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Abstract 
In the context of the accelerated transition of the global energy structure to 
decarbonization, propane is not only rich in reserves but also has a low car-
bon-to-hydrogen ratio, which is a natural advantage for the production of 
high-value-added chemicals (e.g., ethylene and propylene) through efficient 
conversion. This study employs the M06-2X/6-31++G(d,p) density functional 
theory method combined with transition state theory to calculate the energy 
barriers for each radical reaction involved in propane pyrolysis. The results 
indicate that in the initial reaction, the dissociation energy of the propane C-
C bond is lower than that of the C-H bond, confirming that symmetrical cleav-
age of the C-C bond is the dominant initiation pathway in the early stages of 
pyrolysis. Based on the principles of radical chain reactions, four core pyroly-
sis reaction pathways were designed, with a focus on comparing the energy 
characteristics of propylene and ethylene formation: Path 1 and 2 utilize pri-
mary propyl radicals (n-C3H7•/i-C3H7•) as active centers, with ethylene for-
mation energy barriers of 136.83 kcal/mol and propylene formation energy 
barriers of 145.98 kcal/mol; Path 3 and 4 introduce secondary radicals (C2H5•) 
to participate in chain transfer, the formation energy barrier of ethylene is 
120.87 - 174.8 kcal/mol, and that of propylene is 124.79 - 174.8 kcal/mol; This 
study reveals the core mechanism for selectively controlling propylene and 
ethylene production by comparing bond dissociation energy patterns with 
pathway energies. It provides critical theoretical foundations for optimizing 
cracking process parameters and catalyst design, thereby supporting the 
chemical industry’s transition toward low-carbon and high-efficiency opera-
tions. 
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1. Introduction 

The demand for ethylene and propylene continues to expand as core raw materials 
for the modern chemical industry, and they are widely used in the production of 
high-value-added products such as polyethylene, polypropylene and propylene 
oxide. Currently, most of our ethylene and propylene are prepared by hydrocar-
bon pyrolysis processes, and the chemical utilization of alkanes for the production 
of valuable chemicals has become particularly attractive [1]-[3]. Among them, 
low-carbon alkanes such as propane are regarded as ideal feedstocks to replace 
traditional petroleum cracking due to their abundant reserves and high hydrogen-
to-carbon ratio. 

Conventional alkane conversion processes (e.g., steam cracking [4], oxidative 
dehydrogenation [5]-[7], catalytic dehydrogenation [8] [9]) can achieve olefin 
production, but face three challenges for industrial application: 1) High energy 
intensity due to high temperature operation, accompanied by large amount of 
CO2 emission; 2) Low selectivity of target products due to the competition of mul-
tiple paths in the free-radical chain reaction, and low separation cost due to the 
formation of by-products of methane and hydrogen and carbon accumulation; 3) 
The problem of catalyst carbon deactivation and reactor coking significantly 
shortens the operating cycle. 

These problems can be partially mitigated by novel reactor designs, catalyst 
modifications, and in situ spectroscopic techniques such as FTIR. Using propane 
as the primary feedstock, the researchers used a detailed gas-phase mechanistic 
model and a piston reactor model to evaluate reactor performance with respect to 
parameters such as inlet temperature, argon addition, and co-feeding of propane 
with oxygen, water, and carbon dioxide [10]. Meanwhile, propane oxidation in 
supercritical water was investigated under isothermal and isobaric conditions us-
ing a batch reactor facility, and it was found that increasing the temperature from 
375˚C to 400˚C at 220 bar increased propylene production and suppressed ace-
tone generation, while increasing the pressure from 220 bar to 400 bar at 375˚C 
suppressed propylene, ethylene, and acetone generation and increased methane 
production [11]. In terms of catalyst modification, Fe/ZSM-5 catalysts were syn-
thesized by combining Fe with ZSM-5 at different loadings. XRD and FT-IR char-
acterization showed that the modified catalysts retained their crystallinity after 
metal impregnation, and the introduction of Fe into ZSM-5 improved the eth-
ylene selectivity [12]. The Ga-modified HZSM-5 catalyst was used for the dehy-
droaromatization of propane and showed excellent reaction performance [13]. 
The reaction involves the dehydrogenation of propane to propylene and further 
formation of aromatics through polymerization, cyclization and dehydrogena-
tion. However, the bifunctional catalysts are difficult to apply on a large scale due 
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to the high preparation cost. In addition, boron in the form of nanosheets was 
employed as a catalyst for the efficient oxidative dehydrogenation of propane, and 
the transformation of boron nanosheets into a thermally stable structure during 
the reaction was confirmed by TG-MS, FT-IR and XRD techniques [14]. The B-
O/B-OH sites are the active centers of the reaction, and the catalyst can improve 
the selectivity of propylene and ethylene. 

Fundamentally, the root of the above bottlenecks lies in the insufficient 
knowledge of the microscopic reaction mechanism of alkane pyrolysis, especially 
the breaking paths of the C-C and C-H bonds, the chain transfer behaviors of 
transient radicals, and the side reactions in the pyrolysis process. The synergistic 
application of theoretical simulation methods (e.g., ReaxFF molecular dynamics) 
provides a new perspective to reveal the atomic-scale mechanisms of pyrolysis re-
actions. 

In the field of alkane reaction simulation research, new simulation methods and 
techniques continue to emerge. Researchers have developed a new reaction Re-
axFF force field (2023-Pt/C/H) to simulate the Pt surface-catalyzed propane de-
hydrogenation reaction on a large scale, and successfully simulated the formation 
process of propylene in the gas phase, as well as the competing reaction scenarios 
generated by H and C [15]. The reaction ReaxFF force field has been used in the 
simulation of propane dehydrogenation on a large scale. The pyrolysis mechanism 
of n-decane and its isomers was investigated by the ReaxFF molecular dynamics 
method, and the effects of isomerization on the initial pyrolysis pathways and the 
formation of major products of straight-chain alkanes were evaluated. It was 
found that the initial pyrolysis of n-decane and its isomers at high temperatures 
mainly proceeded through the cleavage of the C-C and C-H bonds at different 
positions, and that the branched methyl group and the shortened carbon chain 
significantly affected the product distribution [16]. At the same time, the recently 
developed neural network atomic potential was used to carry out large-scale ac-
curate reaction kinetics simulations, and the complex reaction network was sorted 
out in the form of a hierarchical network, so as to elucidate the key features of the 
oxidative dehydrogenation mechanism of light alkanes [17]. 

Based on this, first, the bond dissociation energies of the initial reactions of 
propane pyrolysis are calculated and their carbon and hydrogen bond-breaking 
capacities are initially analyzed. Second, the activation energy data of each radical 
reaction involved in propane pyrolysis are simulated and analyzed. Finally, the 
simulated activation energy data are plotted as energy barrier diagrams to quali-
tatively analyze the main reaction pathways of propane pyrolysis to ethylene and 
propylene. 

2. Experimental and Method 
2.1. Experimental Procedure 

Pyrolysis gas products from hexane were analyzed using Py-GC/MS coupling 
technology. Hexane served as a model compound to replace gaseous propane, in-
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directly validating the propane pyrolysis mechanism. A 5 μL aliquot of analytical-
grade liquid hexane (purity ≥ 99.5%) was placed in a quartz pyrolysis tube. Inert 
quartz wool was used for fixation and sealing to prevent sample volatilization. Af-
ter sealing, the tube was purged with nitrogen gas (flow rate 50 mL/min) for 3 
minutes to remove oxygen. Heat at a rate of 10˚C/min to the target pyrolysis tem-
perature of 800˚C, then hold at this temperature to complete pyrolysis. The gaseous 
products generated during pyrolysis were introduced into the gas chromatograph. 
Chromatographic separation and mass spectrometry enable qualitative and quanti-
tative analysis of product composition, providing experimental data to support in-
vestigations into pyrolysis reaction pathways and selective control mechanisms. 

2.2. Computational Method 

With the support of GaussView software, Gaussian software can be applied in re-
lated fields such as chemistry, biochemistry, and physical chemistry [18]-[21]. 
Gaussian software calculates chemistry using two main methods: molecular me-
chanics methods and electronic structure theory, which in turn includes semi-
empirical methods, ab initio calculations, and density-functional theory methods 
[22]. The M062X/6-31++G(d,p) level of calculation has been shown to give accu-
rate thermodynamic properties and potential heights for hydrocarbons [23]-[26]. 

In this paper, the M06-2X/6-31++G(d,p) method was used to optimize the ge-
ometries of the reactants and products involved in the starting reaction, and all 
optimized structures were subjected to vibrational analysis by frequency calcula-
tions, which determined that there were no imaginary frequencies for either the 
reactants or the products. Transition states were identified using the Transition 
State (TS) method, ensuring that each transition state structure possesses only one 
imaginary frequency. Furthermore, each reaction underwent Intrinsic Reaction 
Coordinate (IRC) validation to ensure an accurate connection between reactants 
and products at every transition state. 

All reaction path calculations were computationally realized using the G09W 
software with the implemented “strict” convergence criteria and “ultra-fine” inte-
gration grid. Figure 1 shows the optimized geometry of the species involved in 
the initial decomposition of propane. 
 

 
Figure 1. The optimized geometry of the species involved in 
the initial decomposition of propane. 
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3. Results and Discussion 
3.1. Product Distribution Analysis of Hexane Pyrolysis 

Since propane is a gas, making experimental control challenging, we supple-
mented the experiment with a pyrolysis study of hexane (another alkane with a 
representative structure). This indirectly validated the core conclusion that the 
primary products of alkane pyrolysis are olefins. 

Tables 1-3 present the product distributions from three experimental pyrolysis 
studies of hexane. Based on the alkane radical chain pyrolysis mechanism, the va-
lidity of propane pyrolysis energy calculations is validated using hexane (an alkane 
homologue) pyrolysis products: The tabulated data indicate that the initial stage 
of hexane pyrolysis is a “primary cracking phase” dominated by radical chain re-
actions: The C-C bonds in the feedstock hexane undergo low-energy-barrier cleav-
age, yielding small-molecule alkanes and alkenes. At this stage, alkenes constitute 
a high proportion and are one of the primary products in the early pyrolysis phase. 
The later stage is the “product evolution phase” dominated by secondary reactions 
of the alkenes: The initially formed alkenes undergo secondary reactions such as 
hydrogenation and addition (e.g., alkenes reacting with radicals to form alkanes), 
leading to a significant decrease in the proportion of alkenes, while small-molecule 
alkanes become the dominant products. This temporal product evolution closely 
aligns with the reaction pathway derived from propane pyrolysis energy barriers, 
indirectly validating the reliability of propane pyrolysis energy calculations and 
providing experimental support for the rationality of the propane pyrolysis reac-
tion mechanism. 

Hexane was selected as the model compound to validate the propane pyrolysis 
mechanism, primarily based on the fact that homologous series of alkanes un-
dergo pyrolysis via a unified radical chain reaction mechanism. Specifically, all un-
dergo C-C/C-H bond cleavage to generate radicals, followed by chain propagation 
through β-scission and hydrogen abstraction reactions, ultimately yielding small-
molecule alkanes and alkenes. This commonality provides a robust theoretical 
foundation for analogical validation. The core reaction pathways and radical evo-
lution patterns of low-carbon alkanes (C3-C6) pyrolysis exhibit high consistency. 
Minor differences in energy barriers due to carbon chain length do not compro-
mise the validity of the mechanism correlation. 

The kinetics of the two processes exhibit distinct differences in cage effects. The 
gas-phase pyrolysis of C3 propane shows no cage effect, with reaction rates pri-
marily governed by molecular diffusion and collision frequency. In contrast, the 
cage effect during liquid-phase pyrolysis of C6 hexane slightly increases radical 
recombination probability, though this effect is significantly weakened at elevated 
temperatures. By precisely correlating the temporal distribution of hexane pyrol-
ysis products with the radical reaction patterns of propane pyrolysis, this study 
effectively addresses the challenge of direct detection in gaseous propane and en-
hances the scientific rigor of mechanism validation. 
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Table 1. Product distribution of hexane pyrolysis experiment 1. 

Entry 
Methane  

% 
Ethane 

% 
Ethylene  

% 
Propane  

% 
Propylene  

% 

i- 
Butane 

% 

n- 
Butane 

% 

trans- 
Butene 

% 
Butene-1% 

i- 
Butylene 

% 

cis-Butylene  
% 

C5-% H2 

1 23.04 1.98 10.2 0.08 2.3 0.33 60.62 0.24 0.1 0.06 0.18 0.87 / 

2 31.57 2.54 12.14 0.09 2.57 0.26 49.34 0.21 0.1 0.05 0.15 0.98 / 

3 29.78 1.92 12.86 0.08 2.67 0.32 50.84 0.21 0.11 0.06 0.14 1.01 46.14 

4 30.44 1.92 13 0.08 2.72 0.3 50.16 0.2 0.11 0.05 0.14 0.88 47.17 

5 27.78 1.98 13.3 0.08 2.87 0.33 52.54 0.22 0.12 0.06 0.16 0.56 48.36 

6 29.33 1.88 12.37 0.07 2.57 0.31 52.14 0.21 0.11 0.06 0.14 0.81 49.2 

7 24.82 1.84 12.12 0.07 2.66 0.35 56.19 0.23 0.11 0.06 0.16 1.39 50.15 

8 24.42 1.84 11.95 0.07 2.61 0.37 57.48 0.24 0.10 0.06 0.16 0.70 50.71 

9 24.79 1.77 11.2 0.07 2.36 0.35 57.94 0.23 0.10 0.06 0.16 0.97 50.7 

10 19.22 1.75 10.61 0.07 2.40 0.38 64.14 0.26 0.10 0.07 0.18 0.82 45.08 

 
Table 2. Product distribution of hexane pyrolysis experiment 2. 

Entry 
Methane 

% 
Ethane 

% 
Ethylene 

% 
Propane 

% 
Propylene  

% 

i- 
Butane 

% 

n- 
Butane 

% 

trans- 
Butene 

% 

Butene-1  
% 

i- 
Butylene 

% 

cis- 
Butylene 

% 
C5-% H2 

1 15.86 1.55 11.55 0.08 2.87 0.43 65.57 0.29 0.13 0.07 0.21 1.39 44.46 

2 16.38 1.72 12.09 0.16 2.94 0.41 64.32 0.29 0.12 0.08 0.20 1.29 45.46 

3 20.41 1.85 12.50 0.09 3.03 0.39 59.56 0.28 0.13 0.08 0.19 1.49 45.16 

4 18.01 1.79 12.11 0.08 2.93 0.39 62.35 0.27 0.11 0.07 0.19 1.70 41.97 

5 22.27 1.98 12.89 0.09 3.17 0.37 56.77 0.26 0.14 0.07 0.19 1.80 42.66 

6 23.04 2.04 13.22 0.67 3.26 0.37 54.74 0.27 0.14 0.11 0.19 1.95 41.85 

7 21.83 2.11 13.97 0.20 3.45 0.36 55.98 0.25 0.13 0.07 0.17 1.48 39.76 

8 24.11 2.13 13.57 0.09 3.35 0.36 54.01 0.25 0.13 0.07 0.17 1.76 38.52 

9 22.05 2.15 14.14 0.10 3.52 0.35 55.22 0.25 0.13 0.07 0.17 1.85 37.77 

10 21.61 2.12 13.96 0.10 3.51 0.36 56.07 0.26 0.14 0.07 0.18 1.62 36.52 

 
Table 3. Product distribution of hexane pyrolysis experiment 3. 

Entry 
Methane  

% 
Ethane  

% 
Ethylene 

% 
Propane 

% 
Propylene 

% 

i- 
Butane 

% 

n- 
Butane 

% 

trans- 
Butene 

% 

Butene-1  
% 

i- 
Butylene 

% 

cis- 
Butylene 

% 
C5-% H2 

1 19.45 1.23 17.82 0.1 2.83 0.33 52.64 0.26 0.2 0.07 0.18 4.89 47.04 

2 23.41 2.3 30.15 0.25 6.46 0.18 28.02 0.2 0.44 0.09 0.15 8.35 37.82 

3 19.85 3.52 30.71 0.41 12.35 0.18 25.57 0.27 0.96 0.17 0.21 5.8 23.7 

4 5.94 0.45 4.32 0.08 1.49 0.54 83.92 0.39 0.16 0.08 0.28 2.36 / 

5 1.79 0.43 3.04 0.05 2.05 0.58 90.46 0.37 0.17 0.08 0.25 0.73 4.96 

6 2.23 0.5 3.20  0.05 2.28 0.66 89.28 0.42 0.19 0.09 0.29 0.81 4.61 

7 1.93 0.45 2.70  0.05 2.07 0.68 90.64 0.42 0.18 0.08 0.29 0.51 3.87 

8 1.31 0.34 2.03 0.04 1.65 0.59 92.62 0.37 0.15 0.07 0.25 0.58 3.36 

9 1.48 0.36 2.02 0.03 1.62 0.66 92.48 0.41 0.15 0.08 0.28 0.43 2.85 

10 1.01 0.28 1.52 0.04 1.28 0.58 94.01 0.37 0.12 0.07 0.25 0.47 2.45 
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3.2. Initial Reactions of Propane Pyrolysis 

To determine the pyrolysis mechanism of propane, it is necessary to study the 
initial reactions of propane pyrolysis. The bond dissociation energy is an im-
portant reference for judging the ease of bond breaking; the larger the bond dis-
sociation energy the less likely it is to break, and vice versa [27]. In terms of com-
putational accuracy, the M06-2X functional demonstrates outstanding perfor-
mance in calculating the thermochemical properties of alkanes, with its predicted 
bond dissociation energy errors typically ≤ 2% [28]. The 6-31++G(d,p) basis set, 
incorporating diffusion and polarization functions, effectively describes the elec-
tron distribution in radical systems. 

Figure 2 shows the calculated bond dissociation energies for the three initial 
pyrolysis pathways of the propane molecule. The C-C bond dissociation energy of 
95.587 kcal/mol obtained in this study is slightly higher than values reported in 
other literature [29] [30]. However, it falls within the reasonable fluctuation range 
of calculations using different DFT methods, with the discrepancy primarily stem-
ming from differences in how the functional describes electron correlation effects. 
The bond dissociation energy of secondary C-H bonds (104.672 kcal/mol) in this 
study is lower than that of primary C-H bonds (108.069 kcal/mol). This aligns 
with the general principle that “secondary carbon free radicals exhibit greater sta-
bility due to hyperconjugation, resulting in lower corresponding bond dissocia-
tion energies” [31] [32]. The bond dissociation energy for the C-C bond is lower 
than that for the C-H bond. Therefore, Path 3 is the kinetically optimal path and 
is the most likely to occur in the initiation reaction. 

Numerical discrepancies arising from different theoretical approaches are nor-
mal phenomena. The findings of this study do not contradict the core consensus 
in the literature: C-C bond dissociation energies are lower than C-H bonds, and 
secondary C-H bonds exhibit lower dissociation energies than primary C-H bonds. 
The methodological choices are based on clear scientific rationale, and the com-
putational data provide a foundation for the future development of alkane pyrol-
ysis technology. 
 

 
Figure 2. Initial reaction path of propane pyrolysis. 
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3.3. Free Radical Reactions of Propane Pyrolysis 

From the experiments, the main products of propane pyrolysis are ethylene, pro-
pylene, hydrogen, methane and ethane [33] [34]. The reaction pathways are sig-
nificantly affected by radical stability and reaction conditions. For example, high 
temperatures may promote homocleavage (initiation phase) and β-breakage (trans-
fer phase), increasing the proportion of ethylene [35]. Low temperatures may in-
hibit C-C bond breaking and promote C-H bond breaking to generate H- and 
propyl radicals. And low pressure reduces the probability of radical collision, de-
creases the termination reaction rate, extends the chain reaction lifetime, and en-
hances the main product selectivity. 

Table 4 shows the various radical reactions involved in the pyrolysis of propane. 
Pyrolysis typically involves a free radical chain reaction consisting of three phases: 
initiation, transfer, and termination [36]. In the initiation phase, the propane mol-
ecule is homolyzed to generate the initial radicals. In the transfer stage, each rad-
ical reacts with the propane molecule to form products and regenerate radicals, 
maintaining the chain cycle. In the termination phase, the termination reaction 
usually requires a high concentration of radicals to occur, and its rate directly af-
fects the duration and product selectivity of the chain reaction. The transition state 
structures involved in the free radical reactions 4, 5, 6...14 are named TS4, TS5, 
TS6...TS14, as shown in Figure 3. 
 
Table 4. Free radical reactions of propane pyrolysis. 

Reaction type Reaction number Free radical reaction 

Chain initiation 

1 C3H8 → n-C3H7• + H• 

2 C3H8 → i-C3H7• + H• 

3 C3H8 → C2H5• + CH3• 

4 C2H5• → C2H4 + H• 

5 n-C3H7• → C3H6 + H• 

6 i-C3H7• → C3H6 + H• 

7 n-C3H7• → C2H4 + CH3• 

8 i-C3H7• → n-C3H7• 

Chain transfer 

9 CH3• + C3H8 → n-C3H7• + CH4 

10 CH3• + C3H8 → i-C3H7• + CH4 

11 C2H5• + C3H8 → n-C3H7• + C2H6 

12 C2H5• + C3H8 → i-C3H7• + C2H6 

13 H• + C3H8 → n-C3H7• + H2 

14 H• + C3H8 → i-C3H7• + H2 

Chain cessation 
15 H• + H• = H2 

16 H• + CH3• = CH4 
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Figure 3. Transition state geometry involved in each free radical reaction. 

3.4. Reaction Path Design and Calculation for Propane Pyrolysis 

Based on the free radical reaction mechanism of propane pyrolysis, four possible 
reaction paths were analyzed and organized for the formation of the products eth-
ylene and propylene. 

As shown in Figure 4 and Figure 5, Pathways 1 and 2 are reactions initiated by 
C-H bond cleavage. Experimental results from propane pyrolysis indicate that the 
primary products are propylene, ethylene, hydrogen, and methane. The initial 
step involves C-H bond cleavage: Path 1 forms n-C3H7•, while Path 2 forms i-
C3H7•. In pathway 1, n-C3H7• generates methane via steps 7 and 9, and produces 
H2 via steps 5 and 13. In pathway 2, i-C3H7• yields corresponding products via 
steps 8 and 10, and steps 6 and 14. The structural difference between n- and i-
propyl radicals leads to distinct product ratios along the two pathways. This rep-
resents the proposed reaction pathways for propane’s primary olefin products. For 
other products, given their minor contributions, predicting their formation would 
be extremely complex and challenging; thus, this is not pursued here. 

 

 
Figure 4. Design of propane pyrolysis path 1. 
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Figure 5. Design of propane pyrolysis path 2. 

 
After inferring the pyrolysis pathway of propane based on its product distribu-

tion, it is necessary to calculate the reaction energy barrier pathway to validate its 
feasibility. The energy barrier diagrams for propane pyrolysis Path 1 and Path 2 
are shown in Figure 6 and Figure 7, respectively, clearly illustrating the energy 
level differences among the reactions. 
 

 
Figure 6. Schematic representation of the reaction energy barriers during the formation of ethylene and propylene in path 1. 

 

 
Figure 7. Schematic of the reaction energy barriers during the formation of ethylene and propylene in path 2. 
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The energy barrier difference between propane pyrolysis Path 1 and Path 2 fun-
damentally stems from the distinct properties of radical structures and reaction 
bonds. During the initial C-H bond cleavage stage, Path 2 exhibits a lower energy 
barrier (104.67 kcal/mol) than Path 1 (108.07 kcal/mol). This arises because the 
isopropyl radical possesses a stronger hyperconjugation effect and a more dis-
persed electron cloud, which weakens the bond energy of the initial C-H bond, 
making it easier to break. 

The difference in product energy barriers is directly related to the bond types 
involved in the reaction. The energy barrier for ethylene formation (approxi-
mately 142.59 kcal/mol) is nearly identical for both pathways because the corre-
sponding β-cleavage involves a terminal C-C bond. This bond exhibits uniform 
electron density distribution and no significant side-chain disturbance affecting 
its bond energy. In contrast, the energy barrier for propylene formation (Path 1: 
149.59 kcal/mol; Path 2: 148.22 kcal/mol) is higher. This is because the corre-
sponding C-C bond is adjacent to a side chain, where the hyperconjugation effect 
stabilizes the bond, increasing the energy required for cleavage. Comparatively, 
ethylene has a slightly lower energy barrier, making its formation more favorable 
during the initial stages of pyrolysis. Among other products, the energy barriers 
for CH4 (Path 1: 151.21 kcal/mol; Path 2: 148.99 kcal/mol) are lower than those 
for H2 (Path 1: 158.80 kcal/mol; Path 2: 156.12 kcal/mol). This stems from CH4 
formation involving radical hydrogen abstraction (single bond transfer, requiring 
lower energy barriers), whereas H2 formation involves dehydrogenation (involv-
ing double electron pair bond breaking, consuming more bond energy). Thus, the 
alkane product CH4 forms earlier than H2. 

From the pyrolysis mechanism perspective, the structural differences of initial 
radicals determine pathway initiation ease, while the height of product energy 
barriers directly corresponds to formation timing. Ethylene (low energy barrier) 
accumulates initially, while propylene and CH4 (medium energy barrier) increase 
as the reaction progresses. H2 (high energy barrier) gains a larger proportion in 
the later stages. These energy barrier differences clearly illustrate pyrolysis pat-
terns: the energy level differences in the energy barrier diagram directly reflect 
reaction priority, fundamentally embodying the pyrolysis principle that “the lower 
the energy barrier, the earlier the product forms”. 

As shown in Figure 8 and Figure 9, pathways 3 and 4 are reactions triggered by 
C-C bond cleavage. Path 3 initiates with the initial C-C bond cleavage of propane 
(distinct from the C-H cleavage in Paths 1 and 2), generating two types of radicals: 
CH3• and C2H5•. After conversion to n-C3H7• via hydrogen abstraction reactions 
(Steps 9, 11, 13), β-cleavage (Step 7) and dehydrogenation (Step 5) concurrently 
yield CH4, C2H4, and C3H6. This pathway centers on multi-radical product evolu-
tion driven by carbon-carbon bond cleavage. Pathway 4 features i-C3H7• as its core 
radical. Due to the insufficient terminal carbon chain length of this branched rad-
ical, direct ethylene formation via β-cleavage is unfeasible. Therefore, only the en-
ergy barrier for propylene generation was calculated: i-C3H7• undergoes dehydro-
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genation in Step 6 to form C3H6. Pathways 4-1 to 4-3 all focus on propylene pro-
duction, demonstrating how the structural properties of branched radicals limit 
product formation. This contrasts with the multi-product pathways of Pathway 3, 
reflecting structurally driven evolutionary differences. 
 

 
Figure 8. Design of propane pyrolysis path 3. 

 

 
Figure 9. Design of propane pyrolysis path 4. 

 
Hydrogen atom abstraction is the core step in radical chain propagation during 

gas-phase alkane pyrolysis. In pathway 3, radicals such as CH3• and C2H5• gener-
ated from the initial C-C bond cleavage of propane abstract hydrogen atoms from 
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the secondary carbon (-CH2) and primary carbon (-CH3) sites of propane mole-
cules within the system, converting them into n-C3H7• to sustain radical chain 
propagation. The secondary carbon hydrogen bond, possessing lower bond en-
ergy and higher electron density, becomes the preferred site for hydrogen abstrac-
tion. This mechanism directly determines the reaction priority for subsequent β-
cleavage to produce products like CH4 and C2H4. The primary sources of hydro-
gen atom abstraction are: 1) Unreacted propane molecules: The main hydrogen 
donor, from which radicals can abstract hydrogen from both secondary and pri-
mary carbon sites. Secondary carbon hydrogen, possessing lower bond energy and 
higher electron density, is the preferred abstraction site. 2) Reaction intermedi-
ates: Generated alkyl radicals such as n-C3H7• can also act as hydrogen donors in 
abstraction reactions, sustaining radical chain propagation. In the gas phase envi-
ronment, molecular diffusion and high-frequency collisions provide ample con-
tact opportunities for these abstraction reactions, ensuring the continuous advance-
ment of the chain reaction.  

The energy barrier diagrams for propane cracking pathways 3 and 4 are de-
picted in Figure 10 and Figure 11, respectively, clearly illustrating the energy level 
differences between the respective reactions. Path 3 initiates with propane C-C 
bond cleavage, whose activation energy (95.59 kcal/mol) is lower than the C-H 
bond cleavages in Paths 1 and 2. This stems from the inherently weaker C-C bond 
energy compared to C-H bonds. In Path 3, the energy barrier for CH4 (109.96 
kcal/mol) is the lowest, as its formation relies on hydrogen abstraction and single-
bond electron transfer, resulting in minimal energy consumption. In contrast, the 
barriers for ethylene (133.63, 137.55, 178.41 kcal/mol) and propylene (126.63, 
130.55, 170.4 kcal/mol) are higher. This is because the β-cleavage of ethylene in-
volves a C-C bond whose bond strength is enhanced by the electron density con-
centration effect from adjacent radicals, requiring higher energy input for cleav-
age. In contrast, the C-C bond corresponding to propylene experiences weaker 
electron density disturbance from radicals. Path 4’s core radical is i-C3H7•. Its 
branched structure cannot undergo β-cleavage to form ethylene, thus yielding 
only propylene and alkane products. Its propylene formation energy barriers 
(132.26, 136.18, 177.03 kcal/mol) are higher than those in Path 3. This is because 
the hyperconjugation effect of the side chain disperses the electron cloud of the 
C-C bond, enhancing bond stability and increasing the fracture energy barrier. 
Conversely, the energy barrier for CH4 in pathway 4 (107.74 kcal/mol) is lower 
than in pathway 3, as the side chain structure of i-C3H7• increases the electron 
cloud density at the hydrogen abstraction site, facilitating the abstraction reaction. 

Regarding pyrolysis mechanisms, the C-C initiation fracture in Path 3 broadens 
the product spectrum. Low-energy hydrogen abstraction first drives alkane for-
mation, followed by β-cleavage yielding alkenes. In contrast, the branched radical 
structure in Path 4 restricts the product range, clearly demonstrating the dual reg-
ulatory role of reactant bond properties and radical structure on pyrolysis energy 
barriers. 
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Figure 10. Schematic of the reaction energy barriers during the formation of ethylene and propylene in 
path 3. 

 

 
Figure 11. Schematic of reaction energy barriers during the formation of ethylene and propylene in Path 4. 
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In summary, based on the previously calculated bond dissociation energies, the 
initial activation energy barrier for C-C bond cleavage in propane molecules is 
lower than that for the C-H cleavage pathway. Pathways 3 and 4 emerge as critical 
pathways, primarily due to the synergistic effect between bond energy differences 
and reaction energy barriers. According to the Arrhenius equation, the lower ac-
tivation energy corresponds to a higher reaction rate constant, enabling C-C ini-
tiation to dominate the kinetics during the early pyrolysis stage. Concurrently, the 
subsequent disproportionation/β-cleavage reactions of the C-C initiated propyl 
radical exhibit product selectivity: the activation energy for ethylene formation is 
significantly lower than that for propylene or methane pathways. This dual char-
acteristic of “low initiation energy barrier + high product selectivity” directly de-
termines ethylene’s dominant position in the overall product composition, mak-
ing it a core target for optimizing pyrolysis products. 

4. Conclusions 

This study focused on the core requirement of producing high-value-added ole-
fins via propane pyrolysis. Using the M06-2X/6-31++G(d,p) method, we com-
pleted theoretical transition state calculations for all radical reactions involved in 
propane pyrolysis. Activation energies for key steps in the propane pyrolysis rad-
ical reaction network were calculated, and a dynamic energy barrier diagram was 
constructed. The study clarifies that the bond dissociation energy for C-C bonds 
in the initial propane reaction is lower than that for C-H bonds. The calculated 
initial reaction dissociation energy of propane C-C bond was 95.587 kcal/mol, and 
the dissociation energy of C-H bond was 108.069/104.672 kcal/mol. Based on this, 
four reaction pathways for ethylene and propylene formation were designed. Con-
currently, it was discovered that the reaction energy barrier for ethylene formation 
is lower than that for propylene and other product pathways, establishing this as 
the core mechanism determining ethylene as the primary product. Finally, these 
findings provide atomic-scale theoretical foundations for controlling propane py-
rolysis product distribution.  

Given that this study focuses on resolving the atomic-scale mechanisms of pro-
pane pyrolysis, it has yet to overcome the limitations of traditional DFT compu-
tational scale and experimental validation depth. Future work will deepen research 
along two dimensions: “machine learning potential function+catalyst develop-
ment”. On one hand, training sets will be constructed based on the high-precision 
DFT data from this study to develop machine learning potential functions, ena-
bling microsecond-scale simulations of million-level radical reaction networks 
and breaking through the limitations of traditional DFT computational scale. Sec-
ond, by integrating dynamic energy barrier regulation mechanisms, we will design 
supported metal oxide catalysts that modulate transition state energy barriers through 
electronic interactions between active sites and radicals, thereby targeting en-
hanced propylene selectivity. 
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