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a b s t r a c t 

Nitrates are a potential class of substances as cetane improvers of diesel fuel and are critical raw mate- 

rials for some military explosives. Thus, an in-depth investigation of the thermal decomposition mecha- 

nism of nitrates is important for further improving their effects. Herein, a combination of experimental 

and computational studies was performed for the pyrolysis of n -pentyl nitrate in the temperature range 

of 40 0–90 0 K. Using synchrotron radiation vacuum ultraviolet photoionization, some intermediates and 

products, such as ethylene, formaldehyde, propene, ethenol, pentanal, NO 2 , and HONO, were identified 

according to their photoionization efficiency curves. Quantum chemical calculations at the CBS-QB3 level 

were conducted to elucidate the overall reaction mechanism of n -pentyl nitrate pyrolysis. Along the di- 

rect bond fission of n -pentyl nitrate, primary products, C 5 H 11 O • radical and NO 2 , and butyl radical and 

CH 2 ONO 2 , can further dissociate into many products, in which formaldehyde is the most dominant. In 

addition, two hydrogen-atom migration channels followed by decomposition are verified for the decom- 

position of n -pentyl nitrate according to the observation of trans -HONO, pentanal, and 1-pentene. These 

evidences highlight that both bond fission and hydrogen migration play comparable roles as potential 

driving forces in the pyrolysis of n -pentyl nitrate at low pressure. This thermal decomposition mech- 

anism of n- pentyl nitrate provides some useful clues for developing combustion models of long chain 

nitrates in future. 

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Organic nitrates (RONO 2 ), such as nitroglycerine, pentaerythrite, 

nd tetranitrate, are extensively used as explosives and propellants 

n engineering, rocket launching, and defense construction [1–3] . 

rganic nitrates usually have a low boiling point and low cetane 

umber (CN) and can generate chain-initiating radicals during de- 

omposition [4 , 5] . Thus, they can improve the combustion proper- 

ies of diesel fuel and are commonly used as fuel additives. 

To acquire in-depth knowledge about the thermal decomposi- 

ion kinetics of nitrate ester, some experimental and theoretical in- 

estigations have been conducted. Levy and Adrian [6] measured 

he absorption spectroscopy of major products from the thermal 

ecomposition of n-propyl nitrate at 181 °C, where the nitrogen- 
∗ Corresponding authors. 

E-mail addresses: xzhou@ustc.edu.cn (X. Zhou), zhdwang@ustc.edu.cn (Z. Wang) . 
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ontaining products were quantified. Approximately equal amounts 

f n-propyl nitrite and nitromethane were observed, as well as a 

mall quantity of NO and the traced amount of NO 2 . In contrast, 

he cleavage behavior of isopropyl nitrate was quite different due 

o the presence of substituents on the α-C atom. Griffiths et al. 

7 , 8] performed pyrolysis experiments on isopropyl nitrate in a 

losed rector using gas chromatography and mass spectrometry. At 

emperatures below 230 °C and 40 kPa, they observed isopropyl ni- 

rite (44%) and acetaldehyde (42%) as predominant products, with 

mall amounts of acetone, nitromethane, and methyl nitrite. When 

he temperature was increased to 1030–1280 °C with a high pres- 

ure of 1.4 MPa, small molecule products became dominant, e.g., 

 2 , N 2 , CO, CO 2 , CH 4 , NO and H 2 O. A multistep dissociation mech-

nism was then proposed in which a key intermediate, isopropoxy 

adical, initially produced from direct RO 

–NO 2 bond breaking, can 

eact with NO to form isopropyl nitrite, or produce acetaldehyde by 

H 3 -loss and acetone by H-loss. Recently, Oxley et al. [9] reinves- 

igated the thermal decomposition of isopropyl nitrate, isopropyl 

lcohol, acetone, ethanol, and ethanediol, and certain amounts of 
. 

https://doi.org/10.1016/j.combustflame.2022.112576
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2022.112576&domain=pdf
mailto:xzhou@ustc.edu.cn
mailto:zhdwang@ustc.edu.cn
https://doi.org/10.1016/j.combustflame.2022.112576
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Table 1 

The primary decomposition pathways of n -pentyl nitrate, with the corresponding energies relative to neutral n -pentyl nitrate, 

calculated at the CBS-QB3 level. 

Pathways relative energy /kcal ·mol −1 description 

R1 CH 3 (CH 2 ) 4 O • + NO 2 43.1 N–O bond fission 

R2 CH 3 (CH 2 ) 3 CH 2 • + • ONO 2 88.2 C–O bond fission 

R3 CH 3 (CH 2 ) 2 CH 2 • + • CH 2 ONO 2 52.9 C–C bond fission 

R4 CH 3 CH 2 CH 2 • + • CH 2 CH 2 ONO 2 91.5 C–C bond fission 

R5 CH 3 CH 2 • + • CH 2 (CH 2 ) 2 ONO 2 89.2 C–C bond fission 

R6 CH 3 • + • CH 2 (CH 2 ) 3 ONO 2 90.4 C–C bond fission 

R7 CH 3 (CH 2 ) 3 CHO + trans- HONO −19.3 pentanal formation 

R8 CH 3 (CH 2 ) 2 CH 

= CH 2 + HONO 2 16.0 1-pentene formation 
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ethanol and acetaldehyde were all observed in the gas chromato- 

raph, as well as 2-methyl-2-acrylonitrile. In addition, Pritchard- 

ad et al. [10] studied the pyrolysis of isooctyl nitrate in the tem- 

erature range of 198–244 °C. The major products were formalde- 

yde, acetaldehyde, propionaldehyde, and aldehydes with five car- 

on atoms. More recently, Morin and Bedjanian et al. [11–13] per- 

ormed a systematic investigation on the pyrolysis of ethyl, iso- 

ropyl, n- propyl and n–butyl nitrates using flow reaction tubes. For 

hermal decomposition of these nitrates, the primary product, NO 2 , 

as directly observed with a high yield of nearly unity. The alkoxy 

adical as the other product of RO 

–NO 2 bond fission was also iden- 

ified and quantified, although they were not directly observed in 

ass spectrometer. In addition, the rate constant of nitrate ther- 

al decomposition was measured as a function of pressure and 

emperature. 

Apparently, there are some inconsistencies with the pyrolysis 

roduct species of nitrate in the previous studies, although the 

ate-controlling step is generally thought to be the homogeneous 

leavage of the RO 

–NO 2 bond to produce NO 2 and alkoxy radicals 

RO • ), according to its low activation energy of ∼167 kJ/mol [14] .

otably, RO • radicals play a vital role as essential intermediates in 

ombustion and atmospheric chemistry, and they can be further 

onverted to other products via unimolecular decomposition, iso- 

erization, or reaction with oxygen. These diverse reactions trig- 

ered by RO • lead to the varied products observed in the previous 

xperiments. It is worth noting that except for NO 2 , no directly ex- 

erimental observation was reported for the other primary prod- 

cts, such as alkoxy radicals from RO 

–NO 2 bond fission, • ONO 2 

rom C 

–O bond rupture, and • CH 2 ONO 2 from C 

–C bond breaking.

oreover, no complete potential energy surface was reported for 

he pyrolysis of n- pentyl nitrate. Thus, although the pyrolysis rate 

onstants and reaction products of several alkyl nitrates under low 

ressure and a certain temperature range were measured [11–13] , 

he thermal decomposition mechanism of n -pentyl nitrate is still 

otentially controversial, as secondary reactions might have con- 

iderable influence on the observed product species. Consequently, 

he limited results of the previous studies are not sufficient to sup- 

ort a credible and consistent pyrolysis mechanism of alkyl nitrate 

ver a relatively large temperature range. 

In this work, we chose n -pentyl nitrate as a representative to 

einvestigate the pyrolysis mechanism of organic nitrates with a 

oderate carbon chain length. To better observe intermediates, 

e applied a synchrotron vacuum ultraviolet photoionization mass 

pectrometer (SVUV-PIMS) to detect products and intermediates of 

 -pentyl nitrate pyrolysis in a temperature-controlled microreactor, 

n which a relatively low pressure was kept to suppress the most 

econdary reactions as much as possible. By recording and analyz- 

ng the photoionization efficiency (PIE) curve of each species, the 

ain products and a few intermediates were identified with the 

elp of well-identified PIE curves of some molecules. With the aid 

f quantum chemical calculations, the primary thermal decompo- 

ition mechanism of n -pentyl nitrate is proposed, considering the 

p

2 
 

–C, C 

–O and N 

–O bond breaking, together with isomerization- 

ecomposition steps, as listed in Table 1 . 

. Experimental and computational methods 

The pyrolysis experiments of n -pentyl nitrate were carried out 

t the atomic & molecular physics beamline (BL09U), National Syn- 

hrotron Radiation Laboratory in Hefei. Vacuum ultraviolet (VUV) 

hotons from an undulator of an 800 MeV electron-storage ring 

ere dispersed with a 6 m-long monochromator with a 370 

rooves •mm 

−1 spherical grating. The photon energy ranged from 

.0 to 22.5 eV with an energy-resolving power (E/ �E) of ∼30 0 0 

t 15 eV [15] . The experimental setup consisted of a liquid bub- 

le feed system, a temperature-controlled pyrolysis microreactor, 

 sampling cone unit, a differential vacuum chamber, and a pho- 

oionization chamber with a reflectron time-of-flight mass spec- 

rometer (TOF-MS). n -Pentyl nitrate (98%) was purchased from 

igma–Aldrich Inc. and was used without further purification. A 

as mixture of 0.4% (volume percentage) n -pentyl nitrate in he- 

ium (5 atm) was prepared in a stainless steel tube at a flow 

ate of 20 sccm. To identify dissociative photoionization fragments 

f n -pentyl nitrate, the comparative mass spectra were recorded 

t room temperature without pyrolysis. A temperature-controlled 

hen-type pyrolysis microreactor [16] was applied to perform the 

hermal decomposition of n -pentyl nitrate at temperatures up to 

00 K. In this microreactor (30 mm long heated silicon carbide 

ube), the pressure was roughly a few tens of mbar, and the res- 

dence time was estimated to be 10–100 μs [17] . The gas mix- 

ure from the reactor was expanded to a high vacuum chamber 

10 −4 Pa), where the neutral species were photoionized by VUV 

hotons. More detailed experimental conditions were listed in Ta- 

le S1 of the supporting information. 

The experimental PIE curves of the major products were 

irectly compared with the previously reported curves in the 

atabase [18] . By slightly shifting the adiabatic ionization energy 

IE a ) value and combining the contributions of isomers at each 

/z , the best agreement between the present and previous data 

as obtained and was used to identify the corresponding species. 

oreover, the complete basis set model of the CBS-QB3 method 

19] was used to calculate the potential energy surface for the uni- 

olecular decomposition of n -pentyl nitrate, in which the density 

unctional theory of B3LYP and the 6–311 ++ G (d,p) level basis set 

ere used to optimize molecular structures and to calculate vi- 

rational frequencies of all concerned species. The relative ener- 

ies were calculated as the potential energy after zero-point en- 

rgy correction using the calculated vibrational frequencies. Intrin- 

ic reaction coordinate (IRC) calculations [20 , 21] were conducted 

o validate that the located transition states indeed connect the 

ssumed reactant and product(s). Using the optimized structures 

f each species, accurate single-point energies were calculated at 

he CBS-QB3 level. All these quantum chemical calculations were 

erformed using the Gaussian 16 A.03 program package [22] . 
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Table 2 

Relative concentrations of dominant species in the temperature range from 500 K to 900 K. a . 

C 2 H 4 ( m/z 28) CH 2 O ( m/z 30) C 3 H 6 ( m/z 42) C 2 H 4 O ( m/z 44) NO 2 ( m/z 46) HNO 2 ( m/z 47) 

500K 0.16% 0.40% 0.15% 0.18% 1.23% 0.39% 

600K 0.36% 1.83% 0.47% 0.86% 4.85% 1.42% 

700K 11.68% 24.40% 2.36% 8.13% 16.92% 13.86% 

800K 21.71% 35.70% 2.51% 8.29% 10.90% 4.35% 

900K 23.83% 45.60% 3.41% 7.74% 1.82% 0.12% 

C 4 H 8 ( m/z 56) C 4 H 9 ( m/z 57) C 3 H 6 O ( m/z 58) C 5 H 8 ( m/z 68) C 5 H 10 ( m/z 70) C 5 H 10 O ( m/z 86) 

500K 0.17% 94.96% 1.97% 0.01% 0.36% 0.01% 

600K 1.04% 85.79% 2.58% 0.26% 0.46% 0.08% 

700K 4.14% 10.91% 5.54% 0.83% 0.66% 0.55% 

800K 4.03% 6.12% 4.47% 0.88% 0.53% 0.51% 

900K 7.29% 4.84% 3.12% 1.21% 0.58% 0.44% 

a In this experiment, the parent ion of n -pentyl nitrate was not detected, so the relative concentrations of pyrolysis products was calculated using the fragment C 4 H 9 
+ 

instead of the parent ions. 

Fig. 1. Photoionization mass spectra of n -pentyl nitrate measured at 300 K (a) and 

in the pyrolysis of n -pentyl nitrate at 700 K (b) with the photon energy of 11.5 eV. 
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. Results and discussion 

.1. Species pool detected by photoionization mass spectrometer 

Figure 1 a shows the photoionization mass spectra of n -pentyl 

itrate at 300 K. We note that the mass peak of n -pentyl nitrate 

t m/z 133 is invisible, indicating that the parent ion is unstable 

nd dissociative photoionization naturally occurs. As a result, mass 

eaks of the fragments C 2 H 5 
+ ( m/z 29), C 3 H 5 

+ ( m/z 41), C 3 H 7 
+ 

 m/z 43), C 4 H 9 
+ ( m/z 57), C 5 H 9 

+ ( m/z 69), C 5 H 11 
+ ( m/z 71), and

H 2 ONO 2 
+ ( m/z 76) are clearly observed. Since the dissociative 

hotoionization of n -pentyl nitrate is not the main purpose of the 

urrent study, we do not discuss the fragmentation mechanism of 

he n -pentyl nitrate ion here. 

The photoionization mass spectrum for the pyrolysis of n -pentyl 

itrate at 700 K is shown in Fig. 1 b. The main mass peaks are

 2 H 4 
+ ( m/z 28), CH 2 O 

+ ( m/z 30), C 3 H 6 
+ ( m/z 42), C 2 H 4 O 

+ ( m/z

4), NO 2 
+ ( m/z 46), HNO 2 

+ ( m/z 47), C 4 H 8 
+ ( m/z 56), C 4 H 9 

+ 

 m/z 57), C 3 H 6 O 

+ ( m/z 58), C 5 H 8 
+ ( m/z 68), C 5 H 10 

+ ( m/z 70),

nd C 5 H 10 O 

+ ( m/z 86), most of which are different from those

n Fig. 1 a. Therefore, these species are undoubtedly mostly gen- 

rated from the pyrolysis of n -pentyl nitrate. Notably, the m/z 57 

eak appears under both conditions, but according to the rela- 

ive intensities, such as C 4 H 9 
+ :C 5 H 9 

+ :CH 2 ONO 2 
+ = 49:39:12 in 

ig. 1 a and C 4 H 9 
+ :C 5 H 9 

+ :CH 2 ONO 2 
+ = 76:16:8 in Fig. 1 b, we can

ffirm the formation of C 4 H 9 
+ ( m/z 57) in pyrolysis, although not 

ll. To further verify this conclusion, we performed a temperature- 

ependent measurement in the range of 40 0–90 0 K, and the cor- 
3 
esponding mass spectra are shown in Fig. S1 of the supporting 

nformation. Relative concentrations of major species at a few rep- 

esentative temperatures are listed in Table 2 , after correction of 

he amount of n -pentyl nitrate in normalization. 

Apparently, below 700 K, the pyrolysis products are minor 

n comparison to those in the dissociative photoionization pro- 

ess, such as C 4 H 9 
+ ( m/z 57), C 5 H 9 

+ ( m/z 69), and CH 2 ONO 2 
+ 

 m/z 76). Moreover, nitroalkane as the dominant product observed 

n previous experiments [6–8] was not detected in this experi- 

ent, and hence it might be formed due to secondary reactions 

t relatively high pressure. When the pyrolysis temperature is in- 

reased to 700 K, the pyrolysis products become dominant species 

n the mass spectra. As shown in Table 2 , CH 2 O ( m/z 30) is the

ost dominant, which generally agrees with previous experiments 

7 , 8] . A certain amount of the other products of m/z 28, 42, 44,

6, 47, 56, 57, 58, 68, 70 and 86 were also observed. The ex- 

erimental concentration of major product CH 2 O and C 2 H 4 ( m/z 

8), monotonously increases with the pyrolysis temperature (in 

able 2 ). Interestingly, the sum of the C 2 H 4 and CH 2 O molar ra-

io remains greater than 50% in the temperature range from 800 

o 900 K, while other minor products, such as C 3 H 6 , C 2 H 4 O, NO 2 ,

NO 2 , C 4 H 8 , C 4 H 9 , C 3 H 6 O, C 5 H 8 , C 5 H 10 , and C 5 H 10 O, persist with

 concentration ratios range of 25% and 36%. 

To identify the species observed in the mass spectra, the PIE 

urves of the major products are presented in Figs. 2 and 3 . As 

he primary products in the pyrolysis of n -pentyl nitrate ( Table 1 ),

he NO 2 ( m/z 46), HNO 2 ( m/z 47), C 4 H 9 ( m/z 57), C 5 H 10 ( m/z 70)

nd C 5 H 10 O ( m/z 86) products were indeed observed. As shown 

n Fig. 2 a, the measured PIE onset for m/z 46 is determined to 

e 9.58 eV, which agrees well with the IE a of NO 2 in the NIST

atabase [23] , 9.586 ±0.002 eV. Moreover, the present and reported 

IE curves of NO 2 measured by Au and Brion [24] are highly con- 

istent in Fig. 2 a. Thus, the m/z 46 signal is explicitly attributed 

o the NO 2 molecule. Moreover, our PIE curve of the m/z 47 and 

he PIE curve of trans- HONO measured by Taatjes et al. [25] are 

irectly compared with our data of m/z 47(HNO 2 ) in Fig. 2 b, and

he perfect consistency between the two curves verifies this as- 

ignment. As the secondary reactions between NO 2 and those ma- 

or products, such as formaldehyde, ethylene, aldehyde, propanal, 

re all endothermic with the reaction heats ( �H 298 ) of roughly 10–

0 kcal/mol, these reactions could not be major contributors to the 

bserved trans- HONO in such short residence time. Therefore, the 

bservation of trans- HONO provides evidence for the occurrence of 

he R7 channel. The PIE onset for m/z 47 obtained in our experi- 

ent is determined to be 10.94 eV, which provides an upper limit 

f IE a ( trans -HONO). In the PIE curve of m/z 57 (C 4 H 9 
+ ) of Fig. 1 c,

he onset was observed at ∼8.7 eV. This value is ∼0.7 eV higher 

han the reported IE a (8.02 eV) for 1–butyl radical [26] . In fact, it

s not surprising to observe such a higher experimental threshold 
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Fig 2. Photoionization efficiency curves for the m/z 46, 47, 57, 70, and 86 in the pyrolysis of n -pentyl nitrate, as well as the relative concentrations of these products. 

Fig 3. Photoionization efficiency curves for the m/z 28, 30, 42, 44, and 58, as well as the relative concentrations of these products in the pyrolysis of n -pentyl nitrate. 
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ecause of a competition shift in multi-channel decomposition of 

olecules. We note that the inflection point at ca. 10. 8 eV comes 

rom the photon dissociation of n -pentyl nitrate. 

For m/z 70, the possible candidates in the pyrolysis of n -pentyl 

itrate are 1-pentene and its isomers, such as cyclopentane, methyl 

yclobutane and 1,1-dimethyl cyclopropane. Their IE a values are re- 
4 
orted in the NIST database [26] to be 9.49 ±0.03 eV for 1-pentene, 

0.33 ±0.15 eV for cyclopentane, 9.64 ±0.05 eV for methyl cyclobu- 

ane, and 8.98 ±0.05 eV for 1,1-dimethyl cyclopropane. In addition, 

-butenal (C 4 H 6 O, m/z 70, IE a = 9.65 eV) is also probably formed

n our reaction system. As shown in Fig. 2 d, the PIE onset is lo-

ated at ∼9.5 eV in our experiment, and hence, 1-pentene, as the 
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Fig. 4. Calculated primary decomposition pathways of n -pentyl nitrate at the CBS- 

QB3 level. The energies are relative to the neutral n -pentyl nitrate molecule. The 

red lines show the most feasible direct bond-fission pathways, while the blue lines 

indicate the H-migration/dissociation channels. 
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8 product, appears to be the best appropriate contributor. More- 

ver, the rising edge of the PIE curve can be fitted well with the 

IE spectrum of 1-pentene, providing additional evidence for this 

ssignment. Additionally, we note that the m/z 70 signal continues 

o grow consistently above 10.15 eV, which is inconsistent with the 

lateau in the PIE curve of 1-pentene. Based on the above IE a val- 

es, cyclopentane might contribute to the PIE tail, which could be 

ormed in our reaction system via isomerization from 1-pentene. 

In the PIE curve of m/z 86 ( Fig. 2 e), two clear onsets are ob-

erved at 9.00 and 9.79 eV, respectively. The higher-energy value 

eadily corresponds to the IE a value of pentanal (9.74 ±0.04 eV) 

27] , which happens to be the other R7 product in addition to 

rans -HONO, while the product with lower onset can be attributed 

o one isomer of pentanal, 4-penten-1-ol (IE a = 9.42 ±0.05 eV in 

IST [26] ). The lower threshold for 4-penten-1-ol detected in our 

xperiment might be due to the keto-enol isomerization from pen- 

anal. Additionally, Fig. 2 f shows the temperature-dependent rela- 

ive concentrations of these species. With increasing temperature 

bove 700 K, the relative concentrations of almost all primary py- 

olysis products decrease. 

It is worth noting that the other primary product of R1 , penty- 

oxy radical (C 5 H 11 O • ), was invisible in mass spectra, implying that

ts decomposition is favorable to proceed. Similarly, the isomer- 

zation and dissociation of the aforementioned primary products, 

 5 H 10 O (from R7 ) and C 5 H 10 (from R8 ), can also occur. These sub-

equent reactions produce more products. As shown in Fig. 3 a and 

, the measured PIE spectra for the two most dominant products, 

/z 28 and 30, are directly compared with the PIE curves of ethy- 

ene [28] and formaldehyde [29] . The excellent agreement between 

he PIE curves and IE a values verifies the assignments of ethylene 

or m/z 28 and formaldehyde for m/z 30. For the m/z 42, the on- 

et at 9.71 eV in Fig. 3 c is close to the IE a of propene (9.73 eV

n the NIST database [30] ), and moreover, the PIE curve of propene 

31] agrees very well with our result, even reproducing the rising 

dge. These agreements strongly indicate the dominant contribu- 

ion by propene. In addition, we can attribute the m/z 44 signal 

 Fig. 3 d) to ethenol and acetaldehyde because two onsets, 9.32 and 

0.19 eV, are consistent with the IE a values in the database, e.g. 

.33 ±0.01 eV for ethenol and 10.229 ±0.007 eV for acetaldehyde. 

ore importantly, the present PIE curve agrees very well with the 

um of ethenol and acetaldehyde [31] , as shown in Fig. 3 d, provid-

ng additional evidence for this assignment. A similar scenario is 

een in the PIE curve of m/z 58, as shown in Fig. 3 e. Apparently,

he combination of the PIE curves of acetone [28] and propanal 

26] can reproduce the currently measured PIE curve of m/z 58, 

uggesting their formation in pyrolysis process. In summary, these 

ominant products in the mass spectra are confirmed by the anal- 

ses of the PIE curves to be ethylene ( m/z 28), formaldehyde ( m/z 

0), propene ( m/z 42), ethenol and acetaldehyde ( m/z 44), and ace- 

one and propanal ( m/z 58). Additionally, the relative concentra- 

ions of these products are plotted in Fig. 3 f as a function of tem-

erature. In the following section, we will elucidate their formation 

echanisms in the thermal decomposition of n -pentyl nitrate with 

he aid of ab initio calculations. 

.2. Thermal decomposition pathways of n-pentyl nitrate 

Figure 4 shows the primary decomposition pathways of n - 

entyl nitrate, based on the CBS-QB3 calculations. Since the con- 

ormational isomers of n -pentyl nitrate are almost isoenergetic 

 �E < 0.4 kcal ·mol −1 at the CBS-QB3 level) and the isomerization 

arriers for these conformers are low ( ∼2 kcal ·mol −1 ), we only 

how the most stable conformer of n -pentyl nitrate here. The 

tructures and relative energies of four lowest isomers are sum- 

arized in Table S2 and Table S3. The relative energies for these 

rimary decomposition pathways calculated at the CBS-QB3 level 
5 
re listed in Table 1 . Among all direct bond-fissions ( R1-R6 ) of n -

entyl nitrate, the most feasible pathway R1 is endothermic by 

3.1 kcal ·mol −1 to produce NO 2 and pentyloxy radical (C 5 H 11 O • ),
hich is in good agreement with the previous calculations of ni- 

rate esters [14] . The primary product, NO 2 , was indeed observed 

n the experiment ( Fig. 1 ). In contrast, the bond breaking of the 

 

–O bond ( R2 ) can produce • ONO 2 and pentyl radicals by absorb-

ng 88.2 kcal ·mol −1 . This energy is comparable to that of the C 

–C

ond-fission process, e.g., 90.4 kcal ·mol −1 for methyl loss ( R6 ), 89.2 

cal ·mol −1 for ethyl loss ( R5 ), and 91.5 kcal ·mol −1 for propyl loss

 R4 ). Apparently, such strongly endothermic channels can be ne- 

lected in comparison with R1 . Interestingly, the butyl–loss path- 

ay ( R3 ) can produce CH 2 ONO 2 • ( m/z 76) and C 4 H 9 • ( m/z 57) rad-

cals by overcoming a relatively low barrier of 52.9 kcal ·mol −1 . Be- 

ause this energy is not much higher than that of R1, R3 is also 

ikely to occur in our case. Actually, the corresponding primary 

roduct, the C 4 H 9 • radical, was detected in the experiment, while 

H 2 ONO 2 • was unobserved. 

In addition to these direct bond-breaking pathways, 

somerization-decomposition reactions have also been explored 

or the thermal decomposition of n -pentyl nitrate. The hydrogen- 

tom migration from the α-methylene group to the end oxygen 

tom, followed by N 

–O bond fission, is found to have the lowest 

arrier height of 41.5 kcal ·mol −1 (TS1) to produce nitrous acid 

 trans -HONO, m/z 47) and pentanal (CH 3 (CH 2 ) 3 CHO, m/z 86) ( R7 ).

he overall process is exothermic by 19.3 kcal ·mol −1 . Another 

imilar H-migration pathway can occur from the β-methylene 

o the end oxygen atom, followed by C 

–O bond fission, as noted 

s R8 in Table 1 . Nitric acid (HNO 3 m/z 63) and 1-pentene 

CH 3 (CH 2 ) 2 CH 

= CH 2 , m/z 70) are the corresponding products. 

he overall pathway is slightly endothermic by 16.0 kcal ·mol −1 , 

nd the barrier height (TS2) is calculated to be 46.2 kcal ·mol −1 . 

otably, the ionization potential of HNO 3 is 11.95 eV [32] , and 

he corresponding ion (HNO 3 
+ ) is unstable; thus, NO 2 

+ will be 

ormed upon ionization of HNO 3 [33] . As a result, no HNO 3 can 

e detected in the mass spectra. Despite this, the experimental 

bservation of the other products, trans -HONO, pentanal and 

-pentene, confirms the plausibility of the above mechanisms. 

dditionally, the keto-enol isomerization of pentanal may explain 

he formation of 4-penten-1-ol indicated in the PIE curve of m/z 

6 ( Fig. 2 e). 

The subsequent decomposition of the above primary prod- 

cts can generate more species. Following the R1 pathway, 

entyloxy radicals (C H O • ) can dissociate to formaldehyde 
5 11 
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Fig 5. Unimolecular dissociation rate constants for R1, R3, R7 and R8 as a function 

of the internal energy of n -pentyl nitrate. Solid lines refer to direct bond fission 

processes, while dashed lines indicate H-migration/decomposition pathways. 
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nd C 4 H 9 • radicals via the β-C-C bond fission with a barrier 

TS3) of 14.0 kcal ·mol −1 . The overall process of n -pentyl ni- 

rate → NO 2 + CH 2 O + C 4 H 9 • needs to overcome a potential of 57.1

cal ·mol −1 , as shown in Fig. 4 . Interestingly, this activation energy 

s slightly higher than that of R3 (52.9 kcal ·mol −1 ), thus stressing 

hat both CH 2 ONO 2 • and C 4 H 9 • radicals from the R3 channel need

o be considered in the overall reaction. Considering the decom- 

osition of CH 2 ONO 2 • radicals, the final products triggered by R3 

re identical to those of R1 as NO 2 + CH 2 O + C 4 H 9 • , but the overall

ctivation energy is slightly lower at 53.7 kcal ·mol −1 relative to n - 

entyl nitrate. In summary, there are two formation pathways for 

ormaldehyde (CH 2 O, m/z 30), NO 2 ( m/z 46) and C 4 H 9 • radical ( m/z

7) along R1 and R3 . In view of thermal energetics, the contri- 

utions of the two simple bond-fission pathways are comparable. 

n addition, ethylene ( m/z 28) and 1-butene ( m/z 56) can be easily 

ormed from the β-C-C and β-C-H bond breaking of the C 4 H 9 • rad-

cal [34] , both of which are observed in the mass spectra ( Fig. 2 ). 

There is another important decomposition pathway for the pri- 

ary products, the C 5 H 11 O • radical. As proposed by Davis and 

rancisco [35] , a H-migration/ β-C-C bond-fission path with a tran- 

ition state of a six-membered ring structure can be competitive 

ith the direct β-C-C bond breaking of C 5 H 11 O • mentioned above. 

ropene and • CH 2 CH 2 OH (C 2 H 5 O, m/z 45) radicals are the corre-

ponding products of this two-step process, and the overall bar- 

ier height (TS4 in Fig. S2) is calculated to be 63.9 kcal ·mol −1 . The

nternal energy-rich • CH 2 CH 2 OH radical can readily isomerize to 

H 3 CH 2 O • , and this process is exothermic at 4.2 kcal ·mol −1 [36] .

hen, acetaldehyde can be further formed from H-loss process of 

H 3 CH 2 O • . In addition, another primary product, pentanal (C 5 H 10 O,

/z 86), produced in R7 can also decompose to acetaldehyde and 

ropene via a barrier of the five-membered ring structure (TS5 in 

ig. S2). It is worth noting that the overall activation energy for this 

athway is only 51.6 kcal ·mol −1 relative to n -pentyl nitrate. This 

alue is the lowest among all discussed pathways, thus strongly 

mplying its considerable role in the pyrolysis of n -pentyl nitrate. 

ccording to the above processes, acetaldehyde and propene can 

e reasonably formed as we observed in experiments. 

Additionally, the C 

–C bond ruptures of pentanal can further pro- 

uce more intermediates, such as HCO • ( m/z 29) and C 4 H 9 • radi-

als, C 2 H 3 O • ( m/z 43) and C 3 H 7 • ( m/z 43) radicals, C 3 H 5 O • ( m/z 57)

nd C 2 H 5 • ( m/z 29) radicals, and C 4 H 7 O • ( m/z 71) and CH 3 • ( m/z

5) radicals. Notably, these radical products have the same m/z as 

he dissociative photoionization products of n -pentyl nitrate, e.g., 

 2 H 5 • ( m/z 29), C 3 H 7 • ( m/z 43), C 4 H 9 • ( m/z 57), and C 5 H 11 • ( m/z

1) radicals; thus, it is difficult to distinguish their sources in this 

xperiment. Fortunately, these products are minor in the pyrolysis 

f n -pentyl nitrate; thus, we do not need to pay more attention to 

hese processes. 

In addition, propanal and acetone (both at m/z 58) were also 

bserved with a relatively lower peak intensity in Fig. 1 . Since 

hese two isomers are interconvertible, we only tried to find the 

ost feasible way to form one of them here. As shown in Fig. S2, 

ropanal can be produced from C 5 H 10 O by overcoming a high bar- 

ier of 111.2 kcal ·mol −1 , which is associated with the release of 

thylene. Apparently, such a high barrier hinders the corresponding 

rocess. In other words, propanal observed in the experiment is 

nlikely to be directly formed from the thermal decomposition of 

 -pentyl nitrate. In this sense, we cannot provide a reliable path- 

ay for the formation of propanal and acetone. However, we note, 

cetone can be formed in the pyrolysis of acetaldehyde at high 

emperature due to the secondary reaction (2) [37 , 38] , 

H 3 CHO → CH 3 • + HCO • (1) 

H 3 • + CH 3 CHO → CH 3 C(O)CH 3 + H (2) 
6 
This might imply that some secondary reactions are still in- 

olved in our experiments despite the relatively low pressure in 

he microreactor. 

Actually, the β-C-C bond breaking of RO • radicals has been 

onfirmed to dominate its subsequent decomposition, and alkyl 

roups, aldehydes, and ketones are commonly produced [7–10] . 

his is generally consistent with our mechanism and provides ex- 

ra evidence for direct RO 

–NO 2 bond fission as one of the trig- 

er forces in the pyrolysis of n -pentyl nitrate. In addition, NO 2 

olecules can be produced either along the bond-fission channels 

 R1 and R3 ) or the H-migration/dissociative photoionization path 

 R8 ); thus, it is rightfully dominant among all products in the ther- 

al decomposition of n -pentyl nitrate. 

.3. Branching ratio of major pathways in the pyrolysis of n-p entyl 

itrate 

Although the formation mechanisms of most products observed 

n mass spectra are proposed above, direct bond-fission or H- 

igration for thermal decomposition of n -pentyl nitrate have very 

lose barrier heights. Thus, it is difficult to determine which of 

hese two pathways is the most significant trigger force, relying 

nly on thermal energetics. Therefore, the corresponding micro- 

anonical reaction rates are necessary to estimate branching ratios 

nd to make a reliable judgment. Based on the calculated decom- 

osition pathways in Fig. 4 , RRKM theory [17 , 39] was employed to 

stimate the branching ratios over the various products in the pri- 

ary decomposition of n -pentyl nitrate. For the direct bond-fission 

rocesses such as R1-R6 , no saddle points were found; thus, we 

sed the vibrational frequencies at a constrained 3.5 Å bond length 

long the reaction coordinate as the approximate values of each 

oose transition state. For R7 and R8 , the vibrational frequencies 

f the located transition state were directly used. As mentioned 

bove, only R1, R3, R7 and R8 are taken into account, while the 

thers are neglected due to their excessively high activation ener- 

ies. 

Figure 5 plots the calculated microcanonical rate constants 

or these four primary pathways. At an internal energy of 70 

cal ·mol −1 of n -pentyl nitrate, the main branching ratios were de- 

ermined to be 46.7% for R1 , 13.9% for R3 , 23.9% for R7 , and 15.5%

or R8 . Direct RO 

–NO 2 bond fission is dominant. Thus, the concen- 

ration of NO 2 is naturally higher than that of trans -HONO, which 

grees with the experimental result (in Table 1 ). When the inter- 
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Table 3 

The computed relative energies for the four dominant primary decomposition pathways of C2-C5 nitrates at the CBS-QB3 level relative to 

the respective neutral nitrates. 

pathways 

relative energy /kcal ·mol −1 

description 
C2 C3 C4 C5 

R1 RO + NO 2 42.9 42.9 42.9 43.1 N–O bond fission 

R3 R ′ + CH 2 ONO 2 53.2 52.2 52.9 52.9 C–C bond fission 

R7 RHO + trans- HONO −19.9 −19.3 −19.9 −19.3 pentanal formation 

R8 R ′′ = CH 2 + HONO 2 18.4 15.7 16.0 16.0 1-pentene formation 
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al energy is increased to 100 kcal ·mol −1 , the R3 and R8 ratios are

mproved to 23.4% and 19.4%, respectively, while those of R1 and 

7 drop to 35.1% and 22.1%, respectively. As a result, the concen- 

rations of NO 2 (from R1 ) and trans -HONO (from R7 ) are reduced

ith temperature, but that of formaldehyde (from R3 ) is improved. 

hese results are generally consistent with the experimental data 

n Table 2 . 

.4. General primary decomposition pathways in the pyrolysis of 

-alkyl nitrates 

Based on the above discussions, we further modeled the poten- 

ial energy surface for the primary thermal decomposition of C2- 

4 nitrates (i.e., ethyl nitrate, n-propyl nitrate, and n–butyl nitrate), 

nd the energetics of the major initial processes were calculated. 

s shown in Table 3 , the activation energies of these pathways, R1, 

3, R7 and R8, for C2-C5 nitrates are very close. Therefore, similar 

o the case of n -pentyl nitrate, both direct bond fission ( R1 and R3 )

nd hydrogen migration ( R7 and R8 ) are potential driving forces 

or the thermal decomposition of n-alkyl nitrates with a moderate 

arbon chain length. 

. Conclusions 

Pyrolysis of n -pentyl nitrate was conducted with the products 

nd intermediates detected using VUV synchrotron photoionization 

ass spectrometry. According to the measured PIE curves and IE a 
alues, major intermediates and products were identified, such as 

thylene, formaldehyde, propene, ethenol, acetaldehyde, 1-pentene, 

entanal, 4-penten-1-ol, NO 2 , and trans -HONO. 

To obtain new insights into the thermal decomposition mech- 

nism of n -pentyl nitrate, quantum chemical calculations at the 

BS-QB3 level of theory were performed. As the most feasi- 

le pathway for the primary decomposition of n -pentyl nitrate, 

 5 H 11 O • radicals and NO 2 are expected to be formed in the

O 

–NO 2 bond fission process, and further dissociation leads to 

utyl radicals and formaldehyde. Similarly, butyl radicals and 

H 2 ONO 2 can be produced from the direct β-C-C bond fission of 

 -pentyl nitrate, and CH 2 ONO 2 can easily decompose to formalde- 

yde and NO 2 . These two pathways have close activation energies 

nd play a dominant role together in n -pentyl nitrate pyrolysis. 

In addition, two hydrogen-atom migration channels followed by 

ecomposition are also theoretically revealed in the primary ther- 

al decomposition of n -pentyl nitrate. Although they have lower 

arrier heights than those of direct bond fission pathways, our 

RKM calculations verify their minor roles in the overall decom- 

osition process due to their relatively slow rates. However, their 

ontributions still cannot be ignored, according to the experimen- 

al observation of trans -HONO, pentanal, and 1-pentene. Addition- 

lly, the small molecule products observed in the experiment are 

ormed from further decomposition of intermediates or secondary 

eactions. 

Our experimental and theoretical investigation provides solid 

vidence to highlight both bond fission and hydrogen migration 

s potential driving forces in the overall pyrolysis process. This 
7

hermal decomposition mechanism of n -pentyl nitrate can provides 

ome useful clues for developing combustion models of long chain 

itrates in future. 
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