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ABSTRACT: Although cyclopentanone (CPO) is a promising
bio-derived fuel, thermodynamic data of its low-temperature
oxidation under high-pressure conditions are lacking. In this
work, the low-temperature oxidation mechanism of CPO is
investigated in a flow reactor in the temperature range of 500−
800 K and at a total pressure of 3 atm by a molecular beam
sampling vacuum ultraviolet photoionization time-of-flight mass
spectrometer. The electronic structure and pressure-dependent
kinetic calculations are carried out at the UCCSD(T)-F12a/aug-cc-
pVDZ//B3LYP/6-31+G(d,p) level to explore the combustion
mechanism of CPO. Experimental and theoretical observations
showed that the dominant product channel in the reaction of CPO
radicals with O2 is HO2 elimination, yielding 2-cyclopentenone. The hydroperoxyalkyl radical (•QOOH) generated by 1,5-H-shifting
is easily reacted with second O2 and forms ketohydroperoxide (KHP) intermediates. Unfortunately, the third O2 addition products
are not detected. In addition, the decomposition pathways of KHP during the low-temperature oxidation of CPO are further
assessed, and the unimolecular dissociation pathways of CPO radicals are confirmed. The results of this study can be used for future
research on the kinetic combustion mechanisms of CPO under high pressure.

■ INTRODUCTION
Bio-derived fuels are considered environment-friendly, safe, and
sustainable alternative fuels in practical combustion devices;
thus, the potential of these fuels to replace fossil fuels and reduce
greenhouse gas emissions has been proposed.1−4 Ketones are
one of many types of biofuel molecules. Cyclopentanone (CPO)
is a representative five-membered cyclic ketone that can be
directly obtained by bio-processes such as cellulose breakdown
by fungi5 and biomass pyrolysis.6 CPO can also be used as a
precursor for renewable high-density fuels.7 Moreover, CPO has
been recognized by the U.S. Department of Energy as one of the
eight representative fuel blending components for optimizing
gasoline engine performance, with excellent anti-knock proper-
ties.8 Given these characteristics, the ketone has received
increased research attention in recent years. However, the
oxidation mechanism of CPO under high-pressure conditions
remains incompletely understood, and this knowledge gap limits
its practical applications.

Research on CPO can be traced back to the 1950s. Johnson
and co-workers9 found that the thermal decomposition products
of CPO in the temperature range of 761−816 K at 1 atm include
2-cyclopentenone, H2, 1-butene, CO, and ethylene. Delles et
al.10 studied the vapor-phase thermal decomposition of CPO
over the temperature range of 805−854 K and observed 4-
pentenal as a product for the first time; the related reaction
pathways were then speculated. Zaras et al.11 calculated the
unimolecular decomposition pathways of CPO by using the

compound G3B3 method and calculated the relevant rate
constants in the temperature range of 800−2000 K using RRKM
theory. The fastest pathways were found to be keto−enol
equilibrium and concerted ring-opening. Recently, Pastoors et
al.12 used the imaging photoelectron photoion coincidence
spectroscopy to investigate the pyrolysis of CPO at 800−1000 K
and 1.1 atm in a microtubular reactor, and the pyrolysis products
such as 1,3-butadiene, ketene, propyne, allene, and ethane were
observed. Giri et al.13 monitored the thermal decomposition
products CO of CPO behind reflected shock waves over 1150−
1590 K and 750−1800 Torr by using quantum cascade laser
absorption spectroscopy. Dong et al.14 studied the pyrolysis
process of CPO at temperatures of 1156−1416 K and pressures
of 8.53−10.06 atm using laser absorption spectra. The
experimental results indicated that H radicals play a major role
in the decomposition, and the whole decomposition process
could be divided into three stages based on the H radical
concentration. Li et al.15 investigated the thermal decom-
position of CPO in a flow reactor at temperatures of 875−1428
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K and pressures of 0.04 and 1 atm, and the keto−enol tautomers
such as CPO, 1-cyclopentenol, 1,4-cyclopentadien-1-ol, 2-
cyclopenten-1-one, and 3-cyclopenten-1-one were observed.
However, O2 was not considered in the previous studies. Scheer
et al.16 studied the low-temperature oxidation pathways of CPO
in a flow tuber reactor between 550 and 700 K and at 4 or 8 Torr
total pressure. The corresponding pathways were then analyzed
by multiplex photoionization time-of-flight mass spectrometry
(TOF-MS), and the experimental results were supported by
quantum-chemical calculations at the CBS-QB3 level. Results
indicated that the initial oxidation reactions are dominated by
HO2 elimination to form 2-cyclopentenone. These findings are
consistent with the results of homogeneous charge compression
ignition conducted by Yang and Dec17 who found that the
autoignition characteristics of CPO are essentially identical to
those of ethanol, except that they have lower autoignition
reactivity. Zhou et al.18 and Khanniche and Green19 carried out
high-precision electronic structure calculations for the H atom
abstraction and oxygenation processes of CPO, respectively.
Abstraction from the β-H is the dominant process in the
presence of OH. CPO oxidation in a jet-stirred reactor between
730 and 1280 K at 1 and 10 atm was studied by Thion et al.,20

who then established the related dynamics model. Reaction
pathway analyses showed that H atom abstraction mainly occurs
on β-CH2, yielding β-cyC5H7O; this result agrees well with the
findings of Zhou.18 Zhang et al.21 investigated the oxidation of
CPO by measuring ignition delay times and CO time histories
over a wide range of conditions and then developed and
validated a detailed kinetic model using the experimental data.
The results revealed that the low-temperature reactivity of CPO
is largely inhibited by competitive chain propagation processes,
especially the elimination of olefin + HO2.

Previous research provided valuable insights into the
oxidation mechanism of CPO. It is noted that only a few stable
and high-content species were observed in the low-temperature
oxidation of CPO. In previous experimental reports, only the
first O2 addition products were reported in the low-temperature
oxidation of CPO.16 Obviously, the introduction of the C�O
group in CPO directly affects the overall reactivity compared to
cyclopentane. To fully understand the combustion process of
CPO, more combustion products need to be identified.
Molecular-beam sampling photoionization time-of-flight mass
spectrometery (MB-PI-TOFMS) has incomparable advantages
in the diagnosis of microscopic molecular structure and has been
widely used in combustion diagnosis. Recently, we have
extended the pressure range of the reactor coupled with MB-
PI-TOFMS to 3 atm.22 This will allow the detection conditions
to more closely resemble the actual operating pressure of the
combustion device.

In this work, the low-temperature oxidation of CPO between
500 and 800 K at 3 atm total pressure was investigated in a flow
reactor. The products, including 2-cyclopentenone, cyclic ether,
ketohydroperoxide (KHP), ethenone, and 2-propenal, were
observed by MB-VUV-PI-TOFMS. The combustion mecha-
nism of CPO, including the O2 addition, intra-H migration,
second O2 addition, and unimolecular dissociation of the CPO
radical, is explored theoretically. The temperature- and pressure-
dependent kinetics of the low-temperature oxidation reactions
of oxocyclopentyl + O2 are determined using master equation
(ME) analysis. To the best of our knowledge, this work provides
the first reported second O2 addition of CPO.

■ EXPERIMENTAL AND THEORETICAL METHODS
Experimental Method. The experiment was carried out on

a homemade MB-VUV-PI-TOFMS instrument. The detailed
descriptions about MB-VUV-PI-TOFMS have been introduced
in our recent work;22 only a brief introduction will be provided
here. The experimental apparatus includes four main
components, i.e., a reaction furnace with a variable pressure
flow reactor, a differentially pumped chamber with a molecular-
beam sampling system, a MS chamber with a vacuum ultraviolet
single-photon ionization source (VUV-SPI), and a homemade
reflection time of flight mass spectrometry (RTOF-MS) system.
The vacuum of each chamber of the MB-VUV-PI-TOFMS is
mainly maintained by a combination of mechanical pump and
molecular pump. The molecular beam is formed between the
quartz reaction tube and the reaction furnace chamber. The
parameters of the molecular beam can refer to our recent
report.22 A nozzle of approximately 0.06 mm is horizontally
drilled into the wall of the quartz tube by using a short-pulse
laser. A cone-like skimmer with a 3 mm orifice is positioned at 2
mm behind the quartz reaction tube to collect the species
produced by low-temperature oxidation reactions. Thereafter,
the molecular beam enters the VUV-SPI region through a
skimmer with a diameter of 2 mm and is ionized by a VUV lamp
(L7293, Hamamatsu Photonics K. K., Japan) with 10.78 eV in
the ionization region. The ions are introduced vertically into the
acceleration region of the RTOF-MS and then detected by a
microchannel plate detector.

The low-temperature oxidation reaction takes place in a 365
mm long quartz reaction tube with an inside diameter of 7 mm
and an outside diameter of 10 mm, 210 mm of which is placed in
a high-temperature furnace. The pressure in the reaction tube is
controlled by adjusting the needle valve, and CPO (Sinopharm
Chemical Reagent Co., Ltd. purity ≥99.9%) is accurately
delivered into the carburetor by a feed pump. Ar (Fujian Yidong
Gas Co., Ltd. 99.999%), as the carrier gas, is passed into the
quartz reaction tube, and O2 (Fujian Yidong Gas Co., Ltd.
99.999%) is mixed with the reactants at the inlet of this tube. Ar
and O2 are controlled by a mass flow controller to a flow rate of
100 standard cubic centimeters per minute (SCCM). The
temperature distribution in the horizontal direction of the
reactor is measured with a K-type thermocouple. The temper-
ature distribution is directly referred to our previous report.22

Here, CPO oxidation is studied between 500 and 800 K, and the
flow rates of Ar, O2, and reactants are 300 SCCM, 180 SCCM,
and 0.1 mL/min, respectively. The pressures of the mass
spectrometer chamber must be better than 2.0 × 10−4 Pa to
ensure the safe operation of the time-of-flight mass spectrom-
eter.
Computational Method. Theoretical calculations are

performed to investigate the reaction pathways of the reactions.
The geometries of the reactants and products, as well as
transition states, are optimized using the hybrid density
functional B3LYP23−26 together with the 6-31+G(d,p) basis
set, followed by harmonic frequency calculations. Intrinsic
reaction coordinates (IRC) are calculated to verify the
connectivity between transition states and the corresponding
reactants and products. The electronic structure calculations are
performed by using the Gaussian 16 C01 software package.27

Single-point energies of stationaries are further calculated at the
level of UCCSD(T)-F12a together with the aug-cc-pVDZ basis
set, using the MOLPRO 2022 software package.28 Optimized
geometries, rotational constants, and vibrational frequencies of
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all the stationary points are given in the Supporting Information.
The single-point energy calculation at the aug-cc-pVDZ level is
based on sufficient consideration of computational accuracy and
efficiency. The energy differences calculated at different levels
between CBS-QB3, aug-cc-pVDZ, and aug-cc-pVTZ are listed
in Table S1. The maximum deviation of barrier height calculated
by CCSD(T)-F12a/aug-cc-pVDZ and CCSD (T)-F12a/ug-cc-
pVTZ was only 0.40 kcal/mol, while the using of the aug-cc-
pVTZ method requires significantly more computational
resources.

The pressure- and temperature-dependent rate constants are
calculated by the MESS29 code using Rice−Ramsberger−
Kassel−Marcus/Master equation (RRKM/ME) theory.30 The
quantum tunneling effect becomes significant at low temper-
atures, so in this study, the tunneling effects are considered by
the incorporation of asymmetric Eckart corrections.31 The
barrier elementary steps in the O2 addition process are studied
by using the classical transition state theory (TST). For the
barrier-less step of the initial O2 addition process, the variable-
reaction-coordinate TST29,32 was used. Due to the change of
spin multiplicity during the initial O2 addition process, potential
energies along the reaction coordinate were calculated with the
explicitly correlated multi-reference configuration interaction
(MRCI + Q-F12)33 method realized with the MOLPRO 2022
software package. The MRCI + Q calculations are based on two
states of CASSCF wave functions, with the active space chosen
as (7e,5o), which includes six electrons in O2 as well as the
radical electron in the CPO radical, together with the basis set of
cc-pVDZ. For barrier-less channels of the R• + O2 and QOOH +
O2, the whole potential energy curve along the reaction
coordinate is further scaled by a factor of 0.95 and 1.10,
respectively, to match the potential energy change of CCSD(T)-
F12a results. Collision energy transfer probability model
adopted the single-exponential-down model, ⟨Edown⟩ = 200 ×
(T/300)0.85 according to Zaras et al.11 The ME calculations are
performed at the temperature range 300−1250 K, at pressure of
0.01, 0.1, 1, 3, 10, 100 atm. The collision frequency between the
reactant and bath gas Ar is calculated using the Lennard-Jones
(L-J) model. The L-J parameter values use in this study: Ar34 σ1
= 3.47 Å, ε1 = 79.2 cm−1, R•11 σ2 = 5.5 Å, ε2 = 650.75 cm−1 are
from literature reports, while QOOH σ3 = 5.4 Å, ε3 = 569.30
cm−1 was calculated using the method of Chuang et al.35,36 The
low-frequency torsional modes corresponding to internal
rotations are simulated as one-dimensional (1-D) hindered
rotors with hindrance potentials, which are obtained by a relaxed
scan increment of 10° at the B3LYP/6-31+G(d,p) level.

■ RESULTS AND DISCUSSION
First and Second Oxygen Addition. As shown in Figure

1a, the structure of CPO presents an axis of symmetry centered
on the ketone function, with H on both sides of this axis
considered equivalent. For clarity, the carbon atom next to the
carbonyl group is labeled α and the next carbon atom is labeled

β. The C−H bond dissociation energies of CPO are presented at
the corresponding sites and calculated at the UCCSD(T)-F12a/
aug-cc-pVDZ level. The values obtained are in good agreement
with the corresponding values of 90.3 and 97.3 kcal mol−1

computed by Scheer et al.16 via the CBS-QB3 method. The low-
temperature oxidation process of the fuel is considered to
involve reactions between fuel radical molecules and oxygen. In
this study, CPO may collide with the background gas or reactor
wall under certain temperature conditions and abstract H to
form the first oxocyclopentyl radicals (2-oxocyclopentyl, CPO-
2, Figure 1b or 3-oxocyclopentyl, CPO-3, Figure 1c). From an
energy point of view, abstracting H from the α site is more
dominant than abstracting from the β site. However, Zhou18

reported that abstraction from β-H is the dominant process
when OH is involved, but the reverse holds true for the HO2
radical. These results are consistent with the findings of Thion et
al.20 Both CPO radicals are expected in significant concen-
trations, as was also the case in studies of Cl reactions with
acyclic ketones.37,38 To understand the low-temperature
oxidation process of CPO in more detail, it is necessary to
simultaneously consider the reaction process of CPO-2 and
CPO-3 with O2.
H-Shift and HO2-Elimination. Figure 2 shows the mass

spectrum of CPO at 500−800 K and 3 atm total pressure. At
temperatures below 650 K, only the peak of reactants at m/z =
84 (C5H8O) is observed, which means that the low-temperature
oxidation reaction process of CPO has not started. When the
temperature reaches 675 K, the dominant product peak is
observed at m/z = 82 (Figure 2b), and the relative ion single
appears to increase as the temperature increases.

Figure 3 shows the potential energy surfaces (PESs) for αR• +
O2 and βR• + O2 calculated at the UCCSD(T)-F12a/aug-cc-
pVDZ//B3LYP/6-31+G(d,p) level, which is generally consis-
tent with previously reported results by Scheer et al.16 The
process of O2 addition to α(β) R• and the formation of the
corresponding alkylperoxy radicals (α(β) ROO•) is barrierless.
The potential well depths for the initially formed adduct α(β)
ROO• are 21.82 and 34.02 kcal/mol, respectively. The energy
barrier of αR• is significantly lower than that of βR• owing to the
presence of a conjugated system of free radical and carbonyl in
the αR• radical, which reduces the energy of αR• + O2 and
therefore has different reaction behaviors.39 For the αR• + O2
reaction, the energy barrier of the formation of 2-cyclo-
pentenone P1 by the elimination of HO2 by the five-membered
ring transition state TS1 of αROO• is 2.46 kcal/mol lower than
that of the lowest isomerization pathway TS3. In the βR• + O2
reaction, there are two possible pathways for HO2 elimination:
βROO• → P6/P1 + HO2 or βROO• → P6‑1 + HO2, which,
respectively, produce 2-cyclopentenone P6/P1 or 3-cyclo-
pentenone P6‑1. But the energy barrier for the former is more
than 5 kcal/mol lower than that of the latter and slightly lower
than the lowest isomerization reaction pathway TS9. Therefore,
the elimination reaction pathway of α(β) ROO• tends to
generate 2-cyclopentenone, which is more dominant than the
isomerization reaction. As shown in Figure 2, the intensity of
cyclopentenone m/z = 82 is higher than that of other product
peaks. α(β)ROO• can form different structures of hydro-
peroxyalkyl through isomerization reactions: α•Q2OOH,
α•Q3OOH, α•Q4OOH; β•Q7OOH, β•Q8OOH, β•Q9OOH.
The energy of α•QOOH relative to the entrance αR• reactants is
−9.33, −10.52, and −18.24 kcal/mol. And the energy of
β•QOOH relative to the inlet βR• reactants is −25.25, −20.74,
and −28.03 kcal/mol. According to the PESs of Figure 3, the

Figure 1. (a) Structure of CPO and corresponding C−H bond
dissociation energies (kcal/mol); (b) structure of CPO-2; and (c)
structure of CPO-3.
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Figure 2. Product mass spectrum for elimination of CPO at 3 atm total pressure and (a) 500−650 K, (b) 675−800 K.

Figure 3. Relative energy of stationary points on the PESs for (a) αR•+ O2 and (b) βR•+ O2.
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order of isomerization energy barriers is: 1,5-H shift (TS3, TS9)
< 1,5-H shift (TS4) < 1,4-H shift (TS2, TS7, TS8). Therefore, the
dominant reaction pathway in the isomerization process starting

from α(β)ROO• is to generate α•Q3OOH or β•Q9OOH
through the six-membered ring transition state via the 1,5-H
shift.
Cyclic Ether Formation. Cyclic ether formation with OH

elimination occurs through •QOOH via a concerted mechanism
with O addition to C and O−O bond scission. Figure 3 shows
multiple pathways through which •QOOH produces bicyclic
structures with different numbers of atoms for cyclic ether.
Although there is another channel for •QOOH to form
cyclopentenone by eliminating HO2, the barrier is higher than
that for cyclic ether. The barriers for the formation of 3-
membered ring (P2, P7, and P8) are lower than those for the
formation of 4-membered ring (P3, P9) and 5-membered ring
(P4). For the αR• + O2, the energy barrier for the formation of
the 3-membered ring P2 +•OH from α•Q2OOH is 10.42 kcal/

Figure 4. Relative energy of stationary points of cis conformation on the PESs for (a) α•Q3OOH + O2; (b) β•Q9OOH + O2.

Figure 5. (a) P11, (b) P13 further decomposition path energy calculated
at UCCSD (T)�F12a/aug-cc-pVDZ level.
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mol, which is lower than the energy barriers of 22.79 and 29.41
kcal/mol for the formation of the 4-membered ring P3 + •OH
and the 5-membered ring P4 +•OH, respectively. For the βR•+
O2, the energy barrier for the formation of the 3-membered ring
P8 + OH from β•Q8OOH is 10.79 kcal/mol, lower than the
energy barriers of 14.68 and 29.92 kcal/mol for the formation of
the three-membered ring P7 + •OH and the four-membered ring
P9 + •OH, respectively. Therefore, the •QOOH free radical is
more likely to form the 3-membered ring ether bicyclic
compound (P2 or P7). There is also a reaction pathway for
α(β)ROO• to directly co-eliminate •OH to form the bicyclic
tautomer of the cyclic ether (P5 or P10) as a diketone product.
However, due to their relatively high reaction barriers, their
contribution to the reaction products can be ignored.
Second O2 Addition and Ketohydroperoxide Forma-

tion/Decomposition. Although the energy barrier for α(β)-
ROO• to undergo 1,5-H shift isomerization to form α•Q3OOH
and β•Q9OOH is relatively low, the dissociation pathway energy

barrier for the subsequent formation of cyclic ether products is
higher compared to other dissociation pathways. This makes it
difficult to consume and results in its accumulation, leading to
secondary oxygenation processes and chain branching reactions.
The PESs for the primary reaction pathway of •QOOH with O2
at the CCSD(T)-F12a/aug-cc-pVDZ level are shown in Figure
4. The reaction of •QOOH with O2 is also a barrier-less process,
forming adduct products •OOαQ3OOH and •OOβQ9OOH
with potential well depths of 31.75 and 21.20 kcal/mol,
respectively. For the α•Q3OOH + O2, there are two possible
pathways for HO2 elimination from •OOαQ3OOH: •OOα-
Q3OOH → P11 + HO2, •OOαQ3OOH → P13 + HO2, forming
two different structures of hydrogen peroxycyclopentenone P11
and P13, with energy barriers of 23.38 and 28.05 kcal/mol,
respectively. The energy barrier of the former is 4.67 kcal/mol
lower than that of the latter, and it is also 3.6 kcal/mol lower than
the reaction pathway that produces diketohydroperoxide
(DKHP) P12. Moreover, the energy of the transition states
TS11, TS12, and TS13 is all lower than that of α•Q3OOH at the
reaction entrance. From the perspective of reaction kinetics, all
of these reaction pathways are favorable, and they tend to
eliminate HO2 to generate P11 via a 4-membered ring transition
state. •OOαQ3OOH can also undergo 1,4-H shift isomerization
to generate HOOαQ14OOH and HOOαQ15OOH, but the
energy barriers are higher than other reaction pathways, so their
contribution to the secondary oxygenation process can be
ignored. For the β•Q9OOH + O2, the energy of all reaction
pathways is higher than that of the reaction entrance. The
reaction barrier for •OOβQ9OOH to eliminate HO2 via a 5-
membered ring transition state to generate P16 is the lowest at
23.53 kcal/mol, and other dissociation pathways are much
higher than the HO2-elimination pathway. Therefore, in the
secondary oxygenation process of ROO•, αROO• is more
dominant and tends to generate P11 or P13 via the HO2-
elimination pathway and P12 via the dissociation pathway.
However, in the mass spectrum shown in Figure 2, only the
product peak of P12 at m/z = 130 was detected, and no peak of
hydrogen peroxycyclopentenone (P11 or P13) was detected at m/

Figure 6. Mass spectra of CPO dissociation products at atm (a) 725,
(b) 800 K. The insets are respectively enlarged views of local species at
corresponding temperatures.

Figure 7. (a) CPO-2, (b) CPO-3 reaction energies constructed by the β site C−C fracture process obtained from UCCSD (T)-F12a/aug-cc-pVDZ
level of potential energy together with ZPE corrections.
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z = 114 because P11 and P13 have higher reactivity and further
decompose. They can form ketone compounds through
intramolecular dehydration reaction22 as shown in Figure 5
and the corresponding peak was detected at m/z = 96 in Figure
2. It is worth noting that some of the species in Figure 4 contain
cis-trans isomers, and the energy comparison between them is
shown in Table S2.
Unimolecular Dissociation. While numerous theoretical

studies on the dissociation process of CPO have been
conducted, few experimental reports on the dissociation
products of CPO under high pressure are available. In this
study, the CPO dissociation mass spectra (Figure 6) are
obtained at 725 and 800 K and 3 atm total pressure. Figure 7
illustrates the main unimolecular decomposition pathways of
CPO identified in this study. The CPO-2 and CPO-3 radicals
initially formed following dissociation can undergo β scission

reactions. CPO-2 radicals can ring-open via T20, T21, while
CPO-3 ring-open via T22, T23. The energy barriers calculated in
this work are consistent with the results reported by Zhou and
Zaras et al.11,18 CPO-2 can be dissociated into ethylene (CH2�
CH2) and propylene ketone radicals (CH2�CH−C�O) via
T20, T20‑1 and T21, T21‑1, respectively. Therefore, the peak at m/z
= 56.03 corresponds to propylene ketone (CH2�CH−CHO)
dissociated from the CPO-2 radical. CPO-3 can be dissociated
into ethenone (CH2�C�O) and allyl radical (CH2�CH−
CH2•) by T22, T22‑2 and T23, T23‑1, respectively; it can also be
decomposed into CO and 3-buten-1-yl radical (CH2�CH−
CH2−CH2

.) via the T22, T22‑1 channel. Therefore, the peaks at
m/z = 42.01, 42.05, and 56.06 correspond to ethenone (CH2�
C�O), propylene (CH2�CH−CH3), and 1-butene (CH2�
CH−CH2−CH3), respectively. 1-Butene (m/z = 56.06) can be
observed at 725 K but disappeared at 800 K, whereas propylene

Figure 8. Temperature-dependent rate constant for the CPO radical with O2 PES at a pressure of 3 atm. Reactions of (a) αR• + O2; (b) βR• + O2; (c)
αROO•species; (d) α•QOOH species; (e) βROO•species; (f) β•QOOH species.
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(m/z = 42.05) is noted at 800 K but not at 725 K. This finding
shows that CPO-3 radicals are easily decomposed to produce 1-
butene and CO at low temperatures and ketene and propylene at
high temperatures. This is consistent with the calculated
dissociation PES in Figure 7b.
Rate Constants. The reaction process between CPO

radicals with molecular oxygen dominates the entire process
of low-temperature fuel oxidation, particularly the reaction
process involving ROO• radicals, which determines the auto-
ignition behavior of the fuel. Figure 8 shows the temperature-
dependent rate constants for the main reaction channels during
the addition of R• to O2. The reaction channel that forms ROO•

through the addition of O2 dominates over the entire low-
temperature range, regardless of whether it is the CPO free
radical at the α or β position. As the temperature increases, the
reaction channels for eliminating HO2 to form cyclopentene and
undergoing 1,5-H shift isomerization will become increasingly
important, and the competition between the two channels
directly reflects the overall reactivity of CPO.

For αR• + O2, the reaction rate constant for αROO•

eliminating HO2 to form 2-cyclopentenone P1 is greater than
that for 1,5-H shift isomerization to form α•Q3OOH reaction
channel, with a difference of 100 times at 700 K, and the two
reaction rate constants are positively correlated with temper-

Figure 9. Pressure-dependent rate constant for the CPO radical with O2 PES. Reactions of (a) αROO• = P1 + HO2; (b) α•Q2OOH = P2 + •OH; (c)
βROO• = P6 + HO2; (d) β•Q8OOH = P8 + •OH.

Figure 10. High-pressure-limit rate constant for the CPO radical with O2 PES. Reactions of (a) •OOαQ3OOH species; (b) •OOβQ9OOH species.
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ature. Other reaction channels have high reaction barriers and
low reaction rates, so their contribution to the overall reaction
can be ignored. For βR• + O2, the βROO• has two reaction
channels that eliminate HO2 to form 2-cyclopentenone P6 and
3-cyclopentenone P6‑1, respectively. At lower temperatures, the
reaction channel for forming P6 is favorable, but as the
temperature increases, the reaction channel for forming P6‑1
will become increasingly important. Higher temperatures will
further widen the gap in reaction rates between the reaction
channel for HO2 formation of cyclopentenone and 1,5-H shift
isomerization to form theα•Q9OOH reaction channel. The
reaction rate constant for •QOOH further forming tricyclic
ether products (P2, P7, and P8) is greater than that for other
reaction channels because the molecular tension of the reaction
transition state molecule during the formation process is
minimized, which is favorable for the formation of tricyclic
ether products. The Arrhenius parameter expanded for the
temperature-dependent rate constant is listed in Table S3.

Figure 9 presents the pressure-dependent rate constants for
the major reaction channels involved in the R• + O2 addition
reaction process. Note that some rate coefficients are lost
because at least one of the participating species is reacting faster
than the slowest time scale corresponding to internal energy
relaxation via collisions. In this case, it is not possible to establish
a phenomenological rate coefficient,29,40 instead, the rapidly
equilibrating species are merged automatically by MESS,
preserving the validity of the rest of the rate coefficients.41 At
temperatures below 600 K, the reaction channel that involves
the consumption of ROO• by HO2 to form CPO shows almost
no pressure dependence. However, at temperatures above 600
K, pressure dependence begins to appear for all reaction
channels and shows a positive correlation with pressure. For the
reaction channel that generates cyclic ethers, a significant
pressure dependence effect exists throughout the entire
temperature range.

Figure 10 shows the high-pressure rate constant of the CPO
radical secondary oxygenation reaction process. The reaction
channel for eliminating HO2 and forming P11 from •OOα-
Q3OOH via TS11 dominates the entire temperature range. And
the reaction channel for eliminating HO2 through TS13 at high
temperatures has also become more important. Compared to
the reaction channel that eliminates HO2, the rate constant of

the reaction channel that forms cyclic ethers through 1,5-H
migration isomerization is much lower, and its contribution to
the entire reaction can be ignored. Similarly, the formation of P16
via TS16 from •OOβQOOH is dominant over the entire
temperature range. Therefore, the generation of hydrogen
peroxycyclopentenone is the most favorable path for the
secondary oxygenation process of CPO. The Arrhenius
parameter expanded for the high-pressure-limit rate constant
is listed in Table S4.

Figure 11 shows the rate constant of the unimolecular
dissociation of CPO. The rate constants obtained at the UCCSD
(T) - F12a/aug-cc-pVDZ level are consistent with the rate
constants reported by Zhou et al.18 In the dissociation process of
CPO radicals, the rate constant of scission of C1−C5 or C1−C2
bond is significantly higher than that of scission of the C3−C4
bond. It is noteworthy that the reaction rate constant of
producing 3-buten-1-yl radial by eliminating CO in CPO-3
radicals is much higher than that of other pathways. This also
means that this channel is the main dissociation channel, which
is consistent with the reports of Dong et al.14 and Li et al.15 The
Arrhenius parameter expanded for the high-pressure-limit rate
constant is listed in Table S5.

■ CONCLUSIONS
In this work, the low-temperature oxidation of CPO was
investigated between 525 and 800 K at 3 atm total pressure by
MB-VUV-TOF-MS with a flow reactor. The PESs of the main
reaction pathways were theoretically calculated at the UCCSD-
(T)-F12a/aug-cc-pVDZ//B3LYP/6-31+G(d,p) level. At the
same time, the rate constants of each main reaction path in the
process of primary oxygenation are calculated by using high-
precision quantitative calculations combined with RRKM/ME
theory. The primary conclusions included the following:

(1) The initial oxidation reaction tends to eliminate HO2
from ROO• radicals to produce cyclopentenone, while
•QOOH preferentially forms 3-membered cyclic ether
products.

(2) The •QOOH generated by 1,5-H-translocation has a high
energy barrier for the subsequent formation of cyclic
ether, which easily reacts with O2 and forms KHP
intermediates. The mass spectral peaks of the related
products are observed at m/z = 130. Some KHP

Figure 11. High-pressure-limit rate constant of the dissociation process of CPO. Reactions of (a) αR• = W20, αR• = W21, W20 = P20, W21 = P21; (b) βR•

= W22, βR• = W23, W22 = P22, W23 = P23. And the CPO radical decomposition reaction channel from Zhou.18
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intermediates with higher activity, such as cyclopente-
none hydrogen peroxide (P11, P13, and P16), are not
detected, but their related decomposition and conversion
products are detected at m/z = 96, especially at high
temperatures.

(3) The second cycle of O2 addition to •QOOH preferentially
produces ketone intermediates rather than ether inter-
mediates.

(4) The unimolecular dissociation products of CPO, such as
ethylene (CH2�CH2), ethenone (CH2�C�O), pro-
pylene (CH2�CH−CH3), acrolein (CH2�CH−
CHO), and 1-butene (CH2�CH−CH2−CH3), are
experimentally and theoretically confirmed. And the
dissociation of CPO to ethylene and CO is the main
reaction channel.

The results of this study provide a reference for the
combustion kinetics of CPO under high pressure. Further
investigation of the combustion characteristics of CPO under
different pressure conditions is recommended.
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