In order to investigate the effects of different pyrolysis mechanisms 
of normal alkane and biomarkers on the cracking of crude oil, a series of 
MD simulations of 4,4,8,10-tetramethyl decalin is performed in this 
study. After that, comparing the simulation results of 4,4,8,10-tetra
methyl decalin with n-tetradecane, excluding the influence of the 
number of carbon atoms, the specific effects of bicyclic sesquiterpanes 
and n-alkanes with different molecular structures on the cracking of 
crude oil into natural gas were discussed deeply. The apparent activa
tion energy of 4,4,8,10-tetramethyl decalin pyrolysis was also calculated 
to test the accuracy and reliability of the simulation. This study would be 
expected to afford a reasonable reference for the research of the C14 
bicyclic sesquiterpene and the exploration of ultradeep-buried petro
leum reservoirs under high formation temperatures. 

2. Computational methods 

2.1. The construction of 4,4,8,10-tetramethyl decalin molecular models 

According to the results of gas chromatography-mass spectrometry 
(GC–MS) analyses of the oil sample from Well NE-3 in the eastern Baiyun 

Sag (Pearl River Mouth Basin, South China Sea), the biomarker 4,4,8,10- 
tetramethyl decalin was identified on mass chromatograms of m/z 179 
diagnostic fragment and confirmed by the comparison of the mass 
spectrum with that of literature [1,4,5,39] (Fig. 1). 

Similar to our earlier work [16], fifty molecules of 4,4,8,10-tetra
methyl decalin were incorporated into a cubic cell using the Amor
phous Cell module in Material Studio Software (MS), as shown in Fig. 2. 
The model contains 2000 atoms, including 700 carbon atoms and 1300 
hydrogen atoms, with the chemical formula C700H1300. Periodic 
boundary conditions were applied in all three directions to the initial 
4,4,8,10-tetramethyl decalin cell. To prevent molecules from over
lapping, the initial density of the cell was set to 0.3 g/cm3. In order to 
gain the credible density of the model, the following simulations were 
performed by the Forcite software package in MS: first, the Geometric 
Optimization module was employed to achieve an accurate configura
tion. Subsequently, an Anneal calculation with the constant-pressure, 
constant-temperature ensemble (NPT) was performed at temperatures 
ranging from 298.15 to 700 K for 30 cycles to attain the minimum en
ergy configuration of 4,4,8,10-tetramethyl decalin. The lowest energy 
configuration obtained from the relaxation was considered the initial 
configuration for a sequence of simulations in the NPT ensemble at 
298.15 K and 0.10 MPa for 2000 ps, yielding a reliable density value for 
the 4,4,8,10-tetramethyl decalin cell. 

As shown in Fig. 3(a), the 4,4,8,10-tetramethyl decalin cell reached 
its equilibrium temperature at 298.15 K, corresponding to the initial 
temperature. The density of the 4,4,8,10-tetramethyl decalin also rea
ches equilibrium at 2000 ps, as illustrated in Fig. 3(b). The cell param
eters of the 4,4,8,10-tetramethyl decalin cell were determined as 
follows: a = 25.24 Å, b = 29.19 Å, c = 25.62 Å, α = 95.89◦, β = 98.12◦

and γ = 102.78◦. It can be confirmed that the model constructed is 
reliable as the temperature and density have both achieved equilibrium, 
suggesting that the interactions between the molecules of 4,4,8,10-tetra
methyl decalin are stable. 

2.2. Reactive molecular dynamics simulation details 

The ReaxFF reactive force field is a potent method for molecular 
simulation that leverages the concept of bond orders to model molecular 
connectivity, encompassing bonds, angles, and torsions. The extensive 
applicability of the ReaxFF reactive force field in investigating the 
thermal pyrolysis mechanisms of various hydrocarbon fuels made it a 
highly appropriate choice for our study. Using the LAMMPS (Large-scale 
Atomic/Molecular Massively Parallel Simulator) code with the ReaxFF 
reaction force field [22], we conducted all molecular dynamics simu
lations without modifying the ReaxFF CHO-2008 potentials, originally 
developed by Chenoweth and van Duin [30]. To effectively control 
pressure and temperature, the NVT (Isochoric-Isothermal) coupled with 
the Nose-Hoover barostat and thermostat [16,31] was opted in all 
simulation processes, allowing the maintenance of a constant number of 
particles (N), volume (V), and temperature (T). The initial system has 
been optimized in MS mentioned above. Then the system was equili
brated at 300 K for 50 ps with a time step of 0.1 fs. After that, the system 
was heated to a target temperature of 2000 K–3000 K [16,32,33]. The 
simulation was performed every 250 K for 500 ps. The heating rate of 10 
K/ps was applied to balance computational efficiency with capturing 
essential dynamics. The bond order cutoff for molecule recognition was 
set at 0.3. A series of FORTRAN scripts were devised to analyze the decay 
of 4,4,8,10-tetramethyl decalin and the subsequent formation of smaller 
molecules, facilitating the investigation of molecular transformations 
and providing insights into the chemical reactions occurring during the 
simulations. By employing this comprehensive approach and method
ology, valuable insights into the high-temperature behavior of 4,4,8,10- 
tetramethyl decalin were aimed to be gained, and advancements in our 
understanding of the intricate chemical reactions involved in pyrolysis 
were pursued. 
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2.3. Bond dissociation energy calculations 

The bond dissociation energy (De) of the main initial reactions 
observed during the ReaxFF MD simulation was determined using the 
Gaussian 09 program through the Density Functional Theory (DFT) 
method. For the DFT calculation, the first step involved geometrical 
optimization, where the most stable molecular structures of the re
actants and products were obtained. Subsequently, vibration frequency 
analyses were conducted to evaluate the vibrational modes of the opti
mized structures. All geometrical optimization and vibration frequency 
analyses were performed at M062X method with the 6–311++G(d,p) 
basis set[34–36]. The def2TZVP basis set was applied in single point 
energy calculation [35]. By comparing the total energies of the reactant 
and product states, the bond dissociation energies were accurately 

calculated. The utilization of DFT and the selected basis set allowed for 
reliable determination of the bond dissociation energies, providing 
valuable insights into the stability and reactivity of the studied molec
ular systems. According to the reaction of AB→A⋅ + B⋅, De can be 
defined as, 

De(AB) = EA⋅ +EB⋅ − EAB (2.1) 

where EA⋅ and EB⋅ represent the total energy of the radical species A⋅ 
and B⋅ formed after breaking the chemical bond, respectively. EAB is the 
total energy of the intact molecule with the chemical bond between A 
and B intact. 

Fig. 1. Identification of 4,4,8,10-tetramethyl decalin in mass chromatogram (m/z 179) and mass spectra of 4,4,8,10-tetramethyl decalin from full-scan GC–MS 
analysis of an oil sample from the eastern Baiyun Sag. 

Fig. 2. Molecular model of 4,4,8,10-tetramethyl decalin (C14H26).  

Fig. 3. Equilibrium of temperature(a) and density(b) of 4,4,8,10-tetramethyl decalin cell.  
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3. Results and discussion 

3.1. Effect of temperature on the pyrolysis products of 4,4,8,10-tetra
methyl decalin 

To reveal the impact of temperature on the reactions and products of 
4,4,8,10-tetramethyl decalin, a series of ReaxFF MD simulations were 
conducted within a temperature range of 2000 to 3000 K, with in
crements of 250 K. The changes in the number of fragments and main 
products were plotted in Fig. 4 to illustrate the simulation outcomes. 

As shown in Fig. 4(a), the total number of fragments displays a sharp 
increase with rising simulation temperature, stabilizing at 3000 K. At 
lower temperatures, the number of ethylene (C2H4) molecules shows 
continuous growth, followed by a marked decline starting from 2750 K 
(Fig. 4(b)). Under the higher simulation temperature of 2750 K and 
3000 K, the maximum number of C2H4 is achieved around 310 ps and 
130 ps, respectively, with an approximate time difference of 180 ps. 
Notably, methane (CH4) emerges as the predominant product during 
pyrolysis. Fig. 4(c) shows the progressive rise of CH4, reaching peak 
values of 70 and 75 at simulated temperatures of 2750 K and 3000 K, 
respectively, indicating equilibrium in CH4 production. The number of 
hydrogen (H2) increases sluggishly at the beginning of pyrolysis, as 
depicted in Fig. 4(d). As the higher simulated temperature of 3000 K, the 
number of H2 experiences a pronounced acceleration, culminating in its 
maximum value. In light of the fragment and product variations, it is 
evident that higher temperatures expedite the pyrolysis process of 
4,4,8,10-tetramethyl decalin. 

The variations in reactant and main species at different temperatures 

were analyzed in Fig. 5. The pyrolysis of 4,4,8,10-tetramethyl decalin 
primarily occurs between 2250 K and 3000 K, attributable to the sig
nificant fragment generation observed around 2000 K after approxi
mately 90 ps in Fig. 4(a). Illustrated in Fig. 5, when simulating at 2250 
K, the decomposition rate of 4,4,8,10-tetramethyl decalin was slow, 
with only one reactant molecule remaining after the 500 ps simulation. 
At 2500 K, the complete and rapid decomposition of 4,4,8,10-tetra
methyl decalin occurred within about 165 ps. As the temperature rises 
to 2750 K and 3000 K, the consumption of 4,4,8,10-tetramethyl decalin 
initiates at around 91 ps and 27.3 ps, respectively. 

Within the temperature range of 2250 K to 2500 K, the generation of 
ethylene (C2H4) shows the highest proportion and the fastest production 
rate due to its pronounced temperature dependence in ethylene pro
duction [15]. The number of propylene (C3H6), the third most abundant 
product, consistently increases from 2250 K to 2500 K. Nevertheless, in 
the temperature span of 2750 K to 3000 K, CH4 gradually becomes the 
predominant product, while the abundance of C2H4 and C3H6 begins to 
decrease. The number of ethane (C2H6) and hydrogen gas (H2) exhibit a 
continuous upward trend, surpassing C3H6 at 3000 K. This phenomenon 
infers that at higher simulated temperatures, further pyrolysis of olefins 
leads to the formation of alkanes and hydrogen, aligning with our pre
vious research on n-tetradecane pyrolysis [16]. 

3.2. The mechanism of thermal cracking for 4,4,8,10-tetramethyl decalin 

The process of oil cracking is intricate and dynamic, involving 
numerous chemical reactions and diverse intermediates [37,38]. 
Reaxff–MD simulation provides a practical approach to capturing 

Fig. 4. The number of (a) total fragments, (b) ethylene, (c) methane, and (d) hydrogen with simulation time during 4,4,8,10-tetramethyl decalin ReaxFF-MD py
rolysis under different simulation temperatures. 
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hydrocarbon cracking products at the corresponding simulation time. 
Intermediates and end products play a crucial role in dissecting the 
thermal cracking mechanism. 

As shown in Fig. 6, the number of main initial pyrolysis products of 
4,4,8,10-tetramethyl decalin within the temperature range of 2000 K to 
3000 K. An examination of intermediates per picosecond reveals the 
frequent presence of C8H13, C9H15, and C13H23 free radicals, arising from 
the decomposition of 4,4,8,10-tetramethyl decalin. It can be seen that 
the initial pyrolysis process of 4,4,8,10-tetramethyl decalin leads to the 
formation of these ring–structured free radicals. The abstraction of a 
hydrogen atom from other molecules by these radicals is possible [48]. 
Considering the inherent instability of these free radicals and their 
propensity to rapidly engage with other molecules or atoms, the corre
sponding saturated molecules–specifically, C8H14, C9H16, and 
C13H24–have also been quantified. 

As depicted in Fig. 6, the succession of free radicals and their cor
responding saturated molecules resulting from the cracking of 4,4,8,10- 
tetramethyl decalin follows the sequence of C13 (the number of carbon 
atoms in the product is 13), C9 (the number of carbon atoms in the 
product is 9), and C8 (the number of carbon atoms in the product is 8) 
components, respectively. 

Notably, this phenomenon was most prominently observed during 
the simulation at 2000 K. The initial species observed are C13H23 and 
C13H24, detected before 70 ps. Subsequently, at 72.6 ps, the presence of 
C9H15 and C9H16 was detected, succeeded by the appearance of other 
significant initiation species, C8H13 and C8H14, at around 112.4 ps. This 
outcome implies that the formation of the C13H23 free radical via 
demethylation reaction transpires more rapidly than ring-opening 

reactions. As the simulation progresses, the number of C9H15 plus C9H16 
and C8H13 plus C8H14 gradually surpasses that of C13H23 plus C13H24, 
indicating an enhanced proportion of ring-opening reactions during the 
initial decomposition of the reactant. 

Importantly, higher temperatures significantly expedite the three 
types of reactions inherent in the initial pyrolysis process, especially at 
3000 K. To comprehensively grasp the mechanism underlying the initial 
thermal cracking of 4,4,8,10-tetramethyl decalin, a series of analyses 
were conducted at 2000 K. This temperature range marks the initial 
phase of thermal cracking reactions. 

As depicted in Fig. 7, an abundance of C12H22, C11H20, and C11H19 
molecules becomes apparent after 60 ps. This observation can likely be 
attributed to the instantaneous production resulting from the prompt 
decomposition of C13H23 through demethylation reactions occurring at 
picosecond timescales [40,41]. This inference gains support from the 
fact that only these specific molecules, along with the corresponding 
amount of 4,4,8,10-tetramethyl decalin decomposition, were detected 
during this picosecond interval, alongside a limited production of ole
fins. The appearance of C7H12 and C7H11 signifies the immediate pro
duction of C8H13 via the demethylation reaction. However, the absence 
of similar demethylation products for C9H15 may be attributed to the 
challenge of distinguishing tertiary carbon atoms. Consequently, 
C12H22, C11H20, and C11H19 are considered intermediates involving C13, 
while C7H11 and C7H12 are recognized as C8 intermediates for the sub
sequent analysis. 

The initial species formed during the pyrolysis of 4,4,8,10-tetrame
thyldecalin at 2000 K are illustrated in Fig. 8. The behavior of C13 and 
C1 (the number of carbon atoms in the product is 1) intermediates 

Fig. 5. The distributions of main pyrolysis products of 4,4,8,10-tetramethyl decalin with simulation time at different simulation temperatures: (a) 2250 K, (b) 2500 
K, (c) 2750 K, and (d) 3000 K. 
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exhibits a consistent pattern up to 200 ps. Moreover, the accumulation 
of C13 intermediates closely corresponds to the generation of their 
respective intermediates. Due to the highly reactive chemical properties 
compared to cyclic hydrocarbons, chain-structured molecules or free 
radicals (such as C6 (the number of carbon atoms in the product is 6) and 
C5 (the number of carbon atoms in the product is 5) intermediates) are 
difficult to detect in the reactions occurring concurrently within pico
seconds. Although the number of C5 and C6 intermediates is obviously 
lower than that of corresponding C9 and C8 intermediates, their numbers 
sustain a steady growth trend. These findings confirm that the thermal 
cracking process of 4,4,8,10-tetramethyl decalin yields C13, C9, and C8 
intermediates, along with their respective products. 

The molecular masses of C13H23, C9H15, C8H13 are 179, 123 and 109, 

respectively, which aligns with the crucial mass spectral fragments 
previously employed for identifying 4,4,8,10-tetramethyl decalin 
[4,5,39]. Previous research has indicated that organic molecules un
dergo ionization followed by fragmentation, yielding a distinct pattern 
of ions known as a mass spectrum [42]. The resemblance between this 
fragmentation pattern and the thermal cracking pattern has led to its 
application in investigating reaction pathways of organic compounds 
[43–45]. 

In this study, the mass spectrum of 4,4,8,10-tetramethyl decalin has a 
molecular ion at M+⋅194, and a base peak ion at m/z 179, with diag
nostic fragment ions at m/z 123, 109, 85, and 71, as shown in Fig. 9(a). 
In Fig. 9(b), at a simulation temperature of 2000 K, the relative fre
quency of intermediates follows a similar trend to the mass spectrum’s 
ion peak abundances of 4,4,8,10-tetramethyl decalin. The result un
covers three pathways in the initial thermal pyrolysis of 4,4,8,10-tetra
methyl decalin. The distribution of m/z 179 shows a predominant 
proportion, followed by m/z 123 and 109. Coupled with our prior sta
tistical analysis of simulation trajectories in this study, it becomes 
apparent that demethylation reactions constitute the predominant 
portion of initiation reactions in the pyrolysis of 4,4,8,10-tetramethyl 
decalin. The remaining two mechanisms of initial pyrolysis involve 
the cleavage of C–C bonds within the ring to form a cycloalkyl group, as 
well as the generation of corresponding unstable chain radicals with 
extremely short lifespans. 

After gaining a comprehensive understanding of the thermal 
cracking mechanisms of 4,4,8,10-tetramethyl decalin by analyzing the 
initial pyrolysis products, a series of DFT simulations were performed to 
calculate the bond dissociation energies of the initial reactions, specif
ically the bond dissociation enthalpies, as evidence to verify the three 
pyrolysis pathways above. 

Fig. 10 shows 5 initial reaction pathways of 4,4,8,10-tetramethyl 
decalin pyrolysis. Paths 1–3 are classified as the demethylation reac
tion. Paths 4–5 are classified as the ring–opening reaction. Pathway 3 is 
the main pathway for the initiation reaction, the bond dissociation en
ergy of path 3 is the lowest (304.35 kJ/mol). Followed by pathways 1–2, 
the bond dissociation energies of these reactions are much higher than 
that of pathway 3, which are 334.85 and 342.07 kJ/mol, respectively. 

Fig. 6. The main initial pyrolysis products of 4,4,8,10-tetramethyl decalin at (a)2000 K, (b)2250 K, (c)2500 K, (d)2750 K and (e)3000 K simulated temperature.  

Fig. 7. The number of instantaneous productions from initial products by 
demethylation reaction at the temperature of 2000 K. 
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For ring–opening reactions, the bond dissociation energies of pathways 
4–5 are 419.31 and 405.87 kJ/mol, respectively. The bond dissociation 
energies for different reactions increase in the order path 3 < path 1 <
path 2 < path 5 < path 4. Therefore, the apparent predominance of the 
number of m/z 179 compounds is well explained in Fig. 10. The similar 
bond dissociation energies of pathway 4–5 correlate well with the 
relative frequency between m/z 123 and 109 in Fig. 9. Meanwhile, the 
result serves as evidence for C9 and C8 intermediates with the corre
sponding products are difficult to detect in the initial reactions, which is 
consistent with the previous analysis results in Figs. 6 and 8. 

3.3. Effect of molecular structure on pyrolysis of C14 hydrocarbon 

3.3.1. Effect of molecular structure on pyrolysis rate 
Time evolution of 4,4,8,10-tetramethyl decalin (C14H26) and n-tet

radecane (C14H30) in the first 200 ps at the temperature range of 2000 K 
to 3000 K is shown in Fig. 11. As the temperature rises, the decompo
sition rate of C14H26 and C14H30 are significantly accelerated. At 2000 K, 
the number of C14H26 decreases to around 43 molecules, while the 
remaining C14H30 molecules amount to 44. With the temperature further 
increasing to 2250 K, the number of C14H26 molecules is 5 less than that 

Fig. 8. The main initial intermediates generated by of 4,4,8,10-tetramethyl decalin at 2000 K simulated temperature.  

Fig. 9. The comparison of (b)the total number of each initial pyrolysis product at maximum at 2000 K with (a)the mass spectra. In Fig. 13(b), m/z 109 represents C8 
intermediates, m/z 123 represents C9 intermediates, m/z 179 represents C13 intermediates. 

Fig. 10. Main initial reactions of 4,4,8,10-tetramethyl decalin observed in the ReaxFF–MD simulation.  
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of C14H30 at 200 ps. This finding indicates a considerably faster pyrolysis 
rate for C14H26 compared to C14H30. The observation aligns with pre
vious research suggesting that the pyrolysis rate of cycloalkane is 
notably swifter than that of straight-chain hydrocarbons with an 
equivalent number of carbon atoms [13]. However, the pyrolysis rates of 
C14H26 and C14H30 exhibit minimal disparity over a higher temperature 
range of 2500 K to 3000 K, which indicates that the influence of mo
lecular structure predominates during the initial stage of hydrocarbon 
cracking. 

The decomposition time at various simulation temperature of 
4,4,8,10-tetramethyl decalin is shown in Fig. 12. At the simulation 
temperature of 2000 K and 2250 K, the disintegration of 4,4,8,10-tetra
methyl decalin respectively takes place around 72.1 ps and 4.7 ps, then 
consecutively proceeds in the following 427.9 ps and 495.3 ps. Between 
2500 K and 3000 K, the initial pyrolysis of 4,4,8,10-tetramethyl decalin 
molecules occurred at 1.8 ps, 0.5 ps and 0.3 ps, and the completed py
rolysis of all 4,4,8,10-tetramethyl decalin molecules was observed at 
165.2, 90.5 and 27.3 ps, respectively. After the initial decomposition 
reaction, the rest molecules generated from the initial reactions crack 
further into new products in the following simulation time. The pyrol
ysis process of 4,4,8,10-tetramethyl decalin can be divided into three 
stages determined by the decomposition time on the investigation of n- 
tetradecane by Li et al. [16]. As shown in Table 1, the initial decom
position of 4,4,8,10-tetramethyl decalin occurs at 72.1 ps, which is 7.8 
ps earlier than that of n-tetradecane at 2000 K. At the temperature of 
2250 K, the initial pyrolysis of n-tetradecane takes place after the first 
11.9 ps, which is 7.2 ps slower than that of 4,4,8,10-tetramethyl decalin. 
The results imply that the pyrolysis rate of 4,4,8,10-tetramethyl decalin 
is relatively faster compared to n-tetradecane at 2000 K and 2250 K. 

3.3.2. Effect of molecular structure on pyrolysis products 
The number of various products generated by 4,4,8,10-tetramethyl 

decalin and n-tetradecane pyrolysis under different temperatures at 
the end of 500 ps is shown in Fig. 13. The number of C1 is the most 
abundant product in the decomposition of 4,4,8,10-tetramethyl decalin 
at 2000 K. Furthermore, the number of C1 generated from 4,4,8,10-tet
ramethyl decalin is significantly higher than that of n-tetradecane at 
2000 K. This result indicates that the cracking of 4,4,8,10-tetramethyl 
decalin is contributed to the formation of methane compared to n-tet
radecane in the initial pyrolysis stage. According to the initial reactions 
of n-tetradecane observed in the Reaxff–MD simulation (Fig. 14), the 
bond dissociation energies of the demethylation reaction (Path 1) is 
361.76 kJ/mol, which is 19.69 ~ 57.41 kJ/mol higher than that of 

4,4,8,10-tetramethyl decalin. The results show that CH3 free radicals 
will be generated more readily from 4,4,8,10-tetramethyl decalin, which 
leads to the formation of CH4 in the following reactions. As the simu
lated temperature increased to 3000 K, n-tetradecane produced a greater 
amount of C1 than 4,4,8,10-tetramethyl decalin. 

The amount of C2–C5 (gaseous hydrocarbons) produced by n-tetra
decane is significantly greater than that of 4,4,8,10-tetramethyl decalin 
in the entire simulation. Meanwhile, 4,4,8,10-tetramethyl decalin shows 
a remarkable advantage in producing C6-C13 (liquid products) between 
2000 K and 2500 K. The results indicate that straight-chain alkanes serve 
as the primary precursors for C2–C5 short-chain gaseous hydrocarbons, 
while the cracking of the bicyclic sesquiterpane predominantly con
tributes to the formation of C6–C13 liquid hydrocarbons. 

As shown in Fig. 13, the bond dissociation energy of pathway 5 is the 
lowest, followed by path 1, path 2, path 6, path 4, path 3, and path 7. 
Therefore, it can be seen that n-tetradecane prefers to form C5H11 and 
C9H19 radicals in the initial pyrolysis stage. 

The number of methane, ethane and propane by 4,4,8,10-tetra
methyl decalin and n-tetradecane are listed separately in Fig. 15(a) 
and to be separately analyzed. The pyrolysis of 4,4,8,10-tetramethyl 
decalin demonstrates a significant advantage over n-tetradecane in 
terms of methane formation within the temperature range from 2000 K 
to 2750 K. However, at a temperature of 3000 K, the production of CH4 
from n-tetradecane gradually exceeds that from tetramethyl decalin due 
to the limited availability of hydrogen provided by tetramethyl decalin 
molecules. The result is in good agreement with previous reports, indi
cating that the hydrogen balance plays a crucial role in regulating the 
overall methane production within a closed system lacking alternative 
sources of hydrogen [37,46]. 

The straight-chain alkane pyrolysis process generates more C2H6 and 
C3H8 molecules than that of the bicyclic sesquiterpene, especially in the 
early stage of pyrolysis at lower temperatures. This result infers that the 
pyrolysis pathway of cyclic hydrocarbons leading to the formation of 
C2H6 and C3H8 via successive cleavages of C–C bonds in the carbon ring 
is difficult to occur. For the tendency of C3H8 produced by n-tetradecane, 
it reaches the maximum value at 2250 K. Subsequently, C3H8 undergoes 
further decomposition into lower molecular weights hydrocarbons such 
as CH4. By contrast, the number of C3H8 remain nearly constant between 
2500 K and 3000 K in the pyrolysis of 4,4,8,10-tetramethyl decalin. This 
observation suggests that the decomposition of C3H8 to form CH4 occurs 
earlier in the pyrolysis of the straight-chain alkane. 

The yield of the main gaseous hydrocarbons such as CH4, C2H6, and 
C3H8 generated in the gaseous hydrocarbons and the straight-chain 
alkane decomposition are shown in Fig. 15(b). At each simulation 
temperature, the yield of methane produced by 4,4,8,10-tetramethyl 
decalin is the highest among the gaseous hydrocarbons, even among 
the yield of n-tetradecane pyrolysis gaseous hydrocarbons. It can be seen 
that tetramethyl decalin is more favorable for methane formation. Be
tween 2000 K and 2250 K, the yield of C2H6 and C3H8 generated from 
4,4,8,10-tetramethyl decalin is negligible compared to that of n-tetra
decane. However, the yields of ethane and propane obtained from both 
4,4,8,10-tetramethyl decalin and n-tetradecane are nearly indistin
guishable at 3000 K. This finding shows that the yield of ethane and 
propane is limited by molecular structure at the higher temperature. 

3.4. Kinetic analysis of 4,4,8,10-tetramethyl decalin pyrolysis 

The first–order kinetic analysis of the pyrolysis of 4,4,8,10-tetra
methyl decalin is significant in elucidating the kinetic behavior and 
characteristics of bicyclic sesquiterpanes in crude oil. In this study, the 
number of 4,4,8,10-tetramethyl decalin molecules is used instead of the 
concentration. The consumption rate of 4,4,8,10-tetramethyl decalin is 
used to describe the first-order kinetics of the pyrolysis reaction of 
4,4,8,10-tetramethyl decalin, i.e. 

4, 4, 8, 10 - tetramethyl decalin →k product (3.1) 

Fig. 11. Decomposition of 4,4,8,10-tetramethyl decalin and n-tetradecane in 
the first 200 ps under different temperatures. 
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According to the variation of the number of 4,4,8,10-tetramethyl 
decalin molecules with time in the pyrolysis process at a range of 
2000 K–3000 K, the initial reaction rate constants (k) of 4,4,8,10-tetra
methyl decalin were calculated by linear fitting through the first–order 
rate law equation: 

lnN0 − lnNt = k(t − t0) (3.2)  

where N0 is the number of 4,4,8,10-tetramethyl decalin molecules, t0 is 
the time when pyrolysis starts, Nt is the number of 4,4,8,10-tetramethyl 

decalin molecules at the time of t. Then, the rate constant k of 2000 
K–3000 K are put into the following expression of the Arrhenius equa
tion to fit the relationship between the reaction rate and the 
temperature: 

k = Aexp( − Ea/RT) (3.3)  

where A is the pre-exponential factor, Ea is the apparent activation en
ergy, R is the gas constant and T is the thermodynamic temperature. 

The Arrhenius fitting plot of the rate constants is shown in Fig. 16, 

Fig. 12. Variations of decomposition time for 4,4,8,10-tetramethyl decalin ReaxFF-MD pyrolysis with the increase of simulation temperature.  

Table 1 
The decomposition time of 4,4,8,10-tetramethyl decalin and n-tetradecane in different pyrolysis stage.   

n-tetradecane 4,4,8,10-tetramethyl decalin  

Stable stage Initial decomposition Secondary pyrolysis Stable stage Initial decomposition Secondary pyrolysis 

2000 K 79.9 ps 420.1 ps / 72.1 ps 427.9 ps / 
2250 K 11.9 ps 385.7 ps 102.4 ps 4.7 ps 495.3 / 
2500 K 0.4 ps 126.4 ps 373.2 ps 1.8 ps 163.4 ps 334.8 ps 
2750 K 0.3 ps 98.3 ps 401.4 ps 0.5 ps 90.5 ps 409 ps 
3000 K 0.2 ps 23.8 ps 475.9 ps 0.3 ps 27 ps 472.7  
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from which the pre-exponential factor was calculated as A = 1.18 × 109 

s− 1, and the apparent activation energy of thermal decomposition as Ea 
= 227.09 kJ/mol (54.25 kcal/mol). 

The pyrolysis apparent activation energy Ea for n-tetradecane ob
tained by ReaxFF–MD simulation is 235.35 kJ/mol (56.22 kcal/mol) in 
the previous study [16], which is higher than that of 4,4,8,10-tetra
methyl decalin. The results indicate that 4,4,8,10-tetramethyl decalin 
in crude oil preferentially cracks than the normal C14 alkane counter
part, which is also consistent with the comparison of decomposition rate 
shown in Fig. 11. In addition, the previous studies on the kinetics of 
hydrocarbons with different molecular structure and the same number 
of carbon atoms show that the decomposition rate of cycloalkane is 
faster than that of their normal alkane counterparts. For example, Xin 
et al. [13] reported that the activation energy of cyclopentane decom
position is 201.56 kJ/mol, which is lower than that of n-pentane 
decomposition (228.33 kJ/mol). The report shows that the decomposi
tion of cyclopentane has a higher pyrolysis rate than n-pentane. 

3.5. Insights for subsurface oil cracking 

Cracking process of crude oil under geological conditions is very 
complex [37,38]. The pyrolysis products of various components of crude 
oil have different contributions to the formation of oil and natural gas 
reservoirs. As a frequently detected bicyclic sesquiterpanes with 14 
carbon atoms in crude oil, 4,4,8,10-tetramethyl decalin is selected to 
investigate the behaviors and characteristics of naphthenic hydrocarbon 
in crude oil thermal cracking process at different geological thermal 
evolution stages. As a typical normal alkane, the n-tetradecane in the 
previous study is also discussed here for comparison. 

According to the composition of products under different tempera
tures, the thermal cracking process of 4,4,8,10-tetramethyl decalin can 
be also divided into thermal stability stage (2000 K–2250 K), primary 
formation of gases from liquid oil (2250 K–2750 K), and secondary 
alternation of primary gas to dry gas stage (>2750 K), corresponding to 
the subsurface and laboratory thermal evolution stages of crude oil 
(Table 2). 

The number of methane is relatively lower at a temperature lower 
than 2250 K, and it remains stable increasing at maturation levels of 
primary and secondary stages (Fig. 13). The 4,4,8,10-tetramethyl dec
alin produced relatively more methane than normal tetradecane under 
same temperature (≤2750 K), which may be attributed to more methyl 
group on the cycloparaffin. However, the number of methane for 
4,4,8,10-tetramethyl decalin keeps overall constant and is lower than 
that of normal tetradecane when the temperature is higher than 2750 K 
(Fig. 13). Methane is no longer produced during the high maturation 
stage, which is mainly due to the relatively fewer hydrogen atoms for 
4,4,8,10-tetramethyl decalin molecules. 

C2–C5 molecules begin to yield from 2000 K and get to their 
maximum at 2500 K, corresponding to the Ro of 2.0 % [47] for both 
normal tetradecane and 4,4,8,10-tetramethyl decalin. And then the 
number of reactant molecules continues to fall. This indicates that the 
C2–C5 compounds begin to crack to methane during the high maturity 
stage, which corresponds to the dry gas formation stage under geological 
conditions. In addition, the number of C2–C5 compounds for normal 
tetradecane is significantly higher than that of 4,4,8,10-tetramethyl 
(Fig. 13) because the ring-open reaction is likely to occur through the 
cleavage of more than two C–C bonds with higher bond dissociation 
energies, resulting in the formation of C2–C5 compounds. Correspond
ingly, the number of C6–C13 for 4,4,8,10-tetramethyl decalin is relatively 
higher than that of normal tetradecane. 

Fig. 13. Comparison of the number of various products generated by 4,4,8,10- 
tetramethyl decalin and n-tetradecane pyrolysis with the increasing simulation 
temperature. 

Fig. 14. Main initial reactions of n-tetradecane observed in the ReaxFF–MD simulation.  
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This highlights how even minor differences in molecular structure 
can have significant impacts on the chemical composition of oil and gas 
reservoirs. Additionally, the different composition of pyrolysis products 
between 4,4,8,10-tetramethyl decalin and n-tetradecane at various 
thermal maturation levels are likely to reveal distinct contributions from 
bicyclic sesquiterpanes and normal alkanes in the formation and con
servation of crude oil in reservoirs. Overall, these precursors involved in 
crude oil and natural gas formation at various stages of thermal stability 
were understood to provide valuable insights into studying subsurface 

oil cracking under geological conditions. 

4. Conclusion 

This paper explores the cracking processes of 4,4,8,10-tetramethyl 
decalin and n-tetradecane through a combination of ReaxFF molecular 
dynamics simulation and DFT calculations. The effect of temperature on 
the pyrolysis products of 4,4,8,10-tetramethyl decalin is discussed. The 
initial reactions, the kinetic behavior, the effect of molecular structure 
on the thermal cracking rate and pyrolysis products for 4,4,8,10-tetra
methyl decalin and n-tetradecane are analyzed at different tempera
tures range of 2000 K to 3000 K. The main conclusions are as follows:  

(1) The main intermediates and products obtained by the pyrolysis of 
4,4,8,10-tetramethyl decalin include CH4, C2H6, C2H4, C3H6, and 
H2. The formation of olefins reaches a peak at 2750 K and then 
decreases owing to secondary cracking. The number of alkanes 
and hydrogen continuously increases and reaches the equilibrium 
stage at 3000 K. 

(2) The main intermediates in the initial pyrolysis of 4,4,8,10-tetra
methyl decalin are identified as C13H23, C9H15, and C8H13 free 
radicals. These free radicals share molecular characteristics with 
the structures of diagnostic fragment ions at 179, 123, and 109 in 
mass spectrometric analysis.  

(3) The initial pyrolysis reactions of C14 hydrocarbons mainly 
occurred at the C–C bonds. Five main pyrolysis channels of 
4,4,8,10-tetramethyl decalin are identified, involving reactions 
such as the formation of C13H23 and CH3 radical through the loss 
of methyl radical, and the generation of C9H15 and C5H11 or 
C8H13 and C6H13 radical via ring-open reactions. For n-tetrade
cane, initial pyrolysis is dominated by the cleavage of C–C bonds 
within the carbon chain, except for the terminal C–C bond. 

(4) Kinetic analysis reveals the apparent activation energies for py
rolysis of 4,4,8,10-tetramethyl decalin and n-tetradecane to be 
227.09 and 235.35 kJ/mol, respectively. The thermal cracking 
rate of 4,4,8,10-tetramethyl decalin surpasses that of n-tetrade
cane during the initial pyrolysis stage.  

(5) The amount of C1 and C6-C13 of 4,4,8,10-tetramethyl decalin 
between 2000 K and 2750 K is much higher than that of n-tet
radecane. The generation of C2–C5 by n-tetradecane is signifi
cantly greater than 4,4,8,10-tetramethyl decalin at the simulation 
process. 

Fig. 15. Comparison of the numbers (a) and yields (b) of gaseous hydrocarbons (CH4, C2H6, and C3H8) generated by 4,4,8,10-tetramethyl decalin and n-tetrade
cane pyrolysis. 

Fig. 16. Arrhenius plot with the fitted natural logarithm of rate constants (k) 
versus the inverse of temperature (T). Temperature range: 2000–3000 K. Linear 
fit equations with R2 = 0.9918. 

Table 2 
Correspondence of molecular simulation temperature to Easy %Ro values in the 
geological evolution of oil cracking to gas.  

Stage Thermal 
stability 

Primary formation of gases 
from liquid oil 

Secondary 
alternation of 
primary gases 
to dry gas stage 

Ref. 

Light oil 
stage 

Gas 
condensate 
or wet gas 
stage 

Easy 
% 
Ro 
(%) 

<1.20 1.2–1.75 1.75–2.40 >2.40 [24] 

TMD 

(K) 
<2000–2250 2250–2500 2500–2750 >2750 [16]  
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(6) Bicyclic sesquiterpanes and normal alkanes exhibit distinct con
tributions to the formation of oil and natural gas reservoirs at 
different thermal evolution stages. In the pyrolysis of 4,4,8,10- 
tetramethyl decalin, three discernible stages are distinguished: 
thermal stability stage (2000 K–2250 K), primary formation of 
gases from liquid oil (2250 K–2750 K), and secondary alternation 
of primary gases (>2750 K). Normal tetradecane proves effective 
in generating wet gases at the initial formation stage of wet gases, 
while 4,4,8,10-tetramethyl decalin emerges as a favorable pre
cursor for methane and liquid hydrocarbons during the initial 
formation stage of light oil. 
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