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A B S T R A C T

In this study, we investigates the pyrolysis mechanism of iso-amyl nitrate (iAN) at temperatures ranging from 
400 to 900 K under low-pressure conditions, employing synchrotron vacuum ultraviolet photoionization mass 
spectrometry combined with quantum chemical calculations and reactive force field molecular dynamics 
(ReaxFF-MD) simulations. Key intermediates and products, including formaldehyde, propene, 3-methyl-butyral
dehyde, NO2, and HONO, were identified through photoionization efficiency curves. The results reveal that the 
primary decomposition pathways involve direct O–NO2 bond cleavage, producing NO2 and C5H11O• radicals, 
and C–C bond fission, yielding butyl radicals and CH2ONO2. Subsequent/secondary reactions of these radicals 
lead to the formation of dominant products like formaldehyde. Theoretical calculations highlight the role of 
hydrogen migration pathways, although their contribution is minor compared to direct bond fission. The findings 
provide a comprehensive understanding of iAN pyrolysis, contributing to improved combustion models for ni
trate esters.

Novelty and significance statement
This study provides the first comprehensive, low-pressure pyrolysis 

mechanism for branched-chain iso-amyl nitrate (iAN) using synchrotron 
VUV photoionization mass spectrometry, directly identifying transient 
intermediates. It uniquely combines this with quantum chemical com
putations and ReaxFF-MD simulations to elucidate the influence of 
molecular branching.

It definitively establishes O–NO2 bond cleavage as the dominant 
primary pathway (over minor H-migration), quantifies key products 
(H2CO, C3H6, NO2, HONO), and reveals the non-monotonic NO2 tem
perature profile. These insights are crucial for refining predictive com
bustion models of nitrate ester fuel additives.

1. Introduction

Alkyl organic nitrates (RONO₂) represent a class of highly effective 
fuel additives that find widespread application across multiple 

engineering fields, including diesel fuels, rocket propellants, and mili
tary propulsion systems [1–3]. These additives are particularly valued 
for their advantageous physicochemical properties, notably their low 
boiling points and high cetane numbers, which make them ideal can
didates for enhancing combustion performance. The fundamental action 
mechanism of these nitrate esters involves their unimolecular decom
position into reactive free radicals, which subsequently initiate complex 
chain reactions that significantly influence the overall combustion 
process [4,5]. For instance, the addition of iAN as an ignition promoter 
in pine oil–diesel blends has been shown to significantly shorten ignition 
delay and reduce NOx emissions by 12.8 %, attributable to enhanced 
radical generation and reduced peak heat release rates [6]. This effect 
parallels observations in oxygenated gasoline with exhaust gas recir
culation, where nitric oxide (NO) promotes autoignition at elevated 
temperatures [7], underscoring the broader role of nitrogenous addi
tives in optimizing combustion kinetics and emission performance. 
Recent studies have also demonstrated that the addition of iAN can 
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substantially improves the combustion characteristics of mahua 
ester-diesel blends while simultaneously reducing harmful exhaust 
emissions [8], highlighting their potential as environmentally beneficial 
fuel additives.

Extensive experimental and theoretical investigations have been 
conducted to elucidate the thermal decomposition dynamics of nitrate 
esters under various conditions. Early work by Levy and Adrian [9] 
employed absorption spectroscopy to quantitatively analyze the pyrol
ysis products of n-propyl nitrate at 181◦C, identifying n-propyl nitrite 
and nitromethane as major products along with minor quantities of NO 
and trace amounts of NO2. Griffiths and colleagues [10,11] conducted 
systematic studies of isopropyl nitrate decomposition in a closed reactor 
system, utilizing gas chromatography and mass spectrometry for prod
uct analysis. Their results revealed distinct temperature-dependent 
product distributions: at relatively low temperatures (below 230◦C) 
and moderate pressures (40 kPa), isopropyl nitrite (44 %) and acetal
dehyde (42 %) emerged as primary products, accompanied by trace 
quantities of acetone, nitromethane, and methyl nitrite. In contrast, 
under extreme conditions of high temperature (1030‒1280◦C) and 
elevated pressure (1.4 MPa), the dominant products became smaller 
molecules including H2, N2, CO, CO2, CH4, NO, and H2O. Oxley et al. 
[12] further expanded this understanding through detailed gas chro
matographic analysis of isopropyl nitrate pyrolysis, detecting significant 
yields of methanol and acetaldehyde along with the unexpected for
mation of 2-methyl-2-acrylonitrile. Complementary work by Pritchard 
et al. [13] focused on the pyrolysis of isooctyl nitrate in the temperature 
range of 198‒244◦C, observing formaldehyde, acetaldehyde, propio
naldehyde, and various five-carbon aldehydes as predominant products. 
Most recently, Hou et al. [14] conducted groundbreaking 
low-temperature ignition studies of isopropyl nitrate, demonstrating 
that even under oxidizing conditions, the primary decomposition 
products remain NO2 and isopropoxy radicals.

Despite the varying experimental conditions employed in these 
studies, a fundamental consensus has emerged regarding the initial step 
in nitrate ester decomposition: the homogeneous cleavage of the 
RO–NO2 bond to produce NO2 and alkoxy radicals (RO•) [15]. The high 
reactivity of these alkoxy radicals enables them to participate in diverse 
subsequent reaction pathways, leading to the complex product distri
butions observed experimentally. However, it is crucial to note that the 
relatively high pressures (e.g., 40 kPa) used in many previous studies 
inevitably promoted secondary reactions of these primary products, 
significantly quenching radical species and obscuring the true elemen
tary reaction pathways. This underscores the critical importance of 
developing experimental approaches capable of directly detecting 
transient free radicals and reactive intermediates under conditions that 
minimize secondary reactions, particularly at reduced pressures.

Addressing this need, our recent work [16] employed advanced 
synchrotron vacuum ultraviolet (VUV) photoionization mass spec
trometry to investigate the pyrolysis of n-pentyl nitrate under 
low-pressure conditions. Through careful analysis of photoionization 
efficiency (PIE) curves, we successfully identified several key in
termediates and products, including ethylene, formaldehyde, propene, 
ethenol, NO2, and trans-HONO. These findings not only confirmed the 
classical RO–NO2 bond cleavage pathway but also revealed the signif
icant role of hydrogen migration reactions in initiating alternative 
decomposition channels, thereby providing a more comprehensive un
derstanding of nitrate ester pyrolysis mechanisms.

Building upon these insights, the current study selects iAN as a model 
branched-chain nitrate ester to systematically reinvestigate pyrolysis 
mechanisms, with particular emphasis on understanding how molecular 
branching influences reaction pathways and product distributions. The 
experimental approach combines state-of-the-art photoionization mass 
spectrometry with tunable VUV synchrotron radiation, enabling un
precedented sensitivity for intermediate detection. Through detailed 
analysis of PIE curves for all major products, we achieve unambiguous 
identification of reaction intermediates and products. Furthermore, this 

experimental work is complemented by sophisticated theoretical cal
culations, including high-level quantum chemical computations and 
reactive force field molecular dynamics (ReaxFF-MD) simulations, to 
develop a complete and mechanistically rigorous description of iAN 
thermal decomposition. This integrated experimental-theoretical 
approach provides fundamental insights into the complex reaction net
works governing nitrate ester pyrolysis, with particular attention to the 
unique effects introduced by branched molecular structures.

2. Methods

2.1. Experiments

The pyrolysis experiments of iAN were conducted at the BL09U 
beamline of the National Synchrotron Radiation Laboratory (Hefei, 
China), utilizing a state-of-the-art photoionization mass spectrometry 
system that has been comprehensively described in previous publica
tions [16–18]. The experimental apparatus consisted of a liquid bubble 
feed system for sample introduction, a temperature-controlled Chen-
type pyrolysis microreactor [19] for thermal decomposition, a 
multi-stage differential vacuum system for pressure regulation, and a 
time-of-flight mass spectrometer (TOF-MS) coupled with tunable VUV 
photoionization for product detection.

High-purity iAN (98 %) was purchased from Sigma-Aldrich Inc. and 
was used without further purification. The sample delivery system 
employed a 0.4 % (v/v) mixture of iAN in helium (5 atm total pressure), 
which was introduced into the microreactor at a constant flow rate of 20 
sccm. The pyrolysis microreactor consisted of a 30 mm long silicon 
carbide tube (1 mm inner diameter, 3 mm outer diameter) [20], 
equipped with precision temperature control capabilities spanning 300‒ 
900 K. Based on extensive characterization under analogous experi
mental conditions [21], the operating pressure within the microreactor 
was maintained in the range of several tens of millibar, with calculated 
residence times varying between 10 and 100 microseconds, ensuring 
well-defined reaction conditions while minimizing secondary reactions.

Following pyrolysis, the reaction products underwent supersonic 
expansion through differentially pumped vacuum chambers and skim
mers, and were photoionized by tunable VUV synchrotron radiation 
under ultrahigh vacuum conditions (10− 4 Pa). The photon energy was 
precisely adjustable from 7.0 to 22.5 eV, with the beamline delivering 
exceptional energy resolution (E/ΔE ≈ 3000 at 15 eV) [17] crucial for 
distinguishing isomeric products. The resulting ions were mass-analyzed 
by a high-resolution reflectron TOF mass spectrometer, enabling 
simultaneous detection of all mass-to-charge (m/z) ratios with micro
second temporal resolution. Critical to the success of these experiments 
was the rigorous identification of reaction products and intermediates 
through systematic comparison of measured PIE spectra with extensive 
reference data from established databases [22] and literature reports, 
allowing for unambiguous assignment of species corresponding to each 
m/z peak and quantitative determination of isomeric contributions.

2.2. Computations

To elucidate the detailed pyrolysis mechanism of iAN at the molec
ular level, we employed a comprehensive computational strategy 
combining quantum chemical calculations and reactive molecular dy
namics simulations. Density functional theory (DFT) calculations using 
the B3LYP functional and the 6–311++G(d,p) basis set was used to 
optimize the geometries of all relevant molecular species involved in the 
unimolecular decomposition pathways. These calculations also pro
vided vibrational frequency data essential for characterizing stationary 
points and determining zero-point energy corrections. Intrinsic reaction 
coordinate (IRC) calculations [23,24] at the B3LYP/6–311++G(d,p) 
level were conducted to ensure that each transition state properly con
nects the designed reactants and products along the minimum energy 
path. In addition, to achieve chemical accuracy in relative energetics, we 

T. Yu et al.                                                                                                                                                                                                                                       Combustion and Flame 284 (2026) 114606 

2 



further performed single-point energy calculations using the complete 
basis set method CBS-QB3 [25] using the optimized geometries, which 
systematically accounts for basis set incompleteness and electron cor
relation effects. All quantum chemical calculations were excuted using 
the Gaussian 16 C.01 program package [26].

Complementing these static quantum mechanical approaches, we 
conducted extensive reactive molecular dynamics simulations using the 
ReaxFF-lg force field [27–29], which has been specifically optimized for 
modeling complex chemical reactions in energetic materials. As shown 
in previous studies of fuels pyrolysis [30,31], the ReaxFF methodology 
can offer explicit treatment of bond formation and breaking, capture 
many-body effects in reactive systems, and enable simulation of 
temperature-dependent reaction dynamics over experimentally relevant 
timescales. The force field’s lg variant has been thoroughly validated for 
nitrate ester systems [32–34] and demonstrates particular accuracy in 
describing their decomposition chemistry. In addition, prior to pro
duction simulations, we performed rigorous validation of the ReaxFF-lg 
force field for iAN by comparing calculated bond dissociation curves 
with benchmark DFT results (see Supplementary Materials). This com
parison confirmed that the force field provides a qualitatively reason
able description of bond cleavage processes in the temperature range of 
interest.

In this study, the system was set up in a 5 × 5 × 5 nm³ cubic simu
lation box with a density of 0.1 g/cm³ to simulate low-pressure condi
tions, containing 1170 atoms. All simulations were carried out using 
LAMMPS [35] with a timestep of 0.1 fs. After initial energy minimiza
tion using the conjugate gradient method, the system was equilibrated at 
300 K for 100 ps in the canonical (NVT) ensemble. Then the system was 
quickly heated from 300 K to target temperatures ranging from 1500 K 
to 3000 K (in 100 K steps) over 1 ps, followed by a 1 ns production run at 
each temperature under NVT conditions. Temperature was controlled 
using a Nosé–Hoover thermostat with a damping constant of 100 fs. 
Each temperature simulation was repeated three times to ensure 
reproducibility. Notably, high-temperature simulations are often used in 
pyrolysis modeling [30], because they accelerate chemical reactions by 
increasing molecular kinetic energy, allowing reactions to be observed 
on nanosecond timescales. Bond order data was recorded every 500 
steps and analyzed using ChemTraYzer [36], which identifies chemical 
species and tracks atomic connectivity changes to determine reaction 
pathways.

3. Results and discussion

3.1. Identification of major fragments in the pyrolysis of iso-amyl nitrate

Fig. 1(a) displays the photoionization mass spectrum of iAN at 400 K 
under 11.5 eV VUV photon energy. At this temperature, thermal 
decomposition is negligible, so all observed ions result from dissociative 
photoionization of iAN. Notably, the parent ion peak (m/z 133) is ab
sent, indicating extensitve fragmentation. Instead, the dominant peaks 
correspond to C4H9

+ (m/z 57), C5H9
+ (m/z 69), and CH2ONO2

+ (m/z 76). 
Since this study does not focus on dissociative photoionization, the 
fragmentation pathways of iso-amyl nitrate ions are not analyzed here.

When temperature is increased to 700 K, additional fragment peaks 
appears in the photoionization mass spectrum (Fig. 1b). The intensities 
of the dissociative photoionization products, C4H9

+ (m/z 57), C5H9
+ (m/z 

69), and CH2ONO2
+ (m/z 76), decrease significantly. The relative in

tensity ratio of C4H9
+:C5H9

+:CH2ONO2
+ shifts from 60:28:12 at 400 K to 

78:14:8 at 700 K, indicating enhanced C4H9
+ formation, likely due to 

pyrolysis. Furthermore, new peaks emerge at m/z 30, 42, 44, 46, 47, 56, 
58, 70 and 86, confirming the thermal decomposition of iAN at this 
elevated temperature.

To identify the species corresponding to each m/z signal, we recor
ded PIE curves for major fragments and directly compared them with 
literature data [37], where an uncertainty of ±20 % has been estimated 
in different experiments. Fig. 2 presents PIE results for the most abun
dant fragments (m/z 30, 42, 44, 46, 56, and 57). As shown in Fig. 2(d), 
the PIE onset for m/z 46 is located at 9.58 eV, which aligns well with the 
adiabatic ionization energy (IEa) of NO2 (9.586±0.002 eV) from the 
NIST database [38]. The PIE curve shape further agrees with reported 
NO2 data [39] (red line in Fig. 2a), further confirming NO2 as the pri
mary contributor to m/z 46. This observation directly evidences 
RO–NO2 bond cleavage (R1 in Table 1) during pyrolysis. In contrast, 
only trace amounts of the corresponding (CH3)2CH(CH2)2O• (C5H11O•) 
radical (m/z 87) were detected (Fig. 1b), suggesting its rapid 
dissociation.

For the m/z 30 and 42, the current PIE curves aligh well with the 
reported results of formaldehyde [40] and propene [41], respectively, as 
shown in Fig. 2(a) and (b). Moreover, the measured PIE onsets (10.86 eV 
and 9.71 eV, respectively) are greatly consistent with the NIST values for 
formaldehyde (10.88±0.01 eV) and propene (9.73±0.01 eV) [42], 
further supporting these assignments. In addition, the m/z 30 PIE curve 
also shows a minor growth below 10.6 eV (Fig. 2a), in align with nitric 
oxide [43], indicating secondary NO formation from NO2 reactions.

The m/z 44 signal (Fig. 2d) is attributed to both ethenol and acet
aldehyde, with PIE onsets at 9.32 eV and 10.19 eV, respectively. These 
values closely match the reported IEa values of ethenol (9.33±0.01 eV) 
and acetaldehyde (10.229±0.007 eV) [41]. Furthermore, the combined 
PIE contributions of these two species fully reproduce the experimental 
curve as shown in Fig. 2(d), confirming their presence. For m/z 56 
(Fig. 2e), the PIE onset of ~9.20 eV and curve shape align with isobu
tylene (IEa = 9.22 eV [44]), identifying it as the dominant contributor. 
The m/z 57 PIE curve (Fig. 2f) exhibits an onset at ~9.5 eV, which is 
approximately 1.2 eV higher than the IEa of isobutyl radical (8.31 eV) 
[45,46]. This discrepancy, also observed in the n-pentyl nitrate pyrolysis 
[16], arises from competitive shifts in multi-channel decomposition 
pathways. Above 10.7 eV, the sharp intensity increase reflects disso
ciative photoionization of iAN.

The PIE curves for minor fragments, m/z 47, 58, 70 and 86, are 
presented in Fig. 3. The m/z 47 signal (Fig. 3a) greatly matchs the PIE 
cuve of trans-HONO reported by Taatjes et al. [47], with an onset at 
10.94 eV, which is consistent with previous n-pentyl nitrate pyrolysis 
studies [16]. Given the high activation barriers for hydrogen-abstraction 
from formaldehyde (57.45 kJ/mol [48]) and propene (78.24 kJ/mol 
[49]), trans-HONO formation via these pathways is unlikely under our 
short-residence-time conditions. Instead, its detection directly supports 
the another decomposition pathway. The corresponding coproduct, 

Fig. 1. Photoionization mass spectra of iso-amyl nitrate measured at 400 K (a) 
and 700 K (b) with the photon energy of 11.5 eV.
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3-methyl-butyraldehyde (m/z 86), is identified through PIE onsets at 
9.18 eV and 9.72 eV, respectively (Fig. 3d). These align with literature 
values for 4-penten-2-ol (9.38±0.05 eV) [50] and 3-methyl-butyralde
hyde (9.697±0.005 eV) [51], where the lower threshold may reflect 
kinetic shift during isomerization from 3-methyl-butyraldehyde to 
4-penten-2-ol.

For m/z 58 (Fig. 3b), the PIE curve is well reproduced by combined 
contributions from acetone [52] and propanal [53]. The m/z 70 signal 
(Fig. 3c) exhibits an onset at ~9.5 eV, matching the IEa of 3-methyl-bu
tene (9.52±0.03 eV [44,54]) and supporting its assignment.

3.2. Temperature-dependent fragmentation pathways of iso-amyl nitrate

Based on the above assignments, we further performed temperature- 
dependent measurements within the range of 400–900 K. The corre
sponding mass spectra are shown in Fig. S1, and the relative intensities 
of major fragments are listed in Table S1. For comparison, in Fig. 4 we 
plot the relative abundances of major fragments, CH2O (m/z 30), C3H6 
(m/z 42), NO2 (m/z 46), HONO (m/z 47), C4H8 (m/z 56) and C4H9• (m/z 
57), as a function of temperature.

Below 700 K, the mass spectrum is dominated by C4H9
+ (m/z 57), 

C5H9
+ (m/z 69), and CH2ONO2

+ (m/z 76), characteristic of dissociative 
photoionization. Notably absent is nitroalkane, which was observed 
with a comparable quantity in comparable studies [8–11], suggesting its 
formation may require higher-pressure secondary reactions. Above 700 
K, pyrolysis becomes the primary fragmentation pathway. Formalde
hyde (CH2O, m/z 30) appears as the dominant product, consistent with 
the previous finding [10,11]. Both CH2O (m/z 30) and propene (C3H6, 
m/z 42) show increasing relative abundances with temperature, 
collectively accounting for over 60 % of fragments above 800 K. The 
relative abundances of isobutylene (C4H8, m/z 56) and the isobutyl 
radical (C4H9•, m/z 57) are small and remain almost unchanged with 
temperature. In contrast, NO2 (m/z 46), exhibit decreasing trends with 
rising temperature. The opposite temperature dependencies of NO2 (m/z 
46), CH2O (m/z 30) and C4H9• (m/z 57) indicate significant secondary 
reactions among primary fragments, even under our low-pressure 
conditions.

3.3. Thermal decomposition pathways of iso-amyl nitrate

Generally, the primary decomposition of iAN can proceed through 
direct bond cleavages (R1-R5) or isomeraition-mediated decomposition 
pathways (R6-R8). As shown in Table 1, CBS-QB3 calculations at 0 K 
reveal that the isomerization pathways are thermodynamically favored 
over simple bond-fission reactions. However, the actual contribution of 
each pathway is governed by kinetic factors, particularly the associated 
barrier heights. This underscores the necessity of identifying and 

Fig. 2. Photoionization efficiency (PIE) curves of the m/z 30, 42, 44, 46, 56 and 57 fragments produced in the pyrolysis of iso-amyl nitrate, as well as the previous PIE 
data in references shown in color solid lines.

Table 1 
The primary decomposition pathways of iso-amyl nitrate, with the heat of re
actions and energy barriers at 0 K relative to iso-amyl nitrate (in kcal⋅mol− 1), 
calculated at the CBS-QB3 level.

# pathways heat of 
reactions

energy 
barriers

Description

R1 (CH3)2CH(CH2)2O• +

NO2

43.0 43.0 N–O bond fission

R2 (CH3)2CH(CH2)2• +

•ONO2

83.7 83.7 C–O bond fission

R3 (CH3)2CHCH2• +

•CH2ONO2

52.2 52.2 C–C bond fission

R4 (CH3)2CH• +

•CH2CH2ONO2

90.4 90.4 C–C bond fission

R5 CH3• + • CH3CH 
(CH2)2ONO2

90.5 90.5 C–C bond fission

R6 CH3CH2CH3 + •

CH––CH2ONO2

23.9 91.5 propane formation

R7 (CH3)2CHCH2CHO +
trans-HONO

− 20.2 40.9 3-methyl- 
butyraldehyde 
formation

R8 (CH3)2CHCH––CH2 +

HONO2

15.8 59.0 3-methyl-butene 
formation

R9 CH3CH––CH2 +

CH3CH2ONO2

20.6 108.6 propene formation
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characterizing the transition states for these primary decomposition 
channels to fully elucidate the thermal decomposition mechanism of 
iAN.

Fig. 5 presents the primary decomposition routes of iAN that account 
for the experimentally observed fragments. Since the conformational 
isomers of iAN demonstrate nearly degenerate energies (ΔE < 0.4 
kcal⋅mol− 1 at the CBS-QB3 level) and low interconversion barriers (~2 
kcal⋅mol− 1), only the most stable conformer is depicted. As indicated in 
Fig. 5, the direct bond cleavages pathways (R1-R5) proceed without 
classical transition states, with channels being substantially 

endothermic. RO‒NO2 bond fission (R1) requires 43.0 kcal⋅mol− 1, C–O 
bond breaking (R2) demonds 83.7 kcal⋅mol− 1, while the C–C bond 
ruptures (R3-R5) necessitate 52.2 kcal⋅mol− 1 (iso‑butyl‑loss pathway, 
R3), 90.4 kcal⋅mol− 1 (iso-propyl, R4), and 90.5 kcal⋅mol− 1 (methyl loss, 
R5), respectively. Among these pathways, R1 is the most kinetically 
favorable route, consistent with the observed predominant formation of 
NO2 as a primary decomposition product.

The thermal decomposition of iAN also proceeds through significant 
isomerization-mediated pathways, as evidenced by hydrogen-atom 
migration mechanisms analogous to those observed in n-pentyl nitrate 
pyrolysis [16]. Our calculations reveal that α-hydrogen migration to the 
terminal oxygen followed by N–O bond cleavage (R7) represents the 
most favorable pathway, exhibiting a barrier of 40.9 kcal⋅mol− 1 (TS1) 
and yielding nitrous acid (trans-HONO, m/z 47) and 3-methyl-butyralde
hyde ((CH3)2CHCH2CHO, m/z 86) through an exothermic process (20.2 
kcal⋅mol− 1). In contrast, β-hydrogen migration with subsequent C–O 
cleavage (R8) requires a higher barrier (59.0 kcal⋅mol− 1, TS2) and 
produces nitric acid (HNO3 m/z 63) and 3-methyl-butene 
((CH3)2CHCH––CH2, m/z 70) via a mildly endothermic process (15.8 
kcal⋅mol− 1). Notably, the produced HNO3 will decompose to NO2

+

fragment ions upon ionization [55] (IEa = 11.95 eV [56]). This suggests 
that both R1 and R8 may contribute to experimental NO2

+ signals. In 
addition, the experimental detection of trans-HONO (m/z 47), 3-meth
yl-butyraldehyde (m/z 86) and 3-methyl-butene (m/z 70) confirms the 
occurrence of the R7 and R8 pathways. The keto-enol isomerization of 
3-methyl-butyraldehyde can potentially explain the experimental for
mation of 3-methylcyclobutanol. Alternative pathways, R6 and R9, 
generating propane (m/z 44) and C3H6 (m/z 42) fragments, respectively, 
are thermodynamically disfavored and unlikely under present condi
tions, due to their too high barriers of 91.5 and 108.6 kcal⋅mol− 1.

In comparison to the pyrolysis of n-pentyl nitrate [16] under similar 

Fig. 3. Photoionization efficiency curves for the m/z 47, 58, 70, and 86 fragments, as well as the previous PIE data in references shown in color solid lines.

Fig 4. The relative abundances of the m/z 30, 42, 46, 47, 56 and 57 fragments 
in the pyrolysis of iso-amyl nitrate with temperatures.
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conditions, molecular branching of iAN alters the local environment 
around the nitrate group and the distribution of accessible α-hydrogens. 
While hydrogen migration pathways (R6-R8) are generally less 
competitive than direct RO–NO2 cleavage (R1), different branching 
structures in nitrate esters can give rise to distinct sets of accessible re
action channels, thereby shaping the subsequent decomposition chem
istry. Additionally, this branching of iAN further influences subsequent 
fragmentation steps and shifts the relative yields of olefins. For example, 
the higher abundance of C3H6 relative to C4H8 was observed experi
mentally (Fig. 4).

The decomposition of primary fragments leads to subsequent gen
eration of secondary species, as illustrated in Fig. 6 for the CBS-QB3 
calculated pathways of iso-pentyloxy radicals (C5H11O•, from R1) and 
(CH3)2CHCH2CHO (from R7). Following established radical decompo
sition patterns [10–13], β-C-C bond cleavage in iso-pentyloxy radicals 
produces formaldehyde (m/z 30) and C4H9• radicals ((CH3)2CHCH2•, 
m/z 57) through a 13.8 kcal⋅mol− 1 (TS8) barrier process, resulting in an 
overall 56.8 kcal⋅mol− 1 barrier for the overall iAN → 
NO2+CH2O+C4H9• transformation. In contrast, the direct dissociation 
of iAN → CH2ONO2+ C4H9• (R3) is slightly favorable at 52.2 
kcal⋅mol− 1. Alternatively, iso-pentyloxy radicals may undergo 
higher-barrier (69.1 kcal⋅mol− 1) three-step (TS5-TS6-TS7) isomeriza
tion and cleavage to form propene (C3H6, m/z 42) and •CH2CH2OH 
radicals, though this pathway is strongly kinetically disfavored under 
the present experimental conditions.

The primary R7 product, 3-methyl-butyraldehyde 
((CH3)2CHCH2CHO, m/z 86), undergoes subsequent decomposition/ 
isomerization through four possible pathways, as shown in Fig. 6(b). The 
predominant route yields propene (C3H6, m/z 42) and ethenol 
(CH2CHOH, m/z 44) via an activation barrier (TS10) of only 32.4 
kcal⋅mol− 1 and an overall reaction heat of 6.2 kcal⋅mol− 1 for the com
plete transformation, iAN → trans-HONO+C3H6+CH2CHOH. A 
competitive secondary decomposition channel producing formaldehyde 
(m/z 30) and 2-methyl-propene ((CH3)2C––CH2, m/z 56) exhibits a 
higher barrier of 42.5 kcal⋅mol− 1, comparable to the primary TS1 en
ergy. The other isomerization or fragmentation pathways are impeded 
due to their too high barriers, e.g., 62.1 kcal⋅mol− 1 for TS12 and 60.8 kcal⋅mol− 1 for TS13. Obviously, the significantly lower barrier for 

Fig. 5. Calculated primary fragmentation pathways of iso-amyl nitrate at the CBS-QB3 level. The energies are relative to iso-amyl nitrate. The dash lines show the 
direct bond-fission pathways, while the solid lines indicate the H-migration/dissociation channels.

Fig. 6. Subsequent decomposition pathways of two primary fragments in the 
pyrolysis of iso-amyl nitrate, where the relative energies to iso-amyl nitrate are 
calculated at the CBS-QB3 level.

T. Yu et al.                                                                                                                                                                                                                                       Combustion and Flame 284 (2026) 114606 

6 



propene/ethenol formation indicates these products arise predomi
nantly through direct decomposition of primary fragments following R7 
initiation, rather than through other fragmentation pathways.

3.4. Molecular dynamics simulations of the pyrolysis of iso-amyl nitrate

Based on the above reaction pathways and and CBS-QB3 energies, 
the reaction rate constants k(T) for the major product channels (R1, R3, 
R7 and R8) over 200–2000 K and 0.001–100 atm were calculated using 
the RRKM/master-equation (RRKM/ME) method. The results were 
plotted in Fig. S2 of Supplementary Materials. However, the micro
reactor in present experiments was different from the Jacketed Stirred 
Reactor (JSR), and reactants were not ideally mixed, leading to inevi
table interfacial effects (and related gradients). In this context, a direct 
comparison between the RRKM results and the experimental findings is 
rather tenuous.

Instead, the ReaxFF-MD simulations can provide crucial insights into 
the complex reaction network of iAN pyrolysis, complementing the 
experimental and quantum chemical results. Despite the low-pressure 
conditions, secondary reactions of primary fragments are indeed 
observed in the simulations. Notably, our computational results indicate 
that the R1 pathway (RO–NO2 bond cleavage) overwhelmingly domi
nates the primary decomposition, with a branching ratio exceeding 99 
%, even though its endothermicity slightly exceeds that of TS1 in the R7 
pathway. This predominance can be mainly attributed to the lowest 
dissociation energy of the RO–NO2 bond among all feasible channels 
(R1-R5), as well as its entropic favorability under high-temperature 
molecular dynamics simulations. While minor channels (R3, R5, and 
R7) are experimentally detectable, their contributions remain limited in 
the simulations.

The subsequent fate of the iso-pentyloxy radical (C5H11O•) follows 
two competitive pathways (Fig. 7): the dominant formaldehyde elimi
nation yielding C4H9• radicals, and a minor hydrogen-migration route, 
which are both consistent with quantum chemical predictions (Fig. 6a). 
Further fragmentation of the C4H9• radical ((CH3)2CHCH2•) generates 
C3H6 and C4H8 alkenes, providing additional mechanistic details to the 
alkene formation pathways illustrated in Fig. 5a and b. These simulation 
results not only validate the quantum chemical predictions but also offer 
a more complete picture of the complex decomposition network under 
pyrolysis conditions.

Fig. 4 reveals a characteristic rise-and-fall temperature dependence 
for NO2 concentration in the experimental range (500–1000 K), con
trasting with the monotonic trends of CH2O and C3H6 (increasing) or 
C4H9• radicals (decreasing). Although our ReaxFF simulations were 
performed at higher temperatures (1500–3000 K), the NO2 profile in 
Fig. 8(a) exhibits a qualitatively similar non-monotonic trend, suggest
ing that analogous kinetic mechanisms may govern its behavior across 
both temperature regimes.

The non-monotonic NO2 profile (Fig. 4) can be attributed to 
competing generation and consumption processes. While primary NO2 
production mainly occurs through O–N bond cleavage, ReaxFF-MD 
simulations at 3000 K (Fig. 8(b); other temperatures in Supplementary 
Materials) reveal three major consumption pathways: NO formation 
(34.6 %), H-abstraction (28.5 %), and association reactions (36.2 %). 
These consumption channels compete with ongoing NO2 generation via 
N–O bond cleavage. The temperature-dependent net concentration 
profile, showing a distinct maximum (Fig. 8(a)), is consistent with a 
scenario where NO2 consumption becomes increasingly efficient relative 
to its production at elevated temperatures.

Notbaly, the present simulations predict a significantly higher rela
tive abundance of NO2 compared to the experiments, indicating a 
quantitative discrepancy in the species distributions. This inconsistence 
might stem from the non-negligible influence of secondary reactions or 
more fragmentations caused by the higher temperature used in the MD 
simulations.

For quantitative comparison of species concentrations (NO2, CH2O, 
C3H6, C4H8, and HONO; see Supplementary Materials), we used CH2O as 
the reference species. In the simulations, CH2O consistently exhibited an 
initial rise followed by stabilization, allowing the time point of its sta
bilization to serve as a reference for determining the concentrations of 
other species. We note, however, this procedure involves a determina
tion of the reference point. For species that evolve rapidly or have low 
abundances, this approach may introduce relatively large uncertainties. 
Therefore, employing larger simulation systems together with averaging 
over multiple independent runs would help provide more reliable and 
statistically robust results.

In addition, although the qualitatively consistent results were ob
tained between the present experiments and ReaxFF MD simulations, 
the higher temperature used in the simulations could alter the relative 
branching ratios of different reaction pathways, particularly minor ones, 
limiting quantitative alignment with low-temperature experimental re
sults. This might be another important reason for the quantitative 
inconsistency of the observed experimental and simulated quantitative 
results.

4. Conclusions

The decomposition of iAN was comprehend-sively investigated 
within a microreactor at temperatures ranging from 400 to 900 K and 
pressures of several tens of torr, using synchrotron VUV photoionization 
mass spectrometry. Major products and intermediates, including form
aldehyde, propene, ethenol, acetaldehyde, 3-methyl-butene, 3-methyl- 
butyraldehyde, 3-methylcyclobutanol, NO2 and trans-HONO, were 
identified by analyzing their PIE curves and IEa values.

Quantum chemical calculations and ReaxFF-MD simulations 
revealed that the primary decomposition occurs via O–NO2 bond 

Fig. 7. Dominant reaction pathways of the pyrolysis of iso-amyl nitrate.

T. Yu et al.                                                                                                                                                                                                                                       Combustion and Flame 284 (2026) 114606 

7 



cleavage, generating NO2 and C5H11O• radicals, and C–C bond fission, 
producing butyl radicals and CH2ONO2. While hydrogen migration 
pathways were identified, their contribution was found to be minor 
compared to direct bond cleavage. The temperature-dependent behavior 
of NO2, characterized by an initial rise and subsequent decline, was 
attributed to competing generation and consumption processes. These 
insights advance the mechanistic understanding of nitrate ester pyrol
ysis and offer valuable data for the thermal stability control of energetic 
materials and the optimization of nitrate ester–based fuel additives. The 
study under-scores the importance of both bond fission and hydrogen 
migration in driving the pyrolysis process, with implications for appli
cations in fuel additives and energetic materials. In addition, the inte
gration of quantum chemical calculations with ReaxFF-MD simulations 
provides an effective methodology for elucidating both the elementary 
reaction steps and their dynamic interplay during pyrolysis.

Supplementary materials: Temperature-dependent TOF mass spectra 
of iso-amyl nitrate in the temperature range of 400‒900 K at a photon 
energy of 11.5 eV; Relative intensities of major mass species; 
Temperature-dependent profiles of CH2O, C3H6, C4H8, and HONO ob
tained from ReaxFF-lg MD simulations; Cartesian Coordinates, vibra
tional frequencies, electronic energy and rotational constants of iso-amyl 
nitrate.
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