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Abstract 

Hydrogen atom abstraction by methyl peroxy (CH3OȮ) radicals can play an important role in gasoline/ethanol 
interacting chemistry for fuels that produce high concentrations of methyl radicals. Detailed kinetic reactions for 
hydrogen atom abstraction by CH3OȮ radicals from the components of FGF-LLNL (a gasoline surrogate) 
including cyclopentane, toluene, 1-hexene, n-heptane, and iso-octane have been systematically studied in this work. 
The M06-2X/6-311++G(d,p) level of theory was used to obtain the optimized structure and vibrational frequency 
for all stationary points and the low-frequency torsional modes. The 1-D hindered rotor treatment for low-
frequency torsional modes was treated at M06-2X/6-31G level of theory. The UCCSD(T)-F12a/cc-pVDZ-F12 and 
QCISD(T)/CBS level of theory were used to calculate single point energies for all species. High pressure limiting 
rate constants for all hydrogen atom abstraction channels were performed using conventional transition state theory 
with unsymmetric tunneling corrections. Individual rate constants are reported in the temperature range from 
298.15 to 2000 K. Our computed results show that the abstraction of allylic hydrogen atoms from 1-hexene is the 
fastest at low temperatures. When the temperature increases, the hydrogen atom abstraction reaction channel at the 
primary alkyl site gradually becomes dominant. Thermodynamics properties for all stable species and high-
pressure limiting rate constants for each reaction pathway obtained in this work were incorporated into the latest 
gasoline surrogate/ethanol model to investigate the influence of the rate constants calculated here on model 
predicted ignition delay times. 

Keywords: Hydrogen atom abstraction reaction; Methyl peroxy radical; Gasoline/ethanol interacting chemistry; Kinetic; 
Thermochemistry. 
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1. Introduction 
 

Ethanol is the main biofuel used in transportation, 
and its mixture with gasoline can improve anti-knock 
properties and reduce emissions of nitrogen oxides, 
carbon monoxide (CO), and particulate matter (PM). 
Recently, ethanol was identified by the U.S. 
Department of Energy Co-Optima Initiative as one of 
the top-10 blendstocks for modern downsized, 
boosted spark-ignition (SI) engines [1]. Therefore, as 
part of the short-term transition to low-carbon fuels, 
an in-depth understanding of the combustion 
characteristics of ethanol-blended gasoline is 
necessary.  

Gasoline fuel is the most widely used transport fuel 
in the world, which consists of hundreds of 
hydrocarbon molecules, including alkanes, alkenes, 
cycloalkanes, and aromatic hydrocarbons. At present, 
global oil demand is doubling every year and it is 
expected to grow over the next 20 years, this will 
continue to grow according to the British Petroleum 
(BP) World Energy Outlook 2020 [2]. Thus, it is very 
important to study the characteristics of fuel 
combustion, to improve combustion efficiency and 
find surrogate fuels. Due to the complexity of their 
components, reduced surrogate fuels are widely used 
to represent real fuel components in both chemical 
model development and numerical simulations.  

The effects of ethanol blending are complex. For 
example, ethanol has synergistic blending effects with 
octane number by blending with n- and iso-paraffins 
[3], and antagonistic blending effects with octane 
number by blending with aromatic species [4]. 
Therefore, it is necessary to understand the chemical 
interaction between ethanol and base gasoline 
components when predicting the mixing behavior of a 
surrogate fuel with ethanol when performing 
numerical simulations. 

Recently, Sarathy et al. [5] created a 5-component 
gasoline surrogate, named FGF-LLNL based on the 
method developed at LLNL (Lawrence Livermore 
National Laboratory) [6], whose PIONA (paraffins, 
iso-paraffins, olefins, naphthenes, and aromatics), 
molar H/C ratio, and octane rating (AKI and S) are 
matched with the original gasoline-FACE (Fuels for 
Advanced Combustion Engines) gasoline. Cheng et al. 
[7] conducted experimental and kinetic modeling 
studies of FGF-LLNL autoignition, and found that 
discrepancies between model predictions and 
experimental results became larger when FGF-LLNL 
is blended with ethanol. Meanwhile, through 
sensitivity analyses of an improved gasoline surrogate 
model [8], Cheng et al. found that H-atom abstraction 
reactions by methyl peroxy (CH3OȮ) radicals from 
gasoline/alcohol surrogate components are highly 
important and likely responsible for the model 
inadequacy in replicating ethanol blending effects on 
FGF-LLNL. 

According to Walker et al. [9], the formation and 
reaction of alkyl peroxy radicals, R'OȮ can form 
R'OOH via a H-atom abstraction reaction, which can 

sequentially produce more ȮH radicals. Curran 
reported that methyl peroxy (CH3OȮ) radical is an 
important abstractor at intermediate temperatures, 
which is crucial in the decomposition of species that 
generate high concentrations of methyl radicals [10]. 
Furthermore, CH3OȮ generates CH3OOH when it 
abstracts a hydrogen atom, and it subsequently 
decomposes to form CH3Ȯ and ȮH radicals. 
Carstensen et al. [11, 12] used quantum chemistry to 
calculate rate constants for H-atom abstraction 
reactions from C1~C4 alkanes by HOȮ, CH3OȮ, and 
C2H5OȮ radicals. However, H-atom abstraction 
reactions by CH3OȮ radicals from larger fuel 
molecules have not been systematically studied.  

High-level theoretical kinetic calculations of H-
atom abstraction from the FGF-LLNL surrogate 
components including cyclopentane, toluene, 1-
hexene, n-heptane, and iso-octane by CH3OȮ have 
been performed here. The temperature-dependent 
thermochemical properties for all stable species have 
also been calculated. We have also incorporated the 
calculated kinetic and thermochemical data into the 
lasted chemistry model for FGF-LLNL/ethanol blend 
to investigate their influence on model performance. 
 
2. Computational methods 

 
The optimized geometries, vibrational frequencies, 

and zero-point energy (ZPE) corrections for all 
species and transition states were calculated based on 
the M06-2X method with the 6-311++G(d,p) basis set 
[13-15] using Gaussian 16 [16]. The intrinsic reaction 
coordinate (IRC) calculations were obtained in the 
same way. The hindrance potentials which are related 
to C-C, C-O, O-O single bonds were calculated at the 
M06-2X/6-31G level of theory and the lowest energy 
geometry was used as the global minima in the 
electronic energy calculations. The ProjRot program 
[17] is used to obtain the vibrational frequencies 
without torsional modes from the Hessian matrix 
calculated at the M06-2X/6-311++G(d,p) level of 
theory, which were then used to calculate the rate 
constants of the vibration partition function. The scale 
factors for the zero-point energies (ZPEs) were 0.9698 
recommended for the M06-2X functional by Zhao et 
al. [13]. All possible orientations of TS for the 
unsymmetric molecules have been taken into 
consideration by defining the optical isomer of the TS. 
Single point energies (SPEs) for all species were 
performed at the UCCSD(T)-F12a/cc-pVDZ-F12 
[18-20] level of theory using Molpro [21]. 
Additionally, Gaussian 16 [16] and ORCA [22] are 
also used to calculate SPEs at the QCISD(T)/CBS 
level of theory for comparison which can be seen in 
SM. QCISD(T)/CBS calculations are constructed by 
using the QCISD(T) energies with cc-pVDZ and cc-
pVTZ basis sets and the second-order Møller–Plesset 
theory correction (MP2) with cc-pVDZ, cc-pVTZ, 
and cc-pVQZ basis sets. The SPEs were extrapolated 
to the complete basis set using the following equation 
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[23]: 
E[QCISD(T)/CBS]  
=E[QCISD(T)/CBS] DZ→TZ +{E[ MP2/CBS] TZ→QZ  
-E[MP2/CBS] DZ→TZ }                                          (1) 
where 
E[QCISD(T)/CBS] DZ→TZ  
= E[QCISD(T)/TZ]+{ E[QCISD(T)/TZ] 
- E[QCISD(T)/DZ]} ×0.4629                                (2) 
E[MP2/CBS] TZ→QZ  
= E[MP2/QZ]+{E[MP2/QZ]- E[MP2/TZ]} ×0.6938 

(3)  
E[MP2/CBS] DZ→TZ = E[MP2/TZ]+{E[MP2/TZ] 
- E[MP2/DZ]} ×0.4629                                         (4) 

The T1 diagnostics obtained at the UCCSD(T)-
F12a/cc-pVDZ-F12 and QCISD(T)/aug-cc-pVTZ 
levels of theory for all of the species are below 0.035. 
Temperature-dependent rate constants for all 
reactions studied were calculated using conventional 
transition state theory with unsymmetric tunneling 
corrections. The rate constants were obtained in the 
temperature range 298.15–2000 K and were fitted to 
a modified Arrhenius expression of k = A Tn exp(–
Ea/RT). The averaged electronic energy, obtained 
using the CBS-QB3 [24, 25], CBS-APNO [26], G3 
[27], G4 [26] methods, was used to calculate 
enthalpies of formation at 0 K for all stable species 
based on atomization approach. Along with the 0 K 
formation enthalpy, the temperature-dependent 
partition functions for each species, calculated using 
MESS [18,19], were used to obtain temperature-
dependent thermochemical properties including heat 
capacities (Cp), enthalpies (H), and entropies (S) via 
the ThermP code [28]. These were finally fitted to 
NASA polynomial form through the PAC99 code [28, 
29]. 

 
3. Result and discussion 
 

Bond dissociation energies (BDEs) for the C–H 
bonds of all molecules are shown in Fig.1. It can be 
seen the allylic C–H bond in 1-hexene has the lowest 
BDE (83.67 kcal mol–1), while the vinylic C–H bond 
in 1-hexene has the highest BDE (109.96 kcal mol–1). 
To quantitatively analyze the effect of electron 
delocalization on BDEs, natural bond orbital (NBO) 
analyses were performed at M06-2X/6-311++G(d,p) 
level of theory using NBO3.1 program [30] as 
implemented in Gaussian 16 [16]. As can be seen, for 
primary C-H bonds, the value of E(2) ranges from 2.73 
to 3.52, while the value of the BDE is 100±0.35 
except for the primary allylic C-H bond (88.97 kcal 
mol-1). For secondary C-H bonds, the value of E(2) 
ranges from 5.66 to 7.74, while the value of the BDE 
ranged from 96.14 to 98.20 except for the secondary 
alkyl C-H bond in cyclopentane and for secondary 
allylic C-H bonds (95.13 kcal mol -1 and 83.67 kcal 
mol-1, respectively). The lower BDE of the allylic 
hydrogen bond type in toluene and 1-hexene is due to 
the fact that the bond electron can delocalize to the 
σ*(C―H) of the allylic hydrogen bond which will 

weaken that bond. The ring structure helps the 
electron delocalization of σ*(C―H) to the adjacent 
σ(C―H) for C-H bond in cyclopentane.  

 
Fig.1. Second order perturbation energies E(2) (in red) for 
orbital interactions related to C-H bonds, and bond 
dissociation energies (in black) for the C–H bonds of the 
species investigated at the zero-point energy corrected 
UCCSD(T)-F12a/cc-pVDZ-F12//M06-2X/6-311++G(d,p) 
level of theory at 0 K. (Units in kcal mol-1). 
 
3.1 Electronic energy barriers 

 
ZPE corrected energy barriers for the H-atom 

abstraction reactions for all channels obtained at the 
UCCSD(T)-F12a/cc-pVDZ-F12//M06-2X/6-
311++G(d,p) levels of theory are listed in Table 1. 
Energy barriers calculated at the QCISD(T)/CBS 
level of theory using different software are similar, 
within an average difference of only 0.14 kcal mol–1. 
The electronic energy barriers calculated at the 
UCCSD(T)-F12a/cc-pVDZ-F12//M06-2X/6-
311++G(d,p) level are lower than those calculated at 
the QCISD(T)/CBS//M06-2X/6-311++G(d,p), level 
with a maximum difference of 2.46 kcal mol–1 and an 
average difference of 0.68 kcal mol–1. Additionally, 
the electronic energy barriers calculated at the 
UCCSD(T)-F12a/cc-pVDZ-F12//M06-2X/6-
311++G(d,p) level deviate from the average value in 
most cases, with a maximum difference of 1.63 kcal 
mol–1. In general, the deviations in the calculated 
energy barriers from the average ones are mostly less 
than 1 kcal mol–1. More details about the electronic 
energy barriers can be seen in SMM. 

It should be noted that only similar sites on each 
molecule were discussed. Electronic energy barriers 
for H-atom abstraction from CH3 groups in 1-hexene, 
n-heptane, and iso-octane are 19.29, 19.21, and 19.14 
kcal mol–1 respectively, which are similar to one 
another. However, the barrier decreases dramatically 
to 14.24 kcal mol–1 for the abstraction of an allylic H-
atom in toluene. This is consistent with the BDE 
calculations, as shown in Fig. 1, in which the BDE for 
the primary alkyl C–H bond lies 10 kcal mol–1 higher 
than the allylic C–H bond in toluene (88.97 kcal mol–

1). The electronic energy barrier for abstraction of a 
secondary alkyl H-atom in 1-hexene, n-heptane, and 
iso-octane is calculated to be between 15.81 ~ 16.91 
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kcal mol–1. We also observe that the energy barrier for 
H-atom abstraction from cyclopentane is 15.08 kcal 
mol–1 and its BDE is at least 1 kcal mol–1 lower than 
that for the other secondary alkyl H-atom abstraction 
sites. In addition, the electronic energy barriers for 

abstraction of the allylic and vinylic H-atoms in 1-
hexene are 13.42 and 24.04 kcal mol–1 respectively. 
This is consistent with the results of the BDE 
calculations. 

Table 1 
Theoretical energy barriers for H-atom abstraction reaction by CH3OȮ calculated with the UCCSD(T)-F12a/cc-pVDZ-F12 level 
of theory using Molpro. (Unit: kcal mol-1). 

No. Reaction Forward electronic energy barrier Reverse electronic energy barrier 
R1 CPT→ cĊ5H9 15.08 4.25 
R2 C6H5CH3→C6H5ĊH2 14.24 9.56 
R3 C=CCCCC→Ċ=CCCCC 24.04 -0.85 
R4 C=CCCCC→C=ĊCCCC 21.07 -1.06 
R5 C=CCCCC→C=CĊCCC 13.42 14.04 
R6 C=CCCCC→C=CCĊCC 16.74 3.05 
R7 C=CCCCC→C=CCCĊC 16.91 3.75 
R8 C=CCCCC→C=CCCCĊ 19.29 3.22 
R9 CCCCCCC→ĊCCCCCC 19.21 3.42 
R10 CCCCCCC→CĊCCCCC 16.70 3.30 
R11 CCCCCCC→CCĊCCCC 16.30 2.39 
R12 CCCCCCC→CCCĊCCC 16.28 2.41 
R13 CC(C)2CC(C)C→ĊC(C)2CC(C)C 19.14 3.58 
R14 CC(C)2CC(C)C→CC(C)2ĊC(C)C 15.81 3.96 
R15 CC(C)2CC(C)C→CC(C)2CĊ(C)C 14.21 5.26 
R16 CC(C)2CC(C)C→CC(C)2CC(C)Ċ 19.56 3.98 

3.2 Rate constants results 
 

The limiting high-pressure rate constants 
calculated on a per site basis for each system are 
shown in Fig. 2 in the temperature range 298.15–2000 
K. Moreover, the corresponding branching ratios, 
calculated at the same conditions, are depicted in Fig. 
3. There is little difference between the rate constants 
calculated using the electronic energy barriers 
calculated from different methods and software. The 
comparison of the rate constants and branching ratio 
obtained by using energy barriers from different 
computational methods is presented as SMM. 

Over the entire temperature range, the rate 
constants for H-atom abstraction by CH3OȮ from 
cyclopentane and the allylic site on toluene are faster 
compared to the other fuels due to their lower energy 
barriers. For the 1-hexene + CH3OȮ system the rate 
constant for abstraction of a secondary vinylic H-atom 
(R3) is the slowest over the entire temperature range, 
while the rate constant for abstraction of an allylic H-
atom (R5) is the fastest at low temperatures and is 
about an order of magnitude faster than that for the 
other channels. These are consistent with the 
electronic energy barriers of R3 (24.04 kcal mol–1) 
and R5 (13.42 kcal mol–1), as discussed in Section 3.1.  

For the n-heptane + CH3OȮ system the rate 
constants for abstraction of secondary H-atoms (R10, 
R11, R12) are very consistent. For these reaction 
channels, the maximum deviation in the energy 
barrier is only 0.42 kcal mol–1. For the iso-octane + 
CH3OȮ system the rate constant for abstraction of the 

tertiary alkyl H-atom (R15) is the fastest at 1000 K 
with the lowest energy barrier of 14.21 kcal mol–1.  

For each system, different H-atom abstraction 
reaction channels compete with each other. Figure 3(a) 
shows the branching ratios for H-atom abstraction by 
CH3OȮ from 1-hexene. At temperatures above 850 K, 
the formation of CH2=CHĊH(CH2)2CH3 + CH3OOH 
is gradually overcome by abstraction from the 
primary and secondary alkyl sites. It is worth noting 
that the branching ratio for abstraction of tertiary 
vinylic H atoms is more than 15% at temperatures 
above 1500 K, while H-atom abstraction from the 
secondary vinylic site are negligible over the entire 
temperature range. Figure 3(b) shows the branching 
ratios for the reaction between CH3OȮ and n-heptane. 
The production of primary radicals, CH3(CH2)5ĊH2 + 
CH3OOH, gradually dominates with increasing 
temperature. Figure 3(c) shows that at T > 800 K, the 
production of (CH3)2CHCH2C(CH3)2ĊH2 + CH3OOH 
is more prevalent. The results show that the reaction 
of (CH3)2CHCH2C(CH3)3 + CH3OȮ → (CH3)2 
ĊCH2C(CH3)3 + CH3OOH is important at low 
temperatures and (CH3)2CHCH2C(CH3)3 + CH3OȮ → 
(CH3)2CHCH2C(CH3)2ĊH2 + CH3OOH is crucial at 
high temperatures. 

Rate constants comparisons of different sites in the 
target molecules are shown in Fig. 4. The rate constant 
for H-atom abstraction from the terminal CH3 group 
on 1-hexene is similar to that for n-heptane and iso-
octane, Fig. 4(a). The rate constant for H-atom 
abstraction from the methylene group in cyclopentane 
is slightly higher than for the other secondary alkyl 
sites at low temperatures, Fig. 4(b). At temperatures 
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above 1400 K the rate constants for abstraction from 
alkyl CH2 sites are within a factor of 1.9 of one 
another, except for cyclopentane. The rate constant 
for H-atom abstraction from the allylic site on 1-
hexene is approximately 3.3 times higher than that 
from toluene over the entire temperature range. 
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Fig. 2. Rate constants comparison for H-atom abstraction 
reactions on a per site basis for CH3OȮ from (a) 
cyclopentane, (b) toluene, (c) 1-hexene, (d) n-heptane, (e) 
iso-octane in the temperature range 298.15–2000 K. 
 

Rate constants comparisons between this work and 
NUIGMech-1.2 [31] for different reaction channels 
are shown in Fig. 5. Note that the rate parameters from 
NUIGMech-1.2 [31] were estimated by analogy. 
Large differences for the abstraction of primary alkyl 
H-atoms can be seen in Figs. 5(a) and 5(d), where the 
rate coefficients calculated in this study are 
approximately 25 and 66 times faster than those used 

in NUIGMech-1.2 at 2000 K for alkanes and alkenes, 
respectively. Figure 5(b) shows that for secondary H-
atoms in alkanes the difference is within an order of 
magnitude over the entire temperature range. 
However, for cyclopentane the difference between 
our calculation and NUIGMech-1.2 [31] can be up to 
a factor of four. 
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Fig. 3. Branching ratios for H-atom abstraction reactions by 
CH3OȮ from (a) 1-hexene, (b) n-heptane, (c) iso-octane in 
the temperature range 298.15–2000 K.  
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alkyl CH2 group, and (c) allylic CH3 and CH2 group
 

 
Fig. 5. Rate constants comparison for H-atom abstraction reaction on a per H-atom basis. The results of black lines represent the 
calculation of this work. The red lines result come from the NUIGMech 1.2 [31]. 
 
When abstracting secondary H-atoms from alkenes 
shown in Fig. 5(e), the ratio between this work and 
NUIGMech-1.2 [31] is a maximum of a factor of 50 
at 500 K and this decreases to a factor of two at 2000 
K. When abstracting a tertiary H-atom, it is shown in 
Figure 5(c) that the fastest rate constant of 
NUIGMech-1.2 [31] is about 26 times higher than that 
calculated in this work at 500 K.  This ratio decreases 
to 2.56 at 2000 K. Figure 5(f) shows that the rate 
constants for abstraction of an allylic H-atom 
calculated here and that used in NUIGMech-1.2 [31] 
are within a factor of 2.5 at 500 K.  

The modified Arrhenius expressions for rate 
constant calculations on a per site and total rate basis 
respectively are provided as SMM. 

 
3.3 Thermochemical calculations 

The temperature dependent thermochemical 
properties for all stable species were also investigated, 
including enthalpies of formation ( ∆f𝐻𝐻298𝐾𝐾Θ  ) and 
entropies (𝑆𝑆298𝐾𝐾Θ ) at 298 K. The thermochemistry data 
for all stable species investigated here has been 
compared with those in the literature including the 
Active Thermochemical Tables (ATcT) [32], the Third 
Millennium Ideal Gas and Condensed Phase 
Thermochemical Database for Combustion [33] 
(commonly called Burcat's database), the NIST 
Chemistry Webbook [34], and other available studies 
[35]. Most of the thermochemistry data calculated 
here agree well with the literature values. 
Comparisons of the thermodynamic data calculated in 
this work and that in the literature for all stable species 
and the fitted NASA polynomial coefficients are 
provided as SMM. 
 
3.3 Model validation 

Cheng et al. [7] measured ignition delay times 

(IDTs) for blends of 0 to 30% ethanol by volume with 
an FGF-LLNL surrogate utilizing a rapid compression 
machine (RCM) at pressures from 15 to 100 bar, at 
temperatures from 700 to 1000 K, and at equivalence 
ratios of 0.3 to 1.0. Blends were prepared by adding 
10, 20, and 30 liquid vol. % of ethanol into neat FGF-
LLNL (E0), designated as E10, E20, and E30. IDT 
simulations using an updated gasoline surrogate 
kinetic model, containing 1956 species and 10,295 
reactions, were performed using  the LLNL-
developed fast solver Zero-RK [36] with variable 
volume profiles used to account for heat loss [37]. 
This dataset is employed herein to investigate the 
influence of the calculations in this work and the 
theory proposed in [7]. Specifically, the rate R1-R16 
and the thermochemical data calculated in this work 
are incorporated into the chemistry model from Cheng 
et al [7]. 

The Closed Homogeneous Batch Reactor module 
in Chemkin is used to conduct the simulation of the 
RCM experiments, with the volume time histories 
provided by [37] to account for post-compression heat 
loss. The simulation results using the updated and 
original models along with the experiments are 
illustrated in Fig. 6. 

It is clear that the kinetics of the reactions studied 
and the thermochemistry of the participating species 
are highly impactful, particularly for blends of ethanol 
and FGF-LLNL, as concluded by Cheng et al in [7]. 
Incorporating the updated kinetics and 
thermodynamic data into the model considerably 
increases the simulated IDTs across all temperatures 
with greater changes seen within the low-temperature 
to NTC regimes, leading to better agreement with the 
experimental measurements for FGF-LLNL/ethanol 
blends. The contribution to the reduced model 
reactivity by updating the thermochemistry is 
comparable to that by updating only the kinetics. Flux 
analyses are carried out for FGF-LLNL/E20 at 20% 
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iso-octane consumption for a stoichiometry mixture, 
40 bar and 800 K using the updated model. The results 
are provided in Fig. S4 in SMM. The results indicate 
that, with the updated kinetics and thermochemistry, 
fluxes via H-atom abstractions by CH3OȮ from the 
fuel molecules are enhanced, which perturb the 
ensuing branching pathways, eventually leading to a 
reduced fuel reactivity. The trends observed in Fig. 6 
indicate that the kinetics and thermochemistry for 
these reactions and the participating species, 
respectively, should be included in existing chemical 
kinetic models, following the calculations conducted 
in this work.  
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Fig. 6. Simulated and measured ignition delay time for FGF-
LLNL/E0–E30 at Φ = 1.0, ~15% O2, Pc = 40 bar and Tc = 
700–1000 K. Simulations are conducted using the gasoline 
surrogate/ethanol model proposed in [7]. 
 
4. Conclusions 
 

This work presents a systematic study of hydrogen 
atom abstraction by CH3OȮ radicals from the 
components of FGF-LLNL including cyclopentane, 
toluene, 1-hexene, n-heptane and iso-octane. 
Geometry optimizations and frequency calculations 
of all of the species involved have been conducted at 
the M06-2X/6-311++G(d,p) level of theory. 
Electronic energies for all species were calculated at 
the UCCSD(T)-F12a/cc-pVDZ-F12 level of theory 
using Molpro and at the QCISD(T)/CBS level using 
Gaussian 16 and ORCA with a zero-point energy 
correction applied. The energy barriers for 16 reaction 
channels were obtained. Temperature dependent rate 
constants for all reaction pathways were calculated in 
the temperature range 298.15–2000 K, using 
conventional transition state theory with unsymmetric 
Eckart tunneling corrections. Temperature-dependent 
thermochemical properties for all stable species were 
also calculated at CBS-QB3/CBS-APNO/G3/G4 
levels of theory. 

The energy barriers for H-atom abstraction of 
secondary allylic and primary vinylic atoms from 1-
hexene by CH3OȮ radicals are the lowest and highest 
respectively. Rate constants obtained by different 
calculation methods are within a factor of two 
difference. The rate constants for H-atom abstraction 
from the primary alkyl position of different species 
are consistent. At temperatures above 1200 K, rate 

constants for abstraction from the methylene group in 
cyclopentane is the lowest compared to that for 1-
hexene, n-heptane and iso-octane. Over the entire 
temperature range, the rate constant for abstraction of 
a secondary allylic H-atom from 1-hexene is faster 
than that from toluene. Comparisons of rate constants 
for abstraction from similar sites (e.g., primary, 
secondary or tertiary alkanes) for different species 
obtained in this work and estimated using 
NUIGMech-1.2 have also been investigated 
systematically. Finally, the calculated kinetic and 
thermochemical data were incorporated into the latest 
gasoline surrogate/ethanol model to validate against 
the IDT measurements for FGF-LLNL/E0-E30 
gasoline blend. The updated model is slower than the 
original model and is significantly more accurate 
compared to the experimental results in the 
temperature range 700–1000 K, particularly for FGF-
LLNL/E30, highlighting the importance of these 
reactions in contributing to gasoline/ethanol 
interactions. 
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