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ABSTRACT: The hydrogen atom abstraction by the methyl peroxy [Reaction classHTheoretical studyH[Kinetic modeling]
radical (CH;0,) is an important reaction class in detailed chemical

kinetic modeling of the autoignition properties of hydrocarbon fuels.
Systematic theoretical studies are performed on this reaction class for
H,/C,—C, fuels, which is critical in the development of a base model
for large fuels. The molecules include hydrogen, alkanes, alkenes, and
alkynes with a carbon number from 1 to 4. The B2PLYP-D3/cc-
pVTZ level of theory is employed to optimize the geometries of all of
the reactants, transition states, and products and also the treatments of hindered rotation for lower frequency modes. Accurate
benchmark calculations for abstraction reactions of hydrogen, methane, and ethylene with CH;0, are performed by using the
coupled cluster method with explicit inclusion of single and double electron excitations and perturbative inclusion of triple electron
excitations (CCSD(T)), the domain-based local pair-natural orbital coupled cluster method (DLPNO-CCSD(T)), and the explicitly
correlated CCSD(T)-F12 method with large basis sets. Reaction rate constants are computed via conventional transition state theory
with quantum tunneling corrections. The computed rate constants are compared with literature values and those employed in
detailed chemical kinetic mechanisms. The calculated rate constants are implemented into the recently developed NUIGMECH]1.1
base model for kinetic modeling of ignition properties.
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1. INTRODUCTION quantum chemical calculations at the CBS-QB3 level of
theory.'” Subsequently, they extended the investigation by
considering more alkanes including methane (CH,), ethane
(C,Hg), propane (C3Hy), and n-butane (C,H,,) abstracted by
additional peroxy species (RO, with R = H, CH;, C,Hs, C;H,,
C4H,;, HC=O0, and CH;C=0) by using the same computa-
tional methods.'® It was concluded that the structure of fuels
shows a large effect on the rate constants, indicating that
systematic studies on this reaction class by including more fuel
molecules with enough structural diversity are desired.
Hashemi et al. performed high-level theoretical calculations
for the abstraction reaction of CH, with CH;0,, which
exhibits high sensitivity during high-pressure oxidation of
CH,."” However, no systematic study has been performed to
provide accurate rate constants for this reaction class.

In detailed kinetic modeling of all fuels, the reaction rate of
H,/C,—C, base chemistry is among the most sensitive ones
controlling the pyrolysis and oxidation processes.””*”*" The
H,/C,—C, kinetic mechanism is a crucial subgroup of many

The development of detailed chemical kinetic mechanisms to
model combustion of hydrocarbon fuels has received
significant progress in the past few decades due to its
importance in a variety of applications ranging from internal
combustion engines to gas turbines.' ™ With more stringent
requirements on pollution emissions, low-temperature oxida-
tion of hydrocarbons has been of great interest to the
combustion community.”®” It has been shown that hydro-
peroxides play an important role in the low-temperature
oxidation of hydrocarbons.”® One possible source of hydro-
peroxides is the hydrogen abstraction from hydrocarbons by
alkyl peroxy radicals.*” In addition, hydrogen atom abstraction
by alkyl peroxy radicals is also an important reaction class in
the autoignition of fuels, especially at low-to-intermediate
temperatures ranging from 600 to 1300 K> Although a series
of experimental and theoretical studies has been performed on
reaction classes related to hydroperoxides and abstraction
reactions from hydrocarbons by the hydroperoxyl radical
(HO,),'""" abstraction reactions by alkyl peroxy radicals
receive less attention. Most of the reaction rate constants used
in kinetic models were based on rough estimation or
analogy.'*™'° Carstensen et al. initially performed a theoretical
study on the abstraction reactions for ethane (C,Hy) by HO,,
methyl peroxy (CH;0,), and ethyl peroxy (C,H;0O,) radicals
by using conventional transition state theory (TST) based on
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other hydrocarbons and oxygenated molecules, as well as
molecular growth kinetics leading to the formation of soot
precursors such as polycyclic aromatic hydrocarbons. Recently,
substantial progress was made in identifying the principal
global structures of the H,/C,—C, oxidation mechanism.” The
NUI Galway group conducted a systematic ignition study on
small hydrocarbon fuels, especially focused on low-temperature
conditions.'*™'® Kinetic modeling studies indicate that the
abstraction reaction for small hydrocarbon fuels by the CH;0,
radical is critical in accurate predictions of ignition delay times
under low-temperature conditions. Hence, accurate rate
constants for this reaction class are desired to refine the H,/
C,—C, base mechanism.

Based on the above considerations, this work aims to
compute accurate and consistent rate constants for abstraction
reactions of H,/C,—C, hydrocarbons with the CH;0, radical.
The studied H,/C,—C, hydrocarbons include H,, alkanes,
alkenes, and alkynes with a carbon number <4. To provide
accurate energy information for rate constant calculations,
benchmark reaction barriers and enthalpies for some small
reaction systems are performed by using a series of accurate
high-level theoretical methods. Rate constants are computed
via TST with quantum tunneling corrections. The obtained
rate constants are fitted into the modified Arrhenius formula
and implemented into the recently developed skeletal
NUIGMECHI.1 base model*' to demonstrate the effect on
ignition properties.

This paper has the following structure: first, the computa-
tional details to obtain both the reaction barriers and the
reaction rate constants are provided in Section 2. Section 3 first
provides benchmarking cases to establish the accuracy of the
methods employed for rate constants. After this, the computed
rate constants are discussed and compared with literature
values. The fitted Arrhenius coefficients used for kinetic
modeling are presented. Finally, the fitted reaction rate
coeflicients are implemented into the skeletal NUIGMECH
1.1 mechanisms for kinetic modeling of ignition delay times of
typical fuels, and the conclusions are presented in Section 4.

2. COMPUTATIONAL METHODOLOGY

2.1. Geometry Optimization. In order to investigate the
structure and reaction site effect on the abstraction reaction
class and provide valuable rate constants for small fuel
molecules used for kinetic models, all C,—C, hydrocarbons
with a carbon number <4 and H, are considered. To obtain
reliable geometries and frequencies, the double-hybrid density
functional method (B2PLYP)** with dispersion corrections
denoted as the B2PLYP-D3 functional® together with a cc-
pVTZ basis set’* is employed. Although the B2PLYP-D3
method requires more CPU time compared with widely used
B3LYP* or M06-2X*° methods due to the inclusion of the
MP2 component, it can approach the accuracy of CCSD(T)/
cc-pVTZ geometries and frequencies for most species
including transition states (TSs), especially for radical
oxidation reactions in combustion and atmosphere chem-
istry.”” Zero-point vibrational energies are also obtained at this
level based on analytical harmonic frequency calculations. For
the treatment of internal rotations, relaxed potential energy
scans are also performed as a function of the corresponding
dihedral angle with an interval of 10° at this level. The scanned
results are fitted to a truncated Fourier series used for rate
constant calculations. For the TS structures, intrinsic reaction
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coordinate (IRC) calculations® are carried out to ensure that
the saddle points connect the desired reactants and products.

2.2. Single-Point Energy Calculations. To obtain
reliable reaction energy barriers and enthalpies, single-point
energy calculations are performed with high-level quantum
chemistry methods. A series of benchmark calculations is
carried out for H,, CH,, and C,H, with the CH;O, radical
using the coupled cluster method with explicit inclusion of
single and double electron excitations and perturbative
inclusion of triple electron excitations (CCSD(T)),”” the
domain-based local pair-natural orbital coupled cluster method
(DLPNO-CCSD(T)),*”*" and the explicitly correlated CCSD-
(T)-F12 method™ with large basis sets. Specifically, The
CCSD(T) method with cc-pVDZ, cc-pVTZ, and cc-pVQZ
basis sets’”*® extrapolated to the complete basis set (CBS)
limit is performed for the three reactions. Two formulas are
adopted for the extrapolations, and one is defined as®* follows:

ECCSD(T)/CBS = ECCSD(T)/QZ + (ECCSD(T)/QZ
4
— E X —

CCSD(T)/TZ) 54 _ 44 (1)

The other formula is based on CCSD(T) with cc-pVDZ and

cc-pVTZ calculations in conjunction with corrected energies

from the MP2 method with cc-pVDZ, cc-pVTZ, and cc-pVQZ
basis sets as’* follows:

ECCSD(T)—MPZ/CBS = ECCSD(T) /TZ

+ (ECCSD(T)/TZ - ECCSD(T)/DZ)

34
O + Envpa/qz

X
4
+ (Bmp2/qz — Empos12) X 75—
st -4
— Enpayrz — (Enipa/1z — Enpa/pz)
3

X a5

(2)
where DZ, TZ, and QZ represent the cc-pVDZ, cc-pVTZ, and
cc-pVQZ basis sets, respectively.

The DLPNO-CCSD(T) method has recently been shown to
provide an effective procedure for fairly large systems. To
demonstrate the accuracy of this method for the studied
reaction class, the DLPNO-CCSD(T) method with large basis
sets including cc-pVTZ, cc-pVQZ, def2-TZVPP, and def2-
QZVPP* is also used for the three reactions for benchmark
calculations. During DLPNO-CCSD(T) calculations, the set of
truncation TightPNO threshold is chosen to keep the
accuracy.’® The explicitly correlated CCSD(T)-F12 method
with cc-pVTZ-F12 and cc-pVQZ-F12 basis sets is employed as
the benchmark. The T, diagnostics during CCSD(T)
calculations®” are used to check the multireference nature of
the studied reactions. Generally, a single-reference coupled
cluster calculation for closed-shell species is considered to be
reliable if the T, diagnostic value is within 0.020. For open-
shell systems, a higher threshold value for the T diagnostic up
to 0.044 can be acceptable.”®*” For all the species during open-
shell CCSD(T) calculations, it is found that all T, diagnostics
values are within 0.030 except for the TSs of allene and 1,3-
butene, the values of which are close to 0.039. Thus, the
employed single-reference methods are adequate in this work.

34
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Geometry optimization, frequency analysis, and CCSD(T)
calculations are performed by using Gaussian 09 software,*’
while DLPNO-CCSD(T) and CCSD(T)-F12 calculations are
carried out by using the ORCA 4.2 software.*"**

2.3. Reaction Rate. High-pressure limiting rate constants
as a function of temperature are computed from canonical TST
via MultiWell software.””~* The quantum mechanical
tunneling corrections are included by using an unsymmetrical
Eckart barrier model.*® It is worth noting that the van der
Waals complexes can be formed in the entrance and exit
channels for the studied reaction class. To this end, it is
necessary to include the contribution of the complexes to the
rate constant. However, a series of previous studies indicated
that the formation of the reactant complexes is not the rate-
determining step.””~* Such a simplification is rational in
kinetics because the energies of the formed weakly complexes
are just lower than those of the reactants and are rather
unstable at high temperatures. Hence, it is fairly reasonable to
employ the TST method regardless of the van der Waals
complexes to estimate the high-pressure limit rate constants.
The rate constants are computed at temperatures from 500 to
2000 K in increments of 100 K and are fitted into the modified
Arrhenius equation as k(T) = AT" exp ( — E,/RT) in which A
is the Arrhenius prefactor, E, is the barrier height, and n is the
temperature exponent representing the deviation from the
standard Arrhenius equation.

2.4. Kinetic Modeling. The fitted rate coefficients in this
work are incorporated into the recently released skeletal NUI
GMECH 1.1 base model because it is fundamentally
developed based on several prior studies widely used in the
combustion community.” The recently released NUIGMECH
1.1 base model incorporates recent advances in rate constants
and thermodynamic properties through the critical evaluation
of newly published experimental and theoretical studies and
has been tested against various validation targets, including
ignition delay times, burning velocities, and intermediate
species of important fuels obtained from a number of recent
literature studies.”'*”'®*' The updated model can reproduce
all of the existing experimentally observed data describing
combustion characteristics under a variety of pressures,
temperatures, and mixture compositions. The computed rate
constants are first compared with previously used rate
constants in detailed mechanisms. Then, the ignition delay
times for typical fuels are predicted by using the original and
updated mechanisms. Kinetic modeling for ignition and
pyrolysis is performed by using Cantera software.”’

3. RESULTS AND DISCUSSION

3.1. Benchmarking Energy Results. To facilitate
comparison of various theoretical methods, the three reactions,
ie, H, + CH,0, = H + CH,00H, CH, + CH,0, = CH, +
CH,0O0H, and C,H, + CH;0, = C,H; + CH;OOH, are used
for benchmark purpose. Table 1 lists the computed reaction
energy barriers and enthalpies for the three reactions at
different levels of theory. For the barrier of reaction CH, +
CH,0, = CH; + CH;00H, Hashemi et al."” used a high-level
method at the CCSD(T)-F12/CBS level in combination with
a series of corrections to derive an accurate barrier with a value
of 25.29 kcal/mol. It can be seen that the present values for
this reaction derived at CCSD(T)/cc-pVTZ, CCSD(T)/cc-
pVQZ, CCSD(T)-F12/cc-pVTZ-F12, and CCSD(T)/CBS-
(tz,qz) are very close to the recommended value of 25.29 kcal/
mol. Although the B2PLYP-D3/cc-pVIZ method has been
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Table 1. Computed Energy Barriers and Reaction
Enthalpies for H, + CH;0, = H + CH;00H, CH,, + CH;0,
= CH, + CH,00H, and C,H, + CH,0, = C,H, + CH,00H
All energies are in kcal/mol and include B2PLYP-D3/cc-
pVTZ ZPE correction.

theoretical H, + CH;0, CH, + CH;0, C,H, + CH;0,
method AE AH) AE AH) AE AH)
B2PLYP-D3/cc- 2398 2121 2416 21.03 2396 2698
pVTZ
MP2/cc-pVTZ 2065  9.09 2175 13.05 2648  24.84
CCSD(T)/cc- 2667 19.66 2673  21.15 2620  27.18
pvDZ
CCSD(T)/cc- 2587  19.15 2534 1901 2522 2531
pvVTZ
CCSD(T)/cc- 2553 1870 2518 1855 2520  24.83
pVQZ
CCsD(T)/ 2529 1839 2507 1824 2518  24.50
CBS(tz,qz)
CCSD(T)-MP2/ 2517 1839 2490 1807 2521  24.58
CBS(dz,tz)
DLPNO- 2612 19.02 2565 18.86 2549  25.00
CCSD(T)/cc-

pvVTZ
DLPNO- 2566 1840 2545 1832 2541 2442
CCSD(T)/cc-

pvQzZ
DLPNO- 26.17 1883 2576  18.54 2581 2476
CCSD(T)/

def2-TZVPP
DLPNO- 25.56 1827 2535 1810 2541 2427
CCSD(T)/

def2-QZVPP
CCSD(T)-F12/ 2544 1873 2516 1850 2518 2472
cc-pVTZ-F12

shown to be effective for geometry optimization and frequency
analysis,”’ this method tends to underestimate the energy
barriers compared with the CCSD(T) method. Further, the
MP2/cc-pVTZ method is also not suitable for energy
calculations. Without any basis set extrapolation, the explicit
CCSD(T)-F12 method with a cc-pVTZ-F12 basis set can
achieve accuracy at the CCSD(T)/cc-pVQZ level. The linear-
scaling DLPNO-CCSD(T) method with cc-pVQZ or def2-
QZVPP basis sets also exhibits good performance for this
reaction class and thus can be recommended for the study of
large reaction systems. Using the results from CCSD(T)/
CBS(tz,qz) and CCSD(T)-F12/cc-pVTZ-F12 methods for the
three reactions as benchmark values, it can be seen that the
CCSD(T)-MP2/CBS(dz,tz) method outperforms the other
methods at a comparative computational cost. The CCSD(T)
method with a large cc-pVQZ basis set can achieve good
accuracy, but the computational cost is relatively larger. Thus,
the CCSD(T)-MP2/CBS(dztz) method is used for the
comparative and hierarchical study of the titled reaction class
at the same level.

3.2. Energy Results for C;—C, Hydrocarbons. Table 2
lists the computed reaction energy barriers and enthalpies for
the studied reactions at the CCSD(T)-MP2/CBS//uB2PLYP-
D3/cc-pVTZ level of theory. For reaction enthalpies, it can be
seen that all the computed values are positive except for R18
with a slightly negative value, indicating that the abstraction
reaction class is endothermic. The energy barriers and
enthalpies are significantly affected by the molecular structures.
Although H, is an important reactive fuel, the abstraction by
CH;0, is not easy to occur as revealed from the computed
barriers and enthalpies. The energy barriers for H,, CH,, and

https://doi.org/10.1021/acsomega.1c06683
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Table 2. Computed Reaction Energy Barriers and
Enthalpies for the Studied Reactions at the CCSD(T)-MP2/
CBS//uB2PLYP-D3/cc-pVIZ Level of Theory All energies
are in kcal/mol and include B2PLYP-D3/cc-pVIZ ZPE
correction.

molecule no. reactions AE AHS)
hydrogen R1 H, + CH;0, = H + CH;O0H 25.17 18.39
methane R2 CH, + CH;0, = CH; + CH;00H 24.90 18.07
ethylene R3 C,H, + CH;0, = C,H; + CH;00H 25.21 24.58
ethane R4 C,H4 + CH;0, = C,H; + CH;00H 20.33 14.37
propene RS CH,=CHCH; + CH;0, = eHC= 25.16 25.81
CHCH; + CH;00H
R6 CH,=CHCH,; + CH;0, = CH,= 22,17 29.02
CeCH; + CH;00H
R7 CH,=CHCH; + CH;0, = CH,= 16.54 1.92
CHCH,e + CH;O00H
propane R8 CH,CH,CH; + CH;0, = 20.26 14.75
CH;CH,CH,e + CH;00H
R9 CH,;CH,CH; + CH;0, = 17.34 11.78
CH;CHeCH; + CH;00H
allene R10 CH,=C=CH, + CH;0, = e¢HC= 18.84  4.82
C=CH, + CH;0O0H
n-butane R11  CH,(CH,),CH,; + CH;0, = 20.14  14.73
CH,(CH,),CH,e + CH;00H
R12 CH,(CH,),CH; + CH;0, = 17.05 12.09
CH;CHeCH,CH; + CH;00H
iso-butane R13 (CH,);CH + CH;0, = 19.81  15.19
(CH;),CHCH,e + CH;00H
R14 (CH,);CH + CH;0, = (CH;);Ce + 15.06 10.21
CH;O00H
1-butene R15 CH,=CHCH,CHj; + CH;0, = 24.80  25.63
eCH=CHCH,CH; + CH;00H
R16 CH,=CHCH,CH; + CH;0, = 21.69 2185
CH,=CeCH,CH; + CH;00H
R17 CH,=CHCH,CHj; + CH;0, = 20.49 15.04
CH,=CHCH,CH,e + CH;00H
R18 CH,=CHCH,CH; + CH;0, = 14.65 —0.70
CH,=CHCHeCH; + CH;00H
2-butene R19 CH;CH=CHCH; + CH;0, = 15.60 1.58
CH;CHCHCH,e + CH;00H
R20 CH;CH=CHCH; + CH;0, = 22,10 2239
CH;CH=CeCHj, + CH;00H
iso-butene R21 CH,=C(CHj;), + CH;0, = CH,= 16.59 331
C(CH,e)CH,; + CH;00H
R22 CH,=C(CHj), + CH;0, = ¢CH= 25.14  26.28
C(CH,;), + CH;00H
13- R23 CH,=CHCH=CH, + CH,0, = 2720 27.90
butadiene CH,=CHCH=CHe + CH;O0H
R24 CH,=CHCH=CH, + CH;0, = 2452 24.81
CH,=CHCe=CH, + CH;00H
propyne R25 HC=CCH; + CH;0, = HC= 18.21 5.96
CCH,e + CH;00H
1-butyne R26 HC=CCH,CH; + CH;0, = HC= 20.71 15.61
CCH,CH,e + CH;00H
R27 HC=CCH,CH; + CH;0, = HC= 15.62  3.03
CCHeCH; + CH;00H
2-butyne R28 CH;C=CCH; + CH;0, = CH;,C= 16.93 522

CCH,e + CH;00H

C,H, are very close to each other. For saturated hydrocarbons
including C,Hg, C;Hj, n-butane, and iso-butane, it can be seen
that the energy barriers of the abstraction reactions at the
primary C—H site are the largest with values around 20 kcal/
mol followed by the abstract at the secondary C—H site with
values around 17 kcal/mol, and the abstraction at the tertiary
C—H site is the easiest with the smallest barriers around 15
kcal/mol. The reactivity trend of this abstraction class is
generally in good consistent with the other abstraction reaction
classes, i.e, by H, CH;, OH, and HO, radicals.>'®>!
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For unsaturated hydrocarbons with one double C=C bond
including C,H,, propene, 1-butene, 2-butene, and iso-butene,
the abstraction reactions at the two C=C double bond
positions are still affected by the structural effect. Generally,
the abstraction at the CH, group in the C=C double bond
(the primary vinylic carbon site) shows a larger energy barrier
with a value around 25 kcal/mol, while the abstraction at the
position with substitution in the C=C double bond shows a
smaller value around 22 kcal/mol. It is worth noting that the
abstraction reaction at the primary vinylic carbon site can show
cis and trans configurations due to the location of the C=C
double bond,*® and Table 2 only lists the energies with the
smaller barriers. However, the differences of the energy barriers
between the values of cis and trans configurations are very
small. For the other positions in these fuels, it can be seen that
the energy barrier of the reaction at the secondary allylic
carbon site (R18) with a value of 14.65 kcal/mol is smaller
than that at the primary allylic sites (i.e., R7, R19, and R21)
with values around 16 kcal/mol. The abstraction reaction at a
position not directly connected to the C=C double bond
(R17) is hardly affected. For 1,3-butadiene, the energy barriers
of the abstractions at the two reaction sites are generally larger
than those of the abstractions in molecules with a single C=C
double bond by 2 kcal/mol, respectively, which is probably
induced by the steric effect.

For the abstraction reactions of propyne and butyne,
abstractions at the C=C site are very difficult due to the
large bond energies.”” Therefore, only abstraction reactions at
the propargyl site are studied. The reactivity trends at different
propargyl sites are very similar to those of alkenes. Specifically,
the energy barrier at the primary propargyl site is larger than
that at the secondary propargyl site by about 1—2 kcal/mol,
while the reaction at a position not directly connected to the
C=C bond is still hardly affected. As an important isomer of
propyne, the abstraction reaction for allene is also studied as
shown in Table 2. The energy barrier of R10 is close to that of
R2S at the propargyl site in propyne, but it is much smaller
than that of abstraction reactions at vinylic sites in alkene with
one C=C double bond. Overall, the computed results for the
studied reaction class reveal that the energy barriers at the
same types of carbon atoms in the molecules are close to each
other, and the reactivity trends are also in good consistent with
previous studies,'”' #4233

3.3. Rate Constants. The high-pressure limiting rate
constants of the studied abstraction reactions are all computed
by using canonical TST with 1-D hindered rotor approx-
imations for the treatment of internal rotations. The Fourier
series are used for fitting the scanned results of international
rotations. To obtain rate constants with hierarchical con-
sistency, the energy information computed at the CCSD(T)-
MP2/CBS//uB2PLYP-D3/cc-pVTZ level is employed. The
computed rate constants in this work are first compared with
available literature data as shown in Figures 1 and 2. For the
abstraction reaction of CH, with CH;0,, the computed rate
constants in this work are in good consistent with the results
by Hashemi et al.'” at low temperatures, while slight large
deviations are observed under high-temperature conditions
above 1000 K. As discussed previously, the computed energy
barrier of this reaction is very close to that reported by
Hashemi et al,,'” and thus, the computed rate constants at low
temperatures are close to those reported by Hashemi et al.'’
because the rate constants at low temperatures are mainly
controlled by enthalpy. However, under high-temperature

https://doi.org/10.1021/acsomega.1c06683
ACS Omega 2022, 7, 8675—-8685


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
1012 E T T T T T T T T T T T T T
ns —— R2: CH,+CH;0,, this work ]
100 e E
N R2, Hashemi et al."’ E
10" £ N — 18 .
: SRS R2, Carstensen et al. E
10° b oGS, — — R4: C,H +CH;0,, this work ]
N . 3
~ 10k e N, T R4, Carstensen et al.!” ]
D F
'5 107F
g F
g 10F
) :
< 10°F
10°
10°
10%
101 i 1 L 1 L 1 1 N 1 L 1 L 1
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
1000 K/T
Figure 1. Computed rate constants for R2 and R4 with available literature data.
10" g T T
T .
100 | y
10° 3
o108 | .
in E °~. 3
I S
g 10" F ——RS, this work Se.. E
o« F . 3
g f — — R, this work ~. ]
S 100k ) ~. 1
= E - - - RII, this work °3
105 b — - —RI12, this work
E — - - -R8, Carstensen et al.'® WL
10* 18 T3
R9, Carstensen et al. -
108 F e R11, Carstensen et al.'®
—-=--R12, Carstensen et al.'®
102 1 L 1 L 1 1 1 1 L 1 L 1

0.6 0.8 1.0

1.2 2.0

1000 K/T

1.4 1.6

Figure 2. Computed rate constants for abstraction reactions of propane and n-butane by CH;0, with available literature data.

conditions, the entropy changes significantly affect the
computed rate constants, which is much relevant to the
frequency analysis results. The deviations between this study
and Hashemi et al.'” at high temperatures can be attributed to
the different frequency analysis methods. The rate constants
derived by Carstensen et al.'” at the CBS-QB3 level tend to be
larger compared with this work and Hashemi et al.'” Both the
computed energy barrier and frequency results exhibit large
influence on the computed results. The uncertainty of the
energy information from CBS-QB3 tends to be larger than the
other methods; thus, it is expected that a large uncertainty
exists for the results by Carstensen et al.'® It can be seen that
the results for R4, ie. abstraction reaction of ethane with
CH,0,, by Carstensen et al.'® are also significantly higher than
those of the present work. Similar trends are also found for
abstraction reactions of propane and n-butane as shown in

Figure 2. However, the reactivity of the secondary and primary
abstraction sites can be reflected correctly using different
methods, and the rate constants of abstraction reactions at the
secondary site are significantly higher than those at the primary
site.

In order to get a comprehensive and hierarchical comparison
of structural effect on the abstraction reactions, Figures 3 and 4
display the computed rate constants as a function of
temperature for saturated and unsaturated hydrocarbons
studied in this work. From Figure 3, it is observed that the
reaction rate constants of methane with CH;0, are the lowest,
especially under lower-temperature conditions. The reaction
rate constants generally exhibit the following trend: the rate
constants at the tertiary site are larger than those at the
secondary site, and the rate constants at the primary site are
the lowest, which are in accordance with the computed energy
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barriers. The structural effect on the primary and secondary
reaction sites is small; i.e., the rate constants of reactions R9
and R12 at the primary sites and the rate constants of reactions
R4, R8, R11, and R13 at the secondary sites are close to each
other. The rate constants of the abstraction reaction Rl are
very close to the results of ethane with CH;0, and slightly
larger than those of methane with CH;0,.

Figure 4 shows the rate constants as a function of
temperature for the abstraction reactions at the C=C double
bond sites to demonstrate the structural effect on the primary
and secondary vinylic sites. The abstraction reaction of allene
with CH;0, is also explicitly shown for comparison. It can be
seen that the rate constants of the abstraction reaction of allene
are significantly larger than those at the single C=C double
bond, indicating the higher reactivity of allene under the
studied temperatures. Besides the two abstraction reactions of

8680

1,3-butadiene, the rate constants at the secondary vinylic site
are generally larger than those at the primary vinylic site,
especially at lower temperatures. Similarly, the rate constants at
the primary vinylic and secondary vinylic sites are close to each
other, respectively, indicating that the structural effect on the
C=C double bond sites is small. It is shown that the rate
constants of the abstraction reactions at the primary and
secondary vinylic sites in 1,3-butadiene are lower than those of
the corresponding reactions in molecules with a single C=C
double bond, which is confirmed by the computed energy
barriers. Thus, the rate constants used in kinetic models for
1,3-butadiene should be treated separately and also highlight
the importance of the present work to perform a hierarchical
study of this reaction class.

As shown from the computed energy barriers and reaction
enthalpies, the abstraction reactions at the allylic or propargyl
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Figure 6. Comparisons of computed rate constants for R3 and R10 with those used in the previous NUIGMech 1.1 mechanism.

sites should be dominant for unsaturated hydrocarbons. Figure
S shows the rate constants as a function of temperature at
various reaction sites except for those at the C=C/C=C sites
for the studied unsaturated hydrocarbons. For the studied
alkenes, the rate constants of reactions R7, R19, and R21 at the
primary allylic site are close to each other, indicating that the
structural effect on this site can be neglected due to the
blocking effect of the C=C double bond. The rate constants
of abstraction reactions at the primary allylic site are much
lower than those at the secondary allylic site (R18). Similar to
alkenes, the reactivity at different reaction sites for alkyne
exhibits a similar trend; i.e., the rate constants at the secondary
propargyl site (R27) are larger than those at the primary sites
(R2S and R28). The reactivity trend is also in good correlation
with previous studies.”> However, the rate constants at the
propargyl sites in propyne and 2-butyne still exhibit large
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differences as shown by the computed barriers. For the two
isomers of C3H,, it is interesting to observe that the abstraction
rate constants at the propargyl site in propyne and in allene are
nearly identical to each other. From Figure 5, it is also found
that the rate constants at the two primary sites (R17 in 1-
butene and R26 in 1-butyne) are close to each other, and the
results are also nearly identical to those at the primary site in n-
butane (R11), indicating that the unsaturated C=C/C=C
bonds hardly affect the reactivity of reaction sites with
separations. Overall, the rate constants of the corresponding
propargyl site are larger than that of the allylic site, which is
larger than that of the saturated carbon site in order.

3.4. Kinetic Modeling. To facilitate kinetic modeling
studies, the computed rate constants are fitted into the
modified Arrhenius format as shown in Table 3. First, the fitted
rate constants are compared with those used in previously
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Table 3. Fitted Rate Coefficients in the Modified Arrhenius
Format for the Abstraction Reactions at the CCSD(T)-
MP2/CBS//uB2PLYP-D3/cc-pVTZ Level (AT" in cm?®
mol™ s7%; E, in cal mol™")

no. reactions A n 12,
Rl H, + CH;0, = H + CH;00H 233X 296 21,800
10
R2  CH, + CH,0, = CH; + CH;00H 6.06 X 272 22,500
10°
R3  CH, + CH;0, = C,H; + CH;00H  1.53 X 265 28,104
10*
R4  GCHg + CH;0, = C,Hg + CH;O0H 252 x 118 28112
10°
RS  CH,=CHCH,; + CH;0, = eHC= 7.63 X 242 27,330
CHCH; + CH;00H 10*
R6  CH,=CHCH, + CH,0, = CH,= 247 X 141 27,749
CeCH, + CH;00H 108
R7  CH,=CHCH, + CH;0, = CH,= 453 x 166 21226
CHCH,e + CH;00H 10
R8  CH;CH,CH, + CH,0, = 531 x 111 26289
CH,CH,CH,e + CH,00H 10°
R9  CH,CH,CH, + CH;0, = 9.55 X 154 21,711
CH,CHeCH, + CH,00H 107
RI0 CH,=C=CH, + CH;0, = ¢HC= 336 X 149 23,325
C=CH, + CH;00H 108
R11 CH;(CH,),CH; + CH;0, = 225X 310 18997
CH,(CH,),CH,e + CH;00H 10*
R12 CH;(CH,),CH; + CH;0, = 310 X 150 22,369
CH,;CHeCH,CH, + CH;00H 10°
R13 (CH,);CH + CH;0, = 285X L11 26,240
(CH,;),CHCH,e + CH,;00H 10°
R14 (CH,);CH + CH;0, = (CH;);Ce + 291 x 237 16,386
CH,00H 10*
R15S CH,=CHCH,CH; + CH;0, = 502X 246 26,887
¢CH=CHCH,CH; + CH;00H 10*
R16 CH,=CHCH,CH, + CH;0, = 1.84 x 141 27423
CH,=CeCH,CH,; + CH;00H 108
R17 CH,=CHCH,CH; + CH;0, = 276 X L1l 26,366
CH,=CHCH,CH,e + CH;00H 10°
R18 CH,=CHCH,CH; + CH;0, = 335X 102 20,632
CH,=CHCHeCH, + CH;00H 10°
R19 CH;CH=CHCH; + CH;0, = 171 x 173 20,000
CH,CH=CHCH,e + CH,;00H 10°
R20 CH;CH=CHCH, + CH,0, = 1.88 X 141 27,700
CH,CH=CeCH, + CH;00H 10°
R21 CH,=C(CH,;), + CH;0, = CH,= 544 X 169 20,849
C(CH,e)CH, + CH,00H 10°
R22 CH,=C(CH,), + CH;0, = «CH= 1.10 x 244 27,198
C(CH,), + CH;00H 10°
R23 CH,=CHCH=CH, + CH;0, = 192 x 146 32,866
CH,=CHCH=CHe + CH;00H 108
R24 CH,=CHCH=CH, + CH;0, = 223X 250 26462
CH,=CHCe=CH, + CH;00H 10*
R25 HC=CCH, + CH;0, = HC=CCH,e 181 X 151 22,540
+ CH;00H 10°
R26 HC=CCH,CH; + CH;0, = HC=  435x LIl 26829
CCH,CH,e + CH;00H 10°
R27 HC=CCH,CH,; + CH;0, =HC= 129 x 158 19,887
CCHe CH; + CH;00H 108
R28 CH;C=CCH, + CH;0, = CH,C= 136X 157 20,950
CCH,e + CH;00H 108

developed kinetic models to demonstrate their differences.
Then, we implement the fitted rate coeflicients into the
developed NUIGMech 1.1 models and perform kinetic
modeling of autoignition characteristics for typical hydro-
carbons to demonstrate the accuracy of rate constants of this
reaction class on kinetic modeling results. It is worth noting
that the previous detailed kinetic models have been optimized
to match experimental results. Therefore, comparisons with
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experimental results are not compared because they are
affected by too many reactions in the detailed kinetic models.
Here, the major purpose is to show the effect of the studied
reaction class on kinetic modeling results.

Figure 6 shows a comparison of some reaction rate constants
computed in this work and those used in previously detailed
mechanisms by analogy or estimation. It can be seen that the
computed rate constants demonstrate large deviations for
typical reactions. Figure 7 shows the modeling results of
ignition delay time of methane and allene at 10 bar with an
equivalence ratio of 1.0. It is shown that the studied reaction
class exhibits large effects on ignition under low-temperature
conditions. For the other fuels, the ignition delay time is not
very sensitive to the studied reactions, and the ignitions are
very close to each other. After detailed comparisons with the
reactions used in the previous NUIGMech 1.1 mechanism, we
found that for most of the large fuels, the rate constants still
exhibit large deviations compared with the present work. In
particular, the abstraction reactions for propene and butene at
the C=C double bond are neglected, which should be avoided
to develop a comprehensive mechanism. Figure 8 demon-
strates the branching ratio analysis of the three abstraction
reactions by CH;0, of propene as a function of temperature. It
can be seen that although the abstraction at the allylic site is
dominant under low-temperature conditions, the two
C=C double bond tend to
increase as the temperature increases, and the total
contributions can reach a maximum value of around 0.75.
Thus, all the abstraction reactions should be included.

abstraction reactions at the

4. CONCLUSIONS

This work reports a systematic and hierarchical ab initio and
chemical kinetic study of the abstraction reactions of H,/C,—
C, hydrocarbons by the methyl peroxy radical (CH;0,). The
hydrocarbon fuels include hydrogen, alkanes, alkenes, and
alkynes with a carbon number from 1 to 4. The B2PLYP-D3/
cc-pVTZ level of theory is employed to optimize the
geometries of all of the reactants, TSs, and products and also
the treatments of hindered rotation for lower frequency modes.
We performed benchmark calculations for the energy barriers
and enthalpies of typical reactions to select and recommend
suitable theoretical methods for the studied reaction class. It is
shown that the basis set exhibits a large effect using different
accurate couple cluster methods, and the CCSD(T) method
should be used at least in combination with the cc-pVTZ basis
set to obtain reliable energies. To get hierarchical and
consistent rate constants used for kinetic models, the reaction
energy information is calculated using the CCSD(T) method
with basis extrapolations. Based on the quantum chemistry
calculations, reaction rate constants are computed via conven-
tional TST with quantum tunneling corrections. Structural
effects on the reaction energy and rate constants are
systematically analyzed. The calculated rate constants are
further implemented into the recently developed NUIG-
MECHI1.1 base model for kinetic modeling of ignition
properties. The ignition delay times are affected for some
fuels. Further, a detailed comparison of the previous reactions
used in kinetic models and the present work highlights the
importance of the present work to obtain accurate reaction rate
constants for the studied reaction class.
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