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ABSTRACT: This work reports a detailed mechanism of the initial
thermal pyrolysis of isopropyl propionate, (C2H5C(O)OCH(CH3)2),
an important biodiesel additive/surrogate, for a wide range of T = 500−
2000 K and P = 7.6−76 000 Torr. The detailed kinetic behaviors of the
title reaction on the potential energy surface constructed at the CBS-
QB3 level were investigated using the RRKM-based master equation
(RRKM-ME) rate model, including hindered internal rotation (HIR)
and tunneling corrections. It is revealed that the C3H6 elimination
occurring via a six-centered retro-ene transition state is dominant at low
temperatures, while the homolytic fission of the C−C bonds becomes
more competitive at higher temperatures. The tunneling treatment is
found to slightly increase the rate constant at low temperatures (e.g.,
∼1.59 times at 563 K), while the HIR treatment, being important at high
temperatures, decreases the rate (e.g., by 5.9 times at 2000 K). Showing a
good agreement with experiments in low-temperature kinetics, the kinetic model reveals that the pressure effect should be taken into
account at high temperatures. Finally, the temperature- and pressure-dependent kinetic mechanism, consisting of the calculated
thermodynamic and kinetic data, is provided for further modeling and simulation of any related systems.

■ INTRODUCTION
Biodiesels, commonly composed of fatty acid alkyl esters, are
typically transesterified by short-chain alcohols (e.g., methanol,
ethanol, and propanol) and triglycerides (greases and plant
fats).1−7 Biodiesels can be considered as renewable fuels used in
internal combustion engines due to their replacement of
conventional diesel fuels.4 However, the flow property, one of
the main disadvantages of biodiesels, makes their utilization
limited because it vulnerably depends on the season and region
for using the fuels.8 The property can be significantly improved
with esters attained from the isopropyl or isoamyl alcohols due
to the reducing intramolecular interactions at low temper-
atures.9 Also, the initial reactions of the thermal pyrolysis of
biofuels are important in the combustion chamber, leading to a
large amount of unsaturated products and soot, which can be
oxidized later.10 Therefore, detailed studies on the thermal
decomposition of biofuels for a wide range of conditions are
essential for constructing a detailed kinetic model.11

As an essential biodiesel additive and surrogate, isopropyl
propionate [IPP−C2H5C(O)OCH(CH3)2] has attracted
much attention to study its combustion characteristics. The
kinetics of the thermal decomposition of IPP, reported by
Chuchani et al.12 in homogenous static vessels at T = 583−623
K and P ∼ 760 Torr, was found to follow the first-order law as
k(T) = 10(13.06±0.09) × exp{[−(45 400 ± 200) cal mol−1]/RT}
s−1. The formed propene was quantitatively analyzed on gas
chromatography using a thermal conductivity detector. Smith et

al.13 also reportedmeasured value of (6.10± 0.20)× 10−3 s−1 for
the thermal pyrolysis of IPP using a static reactor at T ∼ 651 K.
Theoretically, Shiroudi et al.8 reported the calculated rate
constants for the temperature range of 563−651 K. Their
reported rate constants are much higher than the experimental
data by an average factor of about 5.4 and 3.9 using TST/Eckart
and RRKM models, respectively.
In addition to the large discrepancy in kinetics between

experiments and calculations, the insights into the kinetic
behaviors of the title system for a wide range of temperature and
pressure, needed for the modeling and simulation of related
systems, have motivated us to reinvestigate its kinetic behaviors
for a broad condition range of T = 500−2000 K and P = 7.6−76
000 Torr. In particular, in this study, we used the RRKM-based
master equation (RRKM-ME) rate model, including hindered
internal rotation (HIR) and tunneling corrections, to investigate
the kinetic behaviors on the potential energy surface constructed
at the CBS-QB3 level. The derived temperature- and pressure-
dependent kinetic mechanism, consisting of the calculated
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Figure 1. ZPE-corrected energy profile (0 K) for the initial thermal pyrolysis of IPP, calculated at the CBS-QB3 level with the lowest energy-lying
structure for a species of interest. Units are in kcal mol−1.

Figure 2.Optimized structures ofTS1a (a) andTS1b (b) obtained at the B3LYP/CBSB7 level of theory. Bond lengths and angles are in Å and degree
(°), respectively.
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thermodynamic and kinetic data for main reaction channels, is
also provided for further kinetic modeling and simulation of any
related systems.

■ COMPUTATIONAL METHODOLOGY

All quantum chemical calculations were done using Gaussian 09
suite.14 The geometry optimization and frequency calculations
employ the hybrid density functional theory, namely, the
B3LYP/CBSB715−17 level of theory. Found to be suitable for
investigating the detailed kinetics of the similar reactions of
methyl propionate radicals18 /methyl acetate radicals19 with an
O2 molecule, the composite method CBS-QB3,20 based on the
B3LYP/CBSB7 geometry, was used to obtain the energies of all
species involved.
The HIR corrections were thoroughly taken into account in

thermodynamic/kinetic calculations, in which the hindrance
potentials of the rotation along the C−C and C−O “single”
bonds were calculated at the B3LYP/CBSB7 level via relaxed
surface scans (cf. Figure S8 for the details). The HIR parameters
were determined using the multi-species multi-channels
(MSMC) graphical user interface.21,22 The procedure of the
HIR correction calculation can be found in our previous work.23

The Eckart tunneling correction24 was also included in the rate
constant calculations for all elementary reaction channels. The
microcanonical rate constants k(E) of the barrierless paths
(namely, breaking the C−C and C−H bonds of IPP, cf. Figure
1) were derived from the high-pressure limit values, k∞(T), of
the somewhat similar system, ethyl propionate (EP)25 (see
Table S6 for the details), using the inverse Laplace transform
technique.26 For the energy transfer process, the expression of
⟨ΔEdown⟩ = 250.0× (T/298)0.8 cm−1 was used for the bath gas of
N2.

27 The Lennard-Jones parameters of ε/kB = 82.0 K and σ =
3.74 Åwere adopted for N2,

28 so then ε/kB = 454.4 K and σ = 5.9
Å were taken for IPP and its isomer.29 The canonical transition
state (TST) theory and stochastic30,31 /deterministic32,33

RRKM-ME32 rate models, including the HIR and tunneling
corrections, were used for the kinetic analyses for a broader
condition range of T = 500−2000 K and P = 7.6−76 000 Torr.
The MSMC code,34 an ab initio-based kinetic/thermodynamic
code for complex chemical systems by solving the ME with
deterministic and stochastic approaches, was used for all
thermodynamic and kinetic calculations in this study.

■ RESULTS AND DISCUSSION

The energetic profile (0 K) for the initial thermal pyrolysis of
IPP is plotted in Figure 1, calculated at the CBS-QB3 level. As
seen in Figure 1, IPP is most likely decomposed in a concerted
mechanism via tight six-center and four-center transition states,
TS1a and TS1b, at 48.4 and 63.2 kcal mol−1, respectively. The
structures of the two transition states (cf. Figure 2) reveal that
one H atom of the Cγ′−H group migrates to the O atom of Cβ
O and Cβ−O moieties, respectively, associated with the
spontaneous breaking of the Cβ−O bond to form the same
products, C2H5COOH +C3H6 (P1), at 17.6 kcal mol−1. From a
kinetic point of view, the TS1a-via channel is expected to be the
most favorable due to its lowest barrier height of 48.4 kcal mol−1

at 0 K, comparable with those of ethyl acetate (EA) (49.5 kcal
mol−1)35 and EP (48.9 kcal mol−1).36 This expectation is
confirmed later in the kinetic analysis, which includes the
enthalpic and entropic effects in the considered T and P range.
The TS1a-via barrier height was also calculated at a higher level,
CCSD(T)/cc-pVTZ//B3LYP/aug-cc-pVTZ,37−39 and an ex-

cellent agreement between the twomethods is observed (48.4 vs
48.2 kcal mol−1); thus, the CBS-QB3 can be reasonably
considered as the method of choice for this system, at least for
this important channel. It is worth noting that TS1b, not
reported previously, is energetically consistent with the similar
channels observed in ethyl 2-furoate and EP (63.2 vs 63.740 and
65.536 kcal mol−1, respectively) systems. Because of the higher
barrier (compared to TS1a), this reaction channel is believed
not to be crucial at low temperatures (e.g., the range of 563−651
K covered by the previous experiments12,13), but it is expected to
play a role at high temperatures (see the kinetic analysis below).
In addition to the P1 formation via TS1a and TS1b, IPP can

be decomposed by the cleavage of Cα−O and Cβ′−Hbonds (see
Figure 1 for the notations) via the transition state TS2 at 68.2
kcal mol−1, which leads to the formation of C2H5CHO +
CH3C(O)CH3 (P2), located 23.6 kcal mol−1 above the
reactant. IPP can also isomerize to form the enol intermediate,
I1, through TS3, followed by the unimolecular dissociation
TS6-via reaction, leading to the final products, CH3CHCHO +
CH3CH(OH)CH3 (P3). It is found that I1 is at 28.0 kcal mol−1

above the entrance channel, and TS3 and TS6 have barriers of
70.9 and 41.2 kcal mol−1, respectively, which are reasonably
comparable with those of EA,35 for example, 70.6 and 42.6 kcal
mol−1, respectively. On the other hand, IPP can directly
dissociate to P3 via TS4 with a 75.5 kcal mol−1 barrier, slightly
higher than EA35 (72.9 kcal mol−1). The C2H4 elimination
channels via TS5 and TS7 proceed with high barriers of 113.1
and 86.3 kcal mol−1, respectively, leading to products
HCOOCH(CH3)2 + C2H4 (P4) and HOCOCH(CH3)2 +
C2H4 (P5), respectively, but the latter channel is found less
thermodynamically favorable at 0 K (i.e., 71.4 vs 29.8 kcal mol−1,
respectively). It could be expected that these channels via the
C2H4-elimination mechanism could hardly play a role from the
kinetic point of view due to their high barrier heights.
Moreover, IPP can be thermally decomposed by breaking the

C−C bonds via typical barrierless pathways to yield the two
radical fragments, namely, •CH2COOCH(CH3)2 +

•CH3 (P6),
•COOCH(CH3)2 + •C2H5 (P7), C2H5C

•O + •OCH(CH3)2
(P 8 ) , C 2H 5COO • + •CH(CH 3 ) 2 (P9 ) , a n d
C2H5COOC

•HCH3 + CH3 (P10) with the high barriers of
85.3, 93.0, 102.5, 91.5, and 88.8 kcal mol−1, respectively.
Similarly, IPP can also experience the unimolecular dissociations
via cracking the C−H bonds without an intrinsic barrier height,
leading to the final products •CH2CH2COOCH(CH3)2 + H•

(P11 ) , CH3C
•HCOOCH(CH3 ) 2 + H • (P12 ) ,

C2H5COOC
•(CH3)2 + H• (P13), and C2H5COOCH(CH3)-

C•H2 +H
• (P14) with the reaction enthalpy of 100.8, 92.6, 98.0,

and 101.8 kcal mol−1, respectively. In short, these homolytic
bond cleavage reactions are not favorable at low temperatures
(e.g., T ≤ 1000 K), but they could become significant at high
temperatures (e.g., T > 1500 K).
Compared to the numbers previously suggested at the same

level of theory, our calculated numbers consistently match those
reported by Shiroudi et al.8 with the mean absolute deviation
(MAD) value of 0.24 kcal mol−1 between the two data sets (cf.
Table S2). The calculated thermodynamic properties (ΔHf

298K

and S298K) for all species involved in the title reaction were also
tabulated in Table S4, and those fitted to the NASA format are
provided in Table S3. Comparison with the literature data (i.e.,
those from the NIST and ATcT databases) was carried out to
evaluate the accuracy of the derived numbers at the CBS-QB341

level of theory. Our calculated ΔHf
298K and S298K consistently

match those obtained from NIST and ATcT databases for
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several available species (e.g., the MAD values are 0.6 and 0.8
kcal mol−1 for ΔHf

298K, and 0.2 and 1.3 cal mol−1 K−1 for S298K,
respectively).
Figure 3 representatively shows the normalized time-resolved

profiles for the IPP → products reaction (at 760 Torr) at two

temperatures, 600 and 1800 K, using the stochastic30,31 RRKM-
ME rate models. It is observed that the mechanism changes with
temperature. At the low temperature, the formation of
C2H5COOH + C3H6 (P1) via TS1a and TS1b is the major
and minor pathways, respectively (e.g., the former is about 5
orders of magnitude faster than the latter). Note that the
contribution of the other channels is too small to appear in
Figure 3a. It is worth noting that the stochastic30,31 and
deterministic32,33 models predict the same time-resolved species
profiles (cf. Figure S2) and the same overall rate constant, ktot,
(cf. Figure S3, with the MAD value of 12.9%) for the IPP →
products reaction for a wide range of temperature of 500−2000
K and P = 760 Torr. Therefore, the two models can
independently be used to quantify the chemical behaviors
reliably for the title reaction. At the high temperature of 1800 K,
the main reaction channels, in the decreasing order, are P1 (via
TS1a), P6, P9∼ P10, P7, P8, P1 (via TS1b), P2, and P3. Note

that the profile of intermediate I1, with the mole fraction of
∼10−6, also appears in Figure 3b.
Our predicted rate constants, k(T, P = 760 K), for the IPP→

products reaction (shown in Figure 4 and the discrete calculated
values are provided in Table 1) are in much better agreement
with the measured data12,13 than those reported by Shiroudi et
al.8 For instance, at T = 583 K, we report the value of 6.7 × 10−5,
which is very close to the experimental value of 10.9 × 10−5 by
Chuchani et al.,12 while Shiroudi et al.8 suggested the much
higher values of 61.7 × 10−5 and 43.6 × 10−5 s−1 (using the
TST/Eckart and RRKMmodels, respectively). AtT = 651K, the
numbers are 5.0 × 10−3 s−1 (this work), 6.1 × 10−3 s−1

(experimental number by Smith et al.13), and 33.2 × 10−3 and
25.3 × 10−3 s−1 (Shiroudi et al.,8 using the TST/Eckart and
RRKM models, respectively). Note that the data for a wider
temperature and pressure range (i.e., T = 500−2000 K and P =
7.6−76 000 Torr) are presented in Figure 5. The calculated
kinetic data using two different models (i.e., TST and RRKM-
ME), including the corrections of HIR and Eckart tunneling
treatments at T = 563−651 K and P = 760 Torr, are also
presented in Table 1. It is observed that at atmospheric pressure,
the rate constants reach their high-pressure limit values [i.e.,
k(RRKM/ME) ≈ k(TST)], which is somehow consistent with
the data reported by Shiroudi et al. [e.g., k(RRKM) = ∼76%
k(TST) at T = 651 K] in the same condition. The difference of
the high-pressure value k(P = ∞) and the pressure-dependent
rate constant k(P = 760 Torr) between the two models [i.e.,
between our observation of “k(RRKM/ME)≈ k(TST)” and the
reported “k(RRKM) = ∼76% k(TST)” by Shiroudi et al.] is
likely due to different pressure-dependent kinetic models used in
the two studies.
To learn more about the difference between our numbers and

those suggested by Shiroudi et al.,8 we compared the high-
pressure rate constants (k∞(T)) calculated using two similar
kinetic models. In particular, the TST rate models, together with
the Eckart tunneling correction, on the potential energy surfaced
explored at the CBS-QB3 level were used with two different
kinetic codes, our MSMC code and KiSThelP20 code by
Shiroudi et al.8 There is a large difference of an average factor of
∼5 (e.g., 6.65 and 4.04 at 563 and 651 K, respectively, cf. Figure
4) between our numbers and those reported by Shiroudi and
coworkers. We think such a difference is very likely due to a
mistake or different parameters used in the previous calculations,
and resolving this issue, which certainly is informative but not so
significant, might take us a lot of time and effort that exceeds the
scope of this study. It is worth noting that our calculated
numbers are in excellent agreement with the experimental data
without adjusting any parameters.
To understand the thermodynamic insights into the TS1a-via

channel, the Gibbs free energy differences (ΔG⧧), together with
the enthalpic (ΔH⧧) and entropic (−T × ΔS⧧) contributions,
between the transition state TS1a and the reactant (IPP) for the
temperature range of 500−2000 K are calculated and provided
in Table S5. It can be seen that the enthalpic component
determines the magnitude and the sign of ΔG⧧, favoring the
TS1a formation with the temperature increase (i.e.,Ä

Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ= −

[ ]
[ ]

Δ ‡

exp G T
RT

TS1a

IPP
( )eq

eq
increases with temperature). The

negative values of the entropic component (−T × ΔS⧧), having
the maximum magnitude at around 1200−1300 K, suggest the
TS1a formation is not favorable entropically as expected as the
transition state with the six-membered ring structure (cf. Figure
2) reduces the degrees of freedom of the reactant. On the other

Figure 3. Time-resolved species profiles for the reaction of IPP →
products, calculated at P = 760 Torr (in the logarithm scale) using the
stochastic (solid lines, 108 trials) model at two temperatures: T = 600 K
(a) and T = 1800 K (b). The simulations were performed using the full
PES represented in Figure 1. Species notations are provided in Figure 1.
X-/Y-axes are in the base-10 logarithm scale.
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hand, the thermodynamic driving force of the IPP → C3H6 +
C2H5COOH (P1) reaction is controlled by the entropic effect

(−T × ΔrxnS), not the enthalpic one (ΔrxnH), which also favors
the formation of product P1 with temperature.
Also, within the simple Arrhenius expression k(T) = A ×

exp(−Ea/(RT)), the pre-exponential A-factor and activation Ea
values depend on the temperature range in which the expression
is derived. Note that A-factor and Ea values serve as fitting
parameters, which do not account for the curvature of the plots.
The fitting expressions at P = 760 Torr for two different
temperature ranges of 563−651 K (covered by the experiments)
and 500−2000 K are as follows

= × × −

= − =

− −k T RT

T

( ) (6.79 10 s ) exp( 48.1 kcal mol /( ))

for 563 651 K (fitting error 0.6%)

13 1 1

= × × −

= − =

− −k T RT

T

( ) (1.51 10 s ) exp( 42.5 kcal mol /( ))

for 500 2000 K (fitting error 39.2%)

12 1 1

It can be seen that in the same temperature range of T = 563−
651 K, our model predicts higher A-factor (∼5.9 times) and Ea
(∼2.7 kcal mol−1) values when compared with experimental
values reported by Chuchani et al. (1977)12 [k(T) = (1.15 ×
1013 s−1) × exp(−45.4 kcal mol−1/(RT))]. Higher A-factor and
Ea values make the rate constants faster and slower, respectively;

Figure 4.Comparison of the rate constants for the reaction of IPP→ products, derived from this work and the literature at P = 760 Torr and T = 563−
651 K. The literature data were reported by Smith et al. [“Expt. (Smith 1977)”];13 Chuchani et al. [“Expt. (Chuchani 1977)”];12 and Shiroudi et al.
[“Calc. (Shiroudi 2020)”].8 The predictions were performed using the full PES represented in Figure 1. The Y-axis is in the base-10 logarithm scale.

Table 1. Rate Constants (k, unit: s−1), HIR Factors ( fHIR) and Eckart Factors (κ) for theMain Channel, IPP→CH3CH2COOH+
CH2CHCH3 (via TS1a) at T = 563−651 K and P = 760 Torr, Calculated at the CBS-QB3 Methodb

T (K) this work Expt’l k

k(TST)a k(RRKM/ME)a f HIR κ Chuchani12 Smith13

563 1.51 × 10−5 1.51 × 10−5 0.65 1.59
575 3.69 × 10−5 3.69 × 10−5 0.64 1.56
583 6.71 × 10−5 6.71 × 10−5 0.64 1.54 1.09 × 10−4

594 1.39 × 10−4 1.39 × 10−4 0.63 1.51 2.20 × 10−4

599 1.94 × 10−4 1.94 × 10−4 0.63 1.50 2.95 × 10−4

600 2.12 × 10−4 2.12 × 10−4 0.63 1.50
604 2.70 × 10−4 2.70 × 10−4 0.63 1.49 4.07 × 10−4

609 3.73 × 10−4 3.73 × 10−4 0.63 1.48 5.53 × 10−4

613 5.14 × 10−4 5.14 × 10−4 0.62 1.47 7.44 × 10−4

623 9.55 × 10−4 9.55 × 10−4 0.62 1.45 1.35 × 10−3

651 5.01 × 10−3 5.00 × 10−3 0.61 1.41 6.20 × 10−3

aCorrections for the HIR and Eckart tunneling treatments were included. bRRKM model with strong collision approximation at 760 Torr.

Figure 5. Computed total rate coefficients, ktot(T, P), for the IPP →
products reaction as a function of temperature at different pressures
(i.e., 7.6, 76, 760, 7600, and 7600 Torr).
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thus, the combination of the two effects results in a good
agreement between our numbers and experimental values (e.g.,
6.7 × 10−5 compared with the experimental value of 10.9 × 10−5

by Chuchani et al.12 at T = 583 K). Note that an A-factor value
depends on the partition function ratio (including corrections
for the tunneling and HIR treatments) of the corresponding
transition state to the reactants for a chemical reaction.
Furthermore, analysis shows that the tunneling treatment

slightly increases the rate constant at low temperatures. For
example, the rate constants of the most dominant channel (via
TS1a) are increased by a factor of 1.59 and 1.41 at T = 563 and
651 K, respectively (cf. Table 1), which is consistent with that
predicted by Shiroudi et al.8 (e.g., 1.41 and 1.31 at T = 563 and
651 K, respectively). In contrast, the HIR treatment, which is
not taken into account by Shiroudi et al.,8 decreases the rate
constants of the TS1a-via channel by a factor of 0.65 and 0.61 at
T = 563 and 651 K, respectively, at P = 760 Torr (cf. Table 1). It
is found that the HIR treatment still plays a role at high
temperatures, for example, it decreases the total rate constants,
ktot, by a factor of 0.70 and 0.17 at 500 and 2000 K, respectively,
at P = 760 Torr (cf. Figure S6). As also seen in Figure S7, our
calculated rate constant of IPP → P1 reaction is notably lower
than that of Shiroudi et al.,8 for example, 6.1 and 52.0 times at
600 and 2000 K, respectively, at P = 760 Torr. Also, even though
the two corrections relatively compensate each other in the rate
constants at the low experimental temperatures, the inclusion of
both tunneling (necessary at low temperatures) and HIR
(important at high temperatures) treatments is pivotal in
determining the reliable rate constants for the initial thermal
decomposition of IPP for the wide range of T and P conditions
as in this study.
The species branching ratios from the reactants, representa-

tively at P = 760 Torr as a function of temperatures, are
illustrated in Figure S7. It is observed that the P1 formation is
the only main channel until 1600 K and then decreases until
2000 K, where the P6 channel becomes comparable and other
channels (e.g., P7, P10, and P9) are observable. It is noteworthy
that experimentally Giri et al.36 only found the formation of
propionic acid and ethylene via a six-centered retro-ene
transition state for the thermal pyrolysis of EP at T = 976−
1300 K and P = 825−1875 Torr, while Shiroudi and coworkers8
observed that the so-called similar P1 channel dominates in a
lower temperature range (i.e., T < 1200 K). In other words, the
breaking of the C−C bonds (i.e., channels P6, P7, P9, and P10)
was found significant by Shiroudi et al. at T > 1200 K, while it is
expected that the two similar systems should behave similarly in
the same high-temperature domain. According to ourmodel, the
homolytic fission of the C−C bonds becomes significantly
substantial (i.e., P6 > P7 > P9∼ P10) at high temperature while
the homolytic bond breakage of the C−H bonds still cannot
compete due to their high bonding dissociation energies (e.g.,
>92.6 kcal mol−1, cf. Figure 1). It is recommended that a detailed
laboratory study should be conducted at combustion-relevant
conditions (i.e., T ≥ 1000 K) to confirm the branching ratios
reported here.
Computed rate coefficients, k(T, P), for the IPP → products

reaction as a function of temperature at different pressures are
plotted in Figure 5. Because the plots are for the total rate
constants of the title reaction (not an elementary reaction), the
curvatures of the plots, which are higher at lower temperatures
and pressures, depend on many factors, including the temper-
ature-dependent tunneling and HIR corrections and temper-
ature and pressure. It is observed that the pressure effect is only

noticeable at the high temperatures [e.g., T > 1000 K, k(P =
infinity)/k(P = 7.6 Torr) =∼6 atT = 1500 K]; thus, the pressure
effect should be taken into account for the pyrolysis at low
pressures and high temperatures, causing the changes in the rate
constants and species branching ratios in such conditions. Also,
the TS1b-via channel plays a minor role in the temperature
range of 563−651 K covered by the previous experiments12,13

and becomes observable in the high-temperature regime (e.g., at
T ≥ 1500 K and P =∞, cf. Figure S5);40 thus, together with the
homolytic bond cleavage reactions, it is recommended to be
included in the pyrolysis mechanism for the title reaction. For
the overall decomposition of IPP, the total rate constants (in the
modified Arrhenius expression) of the title reaction at different
pressures are given in Table 2. Also, the thermodynamically

consistent kinetic submechanism, which consist of k(T, P) of the
important channels, that is, those forming P1, P6, P7, P8, P9,
and P10 (cf. Table S7) and the thermodynamic data of the
species involved (cf. Table S3), is provided for T = 500−2000 K
and P = 7.6−7600 Torr to describe the kinetic behaviors
(including the rate constants and branching ratios) of the title
reaction. Such a kinetic submechanism could be incorporated
into an extended kinetic mechanism to construct a full detailed
kinetic model for further modeling IPP-related systems for a
wide range of conditions.

■ CONCLUSIONS
In conclusion, the kinetic behaviors of the title reaction were
investigated for a wide range of conditions (T = 500−2000 K
and P = 7.6−76 000 Torr) using the RRKM-ME rate model,
which includes the HIR and tunneling corrections, on the
comprehensive PES constructed at the CBS-QB3 level. The
mechanistic insights were revealed as the C3H6 elimination
occurring via a six-centered retro-ene transition state is
dominant at low temperatures and the homolytic fission of the
C−C bonds becomes noticeable at higher temperatures.
Showing a good agreement in the rate constants with
experiments at low temperatures, the models suggest that the
pressure effect should only be considered at high temperatures
and low pressures. Moreover, this work provides the detailed
kinetic mechanism, consisting of thermodynamic (in the NASA
format) and kinetic (in the modified Arrhenius format) data for
main reaction channels at different conditions, for further
modeling/simulation of biodiesel-related combustion systems.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c05280.

Optimized geometries, electronic energies at 0 K, ZPE
corrections and harmonic wavenumbers of the species
involved in the title reaction, calculated at the CBS-QB3

Table 2. Kinetic Parameters of the Modified Arrhenius
Expression (Ktot) for the Thermal Decomposition of IPP →
Products Reaction at Different Pressures at T = 500−2000 K

P (Torr) A (s−1) n Ea/R (K) fitting uncertainty (%)

7.6 9.51 × 1058 −13.81 3.34 × 104 6.3
76 5.96 × 1050 −10.19 3.21 × 104 7.7
760 4.06 × 1043 −9.00 3.06 × 104 0.2
7600 2.38 × 1047 −10.11 3.16 × 104 7.4
76 000 1.36 × 1042 −8.54 3.04 × 104 0.2
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level of theory; comparison of the relative ZPE-corrected
energies of all species, calculated at the same method,
CBS-QB3; calculated thermodynamic data (in the NASA
format) of all species; comparison of predicted
thermochemical properties of all species with the
literature data; Gibbs free energy differences (ΔG) and
their corresponding enthalpic (ΔH) and entropic (−T ×
ΔS) components for the TS1a-via IPP → C3H6 +
C2H5COOH (P1) reaction in the temperature range of
500−2000 K; estimated high-pressure limited rate
constants, k∞(T), for the barrierless channels of IPP in
the considered temperature range of 500−2000 K;
predicted rate constant (1/s) of important channels
from IPP (i.e., P1, P6, P7, P8, P9, and P10 via channels)
at different pressures (7.6−76 000 Torr); geometrical
structures of all species, optimized at the B3LYP/CBSB7
level of theory; time-resolved species profiles for the
reaction of IPP→ products, calculated at T = 600 K and P
= 760 Torr using both stochastic and deterministic
RRKM-ME rate models; comparison of the calculated
total rate constants, ktot, for the IPP → products reaction
between the stochastic and deterministic rate models as a
function of temperature (T = 500−2000 K) at P = 760
Torr; calculated rate coefficients for the IPP → products
reaction, at P = 760 Torr; calculated branching ratios for
the reaction of IPP → CH3CH2COOH + CH2CHCH3
(P1) via TS1a and TS1b at T = 500−2000 K and P = 760
Torr and high-P limit (HPL); calculated rate constants for
the IPP → products reaction with and without HIR
treatment; calculated species branching ratios for the
reaction of IPP→ products as a function of temperature at
P = 760 Torr; and hindrance potentials for the species
involved, calculated at the B3LYP/CBSB7 level of theory
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