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Abstract: Accurate thermochemical data are of great importance in developing quantitatively predic-
tive reaction mechanisms for transportation fuels, such as diesel and jet fuels, which are primarily
composed of large hydrocarbon molecules, especially large straight-chain alkanes containing more
than 10 carbon atoms. This paper presents an ONIOM[QCISD(T)/CBS:DFT]-based theoretical ther-
mochemistry study on the hydrogen abstraction reactions of straight-chain alkanes, n-CnHpp42,
(n = 1-16) by hydrogen (H), hydroxyl (OH), and hydroperoxyl (HO;) radicals. These reactions, with
n > 10, pose significant computational challenges for prevalent high-level ab initio methods. How-
ever, they are effectively addressed using the ONIOM-based method. One notable aspect of this study
is the consideration of the high symmetry of straight-chain alkanes. This symmetry allows us to study
half of the reactions, employing a generalized approach. Therefore, a total of 216 reactions are system-
atically studied for the three reaction systems. Our results align very well with those from the widely
accepted high-level QCISD(T)/CBS method, with discrepancies between the two generally less than
0.10 kcal/mol. Furthermore, we compared large straight-chain alkanes (n-C14H34 and n-CygHag)
with large methyl ester molecules (C15H3;COOCH; and C17H33COOCH3) to elucidate the impact of
functional groups (ester group and C=C double bond) on the reactivity of the long-chain structure.
These findings underscore the accuracy and efficiency of the ONIOM-based method in computational
thermochemistry, particularly for large straight-chain hydrocarbons in transportation fuels.

Keywords: large straight-chain alkanes; hydrogen abstraction reaction; energy barrier; heat of
reaction; ONIOM

1. Introduction

The contemporary concern for energy safety and environmental protection has spurred
lasting studies on developing advanced combustion energy conversion devices. The aim of
investigating fuel combustion chemistry is to understand and analyze the combustion pro-
cesses for enhancing combustion efficiency, controlling combustion stability, and reducing
combustion emissions [1]. The increasing demand for carbon neutralization necessitates
comprehensive and systematic research on petroleum-based fuels to make rational use
of them.

There is a well-recognized difficulty in studying the combustion chemistry (including
thermochemistry and chemical kinetics) of practical fuels such as gasoline, diesel, and
jet fuels, due to their complex composition. These fuels generally consist of hundreds of
hydrocarbon molecules, with n-alkanes being one of the primary components [2-7]. To
mitigate this difficulty, a widely accepted strategy involves using surrogate fuels. These
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surrogate fuels are composed of several key components that effectively represent the char-
acteristics of practical fuels. Many previous studies have indicated that large hydrocarbon
molecules, containing more than 10 carbon atoms, are often primary components in these
surrogate fuels [2,6,7].

For gasoline fuels, Mehl et al. [8] developed linear and branched saturated hydrocar-
bons (iso-octane and n-heptane), olefins (1-hexene), and aromatics (toluene) as the gasoline
surrogates for kinetic modelling. Jerzembeck et al. [9] and Sileghem et al. [10] demonstrated
that the laminar burning velocities of two-component (n-heptane and iso-octane) and three-
component gasoline surrogates (iso-octane, n-heptane, and toluene) corresponded well
with those of commercial gasoline.

For diesel fuels, Lemaire et al. [11] adopted two diesel surrogates to study soot for-
mation in turbulent flames compared with commercial diesel. The first surrogate con-
sisted of 70% n-decane and 30% «-methylnaphthalene by moles, and the second comprised
80% n-decane and 20% a-methylnaphthalene by moles. Mati etal. [12] used a
five-component surrogate to represent diesel fuel, consisting of 36.1% n-hexadecane,
23.1% n-propylcyclohexane, 18.7% n-propylbenzene, 14.7% iso-octane, and
7.4% 1-methylnaphthalene, all percentages by weight.

For jet fuels, Honnet et al. [13] developed the Aachen surrogate to represent JP-8,
consisting of 80% n-decane and 20% 1,2,4-trimethylbenzene by weight. Dagaut et al. [14]
used a 1- to 3-component surrogate model fuel to represent Jet-Al, which includes various
combinations: 100% n-decane; a mix of 74% n-decane and 26% n-propylbenzene by mole;
a combination of 74% n-decane and 26% n-propylcyclohexane by mole; and a blend of
74% n-decane, 15% n-propylbenzene, and 11% n-propylcyclohexane by mole. Strelkova
et al. [15] adopted a Jet-A surrogate mixture, comprising 72.7% n-decane, 9.1% n-hexane,
and 18.2% benzene by weight. Mawid et al. [16] proposed three multicomponent surrogates
for JP-8, primarily containing large straight-chain alkanes such as n-decane, n-dodecane,
n-tetradecane, and n-hexadecane. Dahm et al. [17] also conducted an experimental and
modelling study on the pyrolysis of n-dodecane, as it is an important component of some
jet fuels.

In light of the fact that large straight-chain alkanes are the main components of
surrogate fuels representing various practical fuels, and considering their significant impact
on ignition delay, laminar flame speed, heat release, soot formation, etc., extensive studies
have focused on developing chemical kinetics modeling for these surrogate fuels [2,18-20].
The development of a typically detailed reaction mechanism for a large straight-chain
alkane is a formidable task, involving hundreds of species and thousands of elementary
reactions. Specifying thermochemical and kinetic data for such a vast number of species
and reactions presents significant challenges. Due to the lack of sufficient theoretical and
experimental studies for large hydrocarbon species, the existing detailed mechanisms
for these species [21-23] have relied on thermodynamic data obtained using the THERM
program [24,25], which employs the group additivity rules of Benson [26].

Recent advances in electronic structure theory have enabled us to obtain thermochem-
ical data for relatively small molecules that are comparable to those from well-conducted
experiments. For example, the uncertainties of CCSD(T)/CBS (the coupled cluster theory
with single and double excitations and a quasiperturbative treatment of connected triple
excitations, extrapolated to a complete basis set) are usually less than 1.1 kcal/mol [27]
for the predictions of barrier height and reaction energy. QCISD(T)/CBS (the quadratic
configuration interaction with singles, doubles, and a perturbative inclusion of triples,
also extrapolated to complete basis sets) typically yields predictions with uncertainties
around 1.0 kcal/mol [28]. This accuracy can be further improved to 0.6 kcal/mol [29] by
including a bond additivity correction. However, these high-level methods are not feasible
for systems with more than 10 nonhydrogen atoms, given the common computational
capacity of supercomputers. As a result, most reaction systems have been studied at lower
levels, such as CBS-QB3 [30] and B3LYP/6-31G(d,p) [31], due to computational constraints.
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Zhang and Zhang [32] proposed a two-layer ONIOM (our own N-layered integrated
molecular orbital and molecular mechanics) method [33]. In this method, the QCISD(T)/CBS
approach is employed for the high layer, while the B3LYP-favored density functional theory
(DFT) method is used for the low layer. The ONIOM [QCISD(T)/CBS:DFT] method was
systematically validated in studies of hydrogen abstraction reaction systems involving sat-
urated and unsaturated alkyl esters with a hydrogen atom [32,34]. The calculated energies
showed very good agreement with those obtained using the QCISD(T)/CBS method alone.
This was verified by the discrepancies being generally less than 0.15 kcal /mol in almost all
the test cases.

Among the key reactions relevant to combustion are the hydrogen abstraction reactions
of these straight-chain alkanes by the hydrogen (H), hydroxyl (OH), and hydroperoxyl
(HO») radicals [35-39]. To date, direct experimental measurements for these reactions
(n > 4) have been scarce, with few critical studies addressing the reactions of these radicals
with large alkanes [40—42]. Specifically, the hydrogen abstraction reactions from n-alkane by
the HO, radical constitute an important class of reactions in low-to-mid temperature com-
bustion chemistry, playing a crucial role in ignition. However, experimentally measuring
the reaction rate constants of these elementary reactions is challenging. On the one hand,
these reactions have high energy barriers, greater than 10 kcal/mol, resulting in lower rate
constants. On the other hand, increasing the temperature to raise the rate constants leads to
the decomposition of HO, radicals. Consequently, there are only a few sets of experimental
data [43—46] for the reactions of n-alkane with HO, radical. These data were obtained using
indirect measurement techniques and are applicable only within a narrow temperature
range. Therefore, data obtained from the theoretical high-level methods are important to
the high-level chemical kinetic calculation.

Regarding the use of high-level ab initio chemical kinetics for hydrocarbon molecules,
most previous studies have primarily focused on relatively small hydrocarbon
molecules [37,42,47-52]. This focus is mainly because the prevalent high-level methods
based on electronic structure theory are computationally demanding for large hydrocarbon
molecules. Wu et al. [53] and Chi et al. [54] proposed the variant MS-T methods and system-
atically validated these methods for the straight-chain alkanes. However, it is important to
note that these methods have not been applied to larger systems.

It should be noted that, for the larger system, Meng et al. [55] employed high-level
orbital-based and ONIOM-based methods to closely examine the Bell-Evans-Polanyi (BEP)
correlations for hydrogen abstraction reactions of biodiesel surrogates (methyl decanoate)
by H and OH radicals, achieving deviations of less than 0.90 kcal/mol. Furthermore,
Sarathy et al. [56] established a detailed skeletal mechanism consisting of 648 species and
2998 reactions for biodiesel (methyl decanoate). It is important to note that the thermo-
chemical data, such as energy barriers, were not obtained through high-level calculations.
The group additivity (GA) and BEP correlations, representing an empirical relationship
with system-dependent coefficients, inherently limit their predictive capacity across diverse
chemical systems. This limitation is particularly evident when considering the transition
from small to large molecular structures, such as the hydrogen abstraction reactions of
1n-CnHopyp, (n = 1-16) by hydrogen (H), hydroxyl (OH), and hydroperoxyl (HO,) radicals,
as investigated in our study. Therefore, the results calculated using high-level methods offer
a valuable opportunity to refine and improve the accuracy of the GA and BEP correlations
for a broader range of chemical systems. Additionally, it should be mentioned that the
present study primarily focuses on the enthalpic contributions to the thermochemistry of
large straight-chain alkanes. Although hindered rotations (HRs) play a crucial role in the
thermochemical properties of compounds, their effects are predominantly observed in the
entropy component of the Gibbs free energy, rather than directly influencing enthalpy.

In light of our findings, we have identified a notable gap in the availability of compre-
hensive thermochemical and kinetic data for large straight-chain alkanes, particularly when
examined using advanced theoretical methods. Addressing this gap, the present study
systematically investigates the hydrogen abstraction reactions of extensive straight-chain
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alkanes, specifically, n-CnHpp,o (n = 1-16), by H, OH, and HO, radicals using the high-level
ONIOM[QCISD(T)/CBS:DFT] method [32]. A unique aspect of the study is the thorough
examination of all potential hydrogen abstraction sites across diverse reaction types in
each system. This includes an in-depth analysis of 216 distinct reactions, categorized
into three sets: 72 involving n-C,Hppn42 + H (denoted by H-R1 to H-R72), another 72 with
CnHoniz + OH (denoted by OH-R1 to OH-R72), and 72 more with #n-CrHapio + HO; (de-
noted by HO,-R1 to HO,-R72). The novelty of this study lies in its comprehensive scope
and the application of high-level computational techniques to large hydrocarbons, a chal-
lenging endeavor rarely undertaken in previous studies. Moreover, the present study
not only demonstrates the versatility and efficacy of the ONIOM method for complex
hydrocarbon analysis but also contributes significantly to the field by providing essential
benchmark data for the thermochemistry of these large molecular systems.

2. Computational Methods
2.1. Potential Energy Surface

The geometries optimization and vibrational frequencies for all stationary points on
the potential energy surfaces of these hydrogen abstraction reactions were conducted at the
B3LYP/6-311++G(d,p) level [57] for both n-CrHynip + H and #-CHppyo + HO, (n = 1-16).
For n-CnHpp1p + OH (1 = 1-16), the calculations were performed at the M06-2X/6-311++G(d,p)
level [58]. The identified transition states in these reactions were confirmed by intrinsic
reaction coordinate (IRC) analysis to examine the connections of each saddle point to its
respective local minima. Zero-point energy (ZPE) corrections were obtained at the same
computational level as the reactions.

2.2. QCISD(T)/CBS and ONIOM Energies
2.2.1. QCISD(T)/CBS Single-Point Energies

In the present study, the computational load is determined by the number of nonhy-
drogen atoms (carbon and oxygen atoms) in the hydrogen abstraction reaction systems of
1n-CnHonio + H, OH, and HO, (n = 1-16). For relatively small molecules, two high-level
ab initio methods were employed to produce benchmark data for validating the ONIOM
method. The first method, [QCISD(T)/CBS];, is based on the direct extrapolation of ener-
gies using the correlation-consistent, polarized valence, cc-pVTZ, and cc-pVQZ basis sets
of Dunning [59,60] to the complete basis set (CBS) limit [61] by

E[QCISD(T) /CBS}; = E[QCISD(T)/CBS]1z_0z
= E[QCISD(T)/QZ] + {E[QCISD(T)/QZ] 1)
—E[QCISD(T)/TZ]} x 0.6938

Equation (1) estimates the CBS limit energy using the QCISD(T) method by extrap-
olating from triple zeta (TZ) to quadruple zeta (QZ) basis sets. E[QCISD(T)/QZ] and
E[QCISD(T)/TZ] are the energies calculated with QZ and TZ basis sets, respectively. The
factor 0.6938 is a scaling constant used to refine the estimate.

However, when the number of nonhydrogen atoms in reactions exceeds 5, the compu-
tation cost of Equation (1) increases significantly. This is due to the dramatically increasing
computation load required for cc-pVQZ calculations. Therefore, for these larger systems,
we adopted an alternative method, [QCISD(T)/CBS], [62], given by

E[QCISD(T)/CBS|, = E[QCISD(T) /CBS|pz—1z + {E[MP2/CBS| 1702

—E[MP2/CBS|pz17} @

Equation (2) is another approach to estimate the CBS limit for the QCISD(T) method
but the extrapolation starts from double zeta (DZ) to TZ basis sets and then considers the
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difference in MP2 calculations. MP2 (second-order Moller—Plesset perturbation theory
correction) is another method used for including electron correlation effects, where

E[QCISD(T)/CBS|pz_1z = E[QCISD(T) /TZ] + {E[QCISD(T)/TZ] )
—E[QCISD(T)/DZ]} x 0.4629

Equation (3) is similar to Equation (1) but it uses DZ and TZ basis sets for QCISD(T)
extrapolation. The scaling factor 0.4629 is used for adjusting the extrapolation from DZ to TZ.

E[MP2/CBS|rz .oz = E[MP2/QZ] + {E[MP2/QZ] — E[MP2/TZ]} x 0.6938  (4)

Equation (4) estimates the CBS limit using MP2, extrapolating from TZ to QZ. The
scaling factor 0.6938 is consistent with Equation (1), reflecting the systematic approach in
these extrapolations.

E[MP2/CBS|pz_1z = E[MP2/TZ] + {E[MP2/TZ] — E[MP2/DZ]} x 04629  (5)

Equation (5) is the MP2 method equivalent of Equation (3), using DZ and TZ basis
sets for extrapolation. The scaling factor 0.4629 is consistent with Equation (3), reflecting
the systematic approach in these extrapolations.

In summary, each of these equations plays a crucial role in computational chemistry,
allowing for high-accuracy predictions of molecular energies by approximating the CBS
limit using manageable basis sets. The scaling factors are empirically derived constants
that help in fine-tuning the extrapolation process to yield results close to what would be
obtained with an infinitely large basis set.

2.2.2. ONIOM[QCISD(T)/CBS] Single-Point Energies

The ONIOM[QCISD(T)/CBS] method, as proposed by Zhang and Zhang [32], has
been validated for its accuracy and efficiency in large saturated and unsaturated biodiesel
molecules [32,34,63]. This method constructs a reaction system by defining two layers,
each treated at different theoretical levels. The high-level layer, known as the chemically
active portion (CAP), is treated at the QCISD(T)/CBS level. In contrast, the low-level
layer is treated at the DFT/6-311++G(d,p) level. A crucial aspect of the ONIOM method
is the appropriate definition of the CAP, as it directly influences calculation accuracy and
computational efficiency. The CAP includes the CH, (or CHj3) group under attack, the
attacking radicals, and the neighboring groups. The efficacy of this approach, including
the choice of link atoms, has been substantiated [32,34]. For the present study, CAP (2,2) is
minimally required, which encompasses the CH, (or CHs) group under attack and up to
two neighboring groups on both sides, if they exist. Figure 1 illustrates a representative
schematic for the hydrogen abstraction reactions of n-Ci¢H34 + (H, OH, and HO,) using
the ONIOM method with CAP(2,2).

The ONIOM method predicts the energy of the entire system by calculating the low-
level energy and then applying corrections for the difference in the chemically active
portion (CAP) between the high-level and low-level calculations.

EONIOM[High : Low] = EF"(R) + EMi8" (CAP) — E%(CAP) 6)

Using the DFT/6-311++G(d,p) method for the low-level calculations and
the [QCISD(T)/CBS], method for the high-level, the ONIOM energies are calculated as

EONIOMIQCISD(T)CBS : DFT] = EONIOM[QCISD(T) /CBS : DFT]pz 12

+{EONIOM [Mpz /CBS : DFT]1z_,qz — EXNIOM[MP2/CBS : DFT]|pz 17} 7
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where

EFONIOM [QCISD(T) /CBS : DFT|pz_,1z = EONIOMIQCISD(T) /TZ : DFT]

8

n {EONIOM [QCISD(T) /TZ : DFT] — EONIOM[QCISD(T) /DZ : DFT]} x 0.4629 ®

EONIOM [Mpz /CBS : DFT]1z-,qz = EONOM[MP2/QZ : DFT] ©)
+{EONIOM [MP2/QZ : DFT] — EONIOM|MP2 /TZ DFT}} x 0.6938

EONOM[MP2/CBS : DFT]py 17 = EONIOM[MP2/TZ : DFT] 10)

+ {EONIOM [MP2/TZ : DFT] — EONIOM|MP2/DZ DFT]} x 0.4629

The energy barrier (denoted as EB hereinafter) and the heat of reaction (denoted as
AH hereinafter), including ZPE corrections, are calculated by

EB — (EONIOM [QCISD(T)/CBS : DFT] + ZPE ) ransition state

(11)
_ (EONIOM [QCISD(T) /CBS : DFT] + ZPE ) eactants

_ (EONIOM [QCISD(T) /CBS : DFT] + ZPE ) eactants

All the calculations in the present study were performed using the Gaussian 09 pro-
gram package [64].

(s N
J H) J I (H)
J 9
+|@ (OH") |y + ‘, (H,0)
9 ’
.J(HOZ ) 4 J‘ (H,0,)
! D,
Reactants Transition states Products

Figure 1. [llustration of the ONIOM[QCISD(T)/CBS:DFT]/CAP(2,2) method for the hydrogen abstrac-
tion reactions of straight-chain alkanes, n-C14Hs4 + (H, OH, and HO,) — CH3(CH;)sCH(CH;)5CHj3
+ (Hp, HO, and HpO;). The indices from 1 to 16 denote the CH3 (or CHj) groups. CAP (2,2) (in red
circle) represents the chemically active portion consisting of the No.6 and No.7 CH, groups on one
side of the No. 8 CH; group under H, OH, and HO, radical attack, and No. 9 and No. 10 CH; groups
on the other side of No. 8 CH, group in reactant and products. For the transition states, H, OH, and
HO, radicals are also needed to be added to the CAP.

3. Results and Discussion
3.1. Hydrogen Abstraction Reactions of n-C,Hppio + H (n = 1-16)
3.1.1. Validation and Comparison of Two [QCISD(T)/CBS] Methods
For the relatively small molecules, the two high-level methods are computationally af-
fordable and have been used to establish benchmark data for validating the present ONIOM
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method. For the n-C,Hj,,» + H reactions, validation can be achieved up to n = 5 using
[QCISD(T)/CBS]; and up to n = 9 with [QCISD(T)/CBS],. It is seen that [QCISD(T)/CBS],
generally predicts slightly lower energies (EB and AH) compared to [QCISD(T)/CBS];. The
computational differences (absolute values) between these two [QCISD(T)/CBS] methods
are generally less than 0.10 kcal/mol, as indicated in Table 1. The only exception is the
reaction H-R1, where the differences between the two methods are —0.11 kcal/mol for EB
and —0.15 kcal/mol for AH.

Table 1. The comparison of calculated results (EB and AH) and the differences ([QCISD(T)/CBS],
relative to [QCISD(T)/CBS]y) for the hydrogen abstraction reactions of #n-CnHypip + H (n = 1-5)
using the [QCISD(T)/CBS]; and [QCISD(T)/CBS], (unit: keal/mol).

EB AH
No. Reactions [QCISD(T)/  [QCISD(TY/ . [QCISD(T)/  [QCISD(TV .
CBSl, CBSl, Difference CBSl CBSl, Difference
Cl H-R1 H+ CHy — H; + CH3 13.45 13.34 —0.11 —0.15 —0.30 —-0.15
C2 H-R2 H + CH3CH;3; — H; + CH,CHj; 10.27 10.17 —0.10 —3.96 —4.05 —0.09
3 H-R3 H + CH3CH,CH3; — H, + CH,CH,CHj3 10.21 10.11 —0.10 —3.58 —3.66 —0.08
H-R4 H + CH3CH,;CH3; — H; + CH3CHCH;3; 7.58 7.49 —0.09 —6.72 —6.74 —0.02
ca H-R5 H + CH3(CH;),CH; — Hy, + CH,(CH»),CHj; 10.11 10.01 —0.10 —3.64 —3.73 —0.09
H-R6 H + CH3(CH;,),CH3 — H, + CH3CHCH,CHj3 747 7.39 —0.08 —6.43 —6.45 —0.02
H-R7 H+ CH3(CH2)3CH3 — H, + CHz(CHz)3CH3 10.04 9.95 —0.09 —3.61 —3.69 —0.08
C5 H-R8 H + CH3(CH;);CH; — H, + CH3CH(CH,;),CHj 7.46 7.38 —0.08 —6.43 —6.45 —0.02
H-R9  H + CH;s(CH,);CH; — Hy + CH;CH,CHCH,CH; 7.46 7.38 —0.08 —6.11 —6.13 —0.02

3.1.2. Validation of ONIOM Energies of n-CnHppno + H (1 = 1-9)

Through the comparison between the two [QCISD(T)/CBS] methods, it is evident
that the [QCISD(T)/CBS], method can be considered a high-level method for validating
the ONIOM method in systems with more than five nonhydrogen atoms. These systems
are computationally expensive for the [QCISD(T)/CBS]; method. Therefore, we com-
pared the calculated results (EB and AH) for n-ChHynyp + H (n = 1-9) using both the
ONIOM[QCISD(T)/CBS:DFT] and [QCISD(T)/CBS], methods for a total of 25 reactions
(referred to as H-R1 to H-R25, as shown in Table 2). It is observed that the ONIOM method
consistently predicts slightly higher energies than the [QCISD(T)/CBS], method. The com-
putational differences between these two methods are generally less than 0.10 kcal/mol, as
detailed in Figure 2 and Table 2, except for the reaction H-R25, which shows a difference of
0.12 kcal/mol. A slightly augmented CAP(3,3) should be able to reduce the relative error
in the case of H-R25.

Cl1

m=1
m=
m=
m=
m=5

m=1
m=2
m=.
m=
m=5

C6 cs
|EB (and AH) [ONIOM] - EB (and AH) [QCISD(T)/CBS],| (keal/mol)

Figure 2. The difference in the calculated energy barriers (EB) and heat of reactions (AH) for the
reactions of n-CnHppp + H (1 = 1-9); the notation m (= 1-5) denotes the group under H atom attack.
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Table 2. The comparison of calculated results (EB and AH) the differences (ONIOM relative to
[QCISD(T)/CBS]y) for the hydrogen abstraction reactions of n-CnHppnyp + H (n = 1-9) using the
[QCISD(T)/CBS], and ONIOM (unit: kcal/mol).

EB AH
No. Reactions [QCISD(T)/ . [QCISD(T)/ .
CBSl, ONIOM Difference CBSl, ONIOM Difference
C1 H-R1 H+CHy — Hy + CH; 13.34 13.34 0.00 —0.30 —0.30 0.00
C2 H-R2 H + CH3CH; — Hy + CH,CH3 10.17 10.17 0.00 —4.05 —4.05 0.00
3 H-R3 H + CH3CH,CH;3; — H; + CH,CH,CHj3 10.11 10.11 0.00 —3.66 —3.66 0.00
H-R4 H + CH3CH,CH;3 — H;, + CH3CHCHj3 7.49 7.49 0.00 —6.74 —6.74 0.00
c4 H-R5 H + CH3(CH;),CH3 — H; + CH,(CH;),CHj3 10.01 10.05 0.04 —3.73 —3.72 0.01
H-R6 H + CH3(CH;),CH; — H; + CH;CHCH,CH3; 7.39 7.39 0.00 —6.45 —6.45 0.00
H-R7 H + CH3(CH3)3CH; — Hy + CH,(CH»)3;CHj3 9.95 10.00 0.05 —3.69 —3.69 0.00
c5 H-R8 H + CH3(CH,)sCH;s — H, + CH3CH(CH,),CHs 7.38 7.42 0.04 —6.45 —6.45 0.00
_ H+ CH3(CH2)3CH3 — H2 + _ _
H-R9 CH,CH,CHCH,CHj, 7.38 7.38 0.00 6.13 6.13 0.00
H-R10 H + CH3(CH»)sCH;s — Hy + CH,(CH»)4CH3s 9.91 9.98 0.07 —3.72 —3.72 0.00
C6 H-R11 H + CH3(CH,)sCH3; — H, + CH3CH(CH»)3CH3 7.39 7.44 0.05 —6.49 —6.49 0.00
2 H+ CH3(CH2)4CH3 —Hy + _ —
H-R12 CH,;CH,CH(CH,),CH, 7.28 7.32 0.04 6.19 6.19 0.00
H-R13 H + CH3(CH;)sCH3 — H, + CH,(CH;)5CHjs 9.92 9.99 0.07 —3.71 —3.70 0.01
7 H-R14 H + CH3(CH;)sCH3 — Hy + CH3CH(CH»)1CH; 7.33 7.38 0.05 —6.47 —6.47 0.00
. H+ CH3(CH2)5CH3 — Hy + _ _ _
H-R15 CH5CH,CH(CH,);CH, 722 7.28 0.06 6.17 6.18 0.01
_ H+ CH3(CH2)5CH3 — Hy + _ _
H-R16 CH;(CHy),CH(CH;),CHj, 7.23 7.30 0.07 6.21 6.21 0.00
H-R17 H + CH3(CHz)¢CH3 — Hy + CH,(CH»)sCHjs 9.86 9.94 0.08 —3.71 —3.71 0.00
s H-R18 H + CH3(CH,)¢CHs — Hy + CH3CH(CH,)sCHs 7.28 7.34 0.06 —6.48 —6.48 0.00
_ H+ CHg(CHz)GCH3 —Hy + _ _ _
H-R19 CH,;CH,CH(CH,);CH, 7.15 7.21 0.06 6.17 6.18 0.01
H + CH3(CH,)¢CH; — H, + _ _
H-R20 CH;3(CH,),CH(CH,);CH, 7.13 722 0.09 6.24 6.24 0.00
H-R21 H + CH3(CH;);CH3 — Hy + CH,(CH;)7CHjs 9.77 9.86 0.09 —3.70 —3.70 0.00
H-R22 H + CH3(CH,);CH; — H, + CH3CH(CH;)¢CH3 713 7.20 0.07 —6.46 —6.47 —0.01
C9 . H + CH3(CH;);CH3 — H; + _ _ _
H-R23 CH5CH,CH(CH,)sCH, 7.02 7.09 0.07 6.17 6.18 0.01
H + CH3(CH,);CH; — Hy + B B -~
H-R24 CH;3(CH,),CH(CH;):CH;, 7.01 7.10 0.09 6.23 6.25 0.02
H-R25 H + CH (CHy)7CHs = H, + 6.92 7.04 012 ~6.20 —6.22 —0.02

CH3(CH,);CH(CH,);CH3

3.1.3. ONIOM Energies of n-CnHopnio + H (1 = 10-16)
After validating the accuracy of the ONIOM method, we applied it to study larger

reaction systems involving n-CnHpnp + H (1 = 10-16) at various (all) hydrogen abstraction
sites. This study encompassed a total of 47 reactions (referred to as H-R26 to H-R72,
as shown in Table S1 of the Supplementary Materials). These reactions have not been
previously studied using high-level methods. The calculated energies, EB and AH, are
presented in Figure 3 and Table S1 of the Supplementary Materials. Several observations
can be drawn from these results:

The hydrogen abstraction reactions occurring at CHj groups, denoted by 1 at the reaction
site, exhibit the highest EBs, approximately 9.80 kcal /mol, ranging from 9.78 to 9.82 kcal/mol.
These reactions also have the highest (negative) AHs, around —3.71 kcal /mol, with a range
from —3.72 to —3.70 kcal/mol.

The hydrogen abstraction reactions occurring at CH, groups, denoted by 2 to 8 at the
reaction sites, display nearly identical EBs, approximately 7.05 kcal /mol, with a range from
6.93 to 7.21 kcal/mol. The AHs of these reactions are around —6.30 kcal/mol, varying from
—6.49 to —6.16 kcal /mol.

The variation in energies (EBs and AHs) for n-CnHpp42 + H (n = 10-16) in the hydro-
gen abstraction reactions at CHs; and CH, groups is negligible. This is indicated by the

coefficients of variation (C, = ’%’, 0 is standard deviation and y is arithmetic mean). For

the CHj groups, the C; values are 0.2% for EB and 0.2% for AH. For the CH, groups, these
values are 1.0% for EB and 1.5% for AH.



Symmetry 2024, 16, 367

90f23

] - Cmsz +H - Cn“u +H anHzr. +H
12 (@) - Cqus +H - CNHJO +H ClsHsz +H

E Cm“sa + H

EB|ONIOM](kcal/mol)

1 2 3 4 5 6 7 8
Reaction site

Bl C,H,,+H I C, Hy,+H CHy+H
(b) [ C,;H,,+ H [l C, H,, + H CisH;, +H

=8 CiHy+ H
S
g
-
S B - - _ _ _
Ml
=
=
F
Z
o
3.
0- - T
1 2 3 4 5 6 7 8

Reaction site

Figure 3. (a) The predicted EBs and (b) the predicted AHs for the hydrogen abstraction reactions of
n-CnHopnso + H (n = 10-16).

3.2. Hydrogen Abstraction Reactions of n-CnHp,42 + OH (n = 1-16)

We opted for the M06-2X/6-311++G(d,p) method to study the reaction systems of
1n-CnHopnio + OH because we found the imaginary frequencies of n-C,Honp + OH at
the B3LYP/6-311++G(d,p) level are relatively smaller than those of n-C,Hyn,p + H and
n-CnHopip + HO; at the same theoretical level. For instance, using CsHg as an example,
the imaginary frequencies of the transition states for the reactions occurring at methyl
group are 207.77i cm ! for OH-R3, 1160.15i cm ! for H-R3, and 1649.88i cm~! for HO»-R3.
When the reactions occur at other reaction sites, the imaginary frequencies of the transition
states for n-CnHanso + OH decrease significantly, for example, 44.96i cm~! for OH-R4
compared to 1123.81i cm~! for H-R4 and 1663.22i cm~! for HO,-R4. Due to these relatively
small imaginary frequencies for n-C,Hpn4p + OH, confirming the transition state using IRC
becomes challenging. Therefore, we employed the M06-2X method with the 6-311++G(d,p)
basis set for all reactions of n-C,Hpn4o + OH (n = 1-16). Revisiting the C3Hg as an example,
the imaginary frequencies for the transition states of OH-R3 and OH-R4 using this method
are 788.88i cm ! and 535.31i cm ™!, respectively.

3.2.1. Validation and Comparison of Two [QCISD(T)/CBS] Methods

For the reactions of n-Cn,Hyn,p + OH, validation can be achieved up to n = 4 using
the [QCISD(T)/CBS]; method and up to n = 8 with the [QCISD(T)/CBS]; method. In
contrast to the system of n-C,Hynip + H (n = 1-5), the [QCISD(T)/CBS]; method con-
sistently predicts higher EBs and lower AHs compared to the [QCISD(T)/CBS]; method
for n-CaHppnyo + OH (1 = 1-4). The computational differences (absolute values) between
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these two [QCISD(T)/CBS] methods are generally less than 0.20 kcal/mol for EB and
0.10 kcal /mol for AH, as indicated in Table 3.

Table 3. The comparison of calculated results (EB and AH) and the differences ([QCISD(T)/CBS],
relative to [QCISD(T)/CBS];) for the hydrogen abstraction reactions of n-C,Hpp,p + OH (n = 1—-4)
using the [QCISD(T)/CBS]; and [QCISD(T)/CBS], (unit: kcal/mol).

EB AH
No. Reactions [QCISD(T)/  [QCISD(T)/ . [QCISD(T)/  [QCISD(T)/ .
CBSI, CBS, Difference CBS]; CBSI, Difference
C1 ?{}11 OH + CH; — H,0 + CH, 4.83 5.02 0.19 —14.84 —14.97 -0.13
2 ?él OH + CH3CH; — H,0 + CH,CH; 243 263 0.20 —1842 —18.48 —0.06
- ?g OH + CH3CH,CH; — H,O + CH,CH,CHj 1.63 1.81 0.18 ~18.40 —18.46 —0.06
?{I;I' OH + CH3;CH,CH; — H,0 + CH;CHCH; 0.29 0.49 0.20 —2147 2147 0.00
1 ?{? OH + CH;3(CH,)>CH; — HO + CH,(CH,),CHs 2.72 2.88 0.16 —~17.29 —~17.36 —0.07
?fél' OH + CH;3(CH,),CH; — H,0 + CH;CHCH,CH; 0.81 0.99 0.18 —20.27 —20.27 0.00

3.2.2. Validation of ONIOM Energies of n-CrpHppno + OH (1 = 1-8)

We adopted the [QCISD(T)/CBS]; method to validate the ONIOM method for
n-CnHopnyo + OH (n = 1-8). A total of 20 reactions (referred to as OH-R1 to OH-R20, as
shown in Table 4) were compared. Similar to the systems of n-CnHyno + H (n = 1-9),
the ONIOM method consistently predicts slightly higher EBs than the [QCISD(T)/CBS],
method. However, it predicts almost negligibly smaller AHs compared to the latter. The
computational differences (absolute values) between these two methods are less than
0.10 kcal/mol for EB and 0.04 kcal/mol for AH, as indicated in Figure 4 and Table 4.

C1
0.12

Cs
IEB (and AH) [ONTOM] - EB (and AH) [QCISD(T)/CBS]| (keal/mol)

Figure 4. The difference in the calculated energy barriers (EB) and heat of reactions (AH) for the reac-
tions of n-CnHppy4p + OH (1 = 1-8); the notation m (= 1-4) denotes the group under OH radical attack.
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Table 4. The comparison of calculated results (EB and AH) and the differences (ONIOM relative to
[QCISD(T)/CBS]y) for the hydrogen abstraction reactions of #n-CnHjnip + OH (n = 1-8) using the
[QCISD(T)/CBS], and ONIOM (unit: kcal/mol).

EB AH
No. Reactions [QCISD(T)/ . [QCISD(T)/ .
CBSl, ONIOM Difference CBSl, ONIOM Difference
Cl  OHRI OH + CH; — H,O + CH, 5.02 5.02 0.00 ~14.97 —14.97 0.00
C2  OH-R2 OH + CH;CHj; — H,0 + CH,CHs 263 2,63 0.00 —18.48 —18.48 0.00
o3 OHR3 OH + CH;CH,CH; — H,0 + CH,CH,CH; 1.81 1.81 0.00 —18.46 —18.46 0.00
OH-R4 OH + CH3CH,CH; — H,0 + CH;CHCH; 0.49 0.49 0.00 —2147 —21.47 0.00
cy OHRS OH + CH3(CH,),CH; — H,O + CH,(CH,),CH; 2.88 2.89 0.01 ~17.36 ~17.39 —0.03
OH-R6 OH + CH3(CH,),CH; — H,0 + CH;CHCH,CHj 0.99 0.99 0.00 —2027 —2027 0.00
OH-R7 OH + CH3(CH,)3CHs — H,0 + CH,(CH,)3CH; 1.95 1.98 0.03 —18.59 —18.59 0.00
C5 OH-R8  OH + CH;(CH,);CH; — H,O + CH;CH(CH,),CH; —0.29 —027 0.02 —21.29 —21.30 —0.01
~ OH + CH3(CH2)3CH3 — Hzo + _ _ _ _
OH-R9 CHCH,CHCH.CH, 0.13 0.13 0.00 20.93 2093 0.00
%}(I)' OH + CH3(CHy)sCHs — HyO + CH,(CH,)4CHs 1.92 195 0.03 ~18.12 ~18.13 —001
c6
%Hl' OH + CH3(CH,)4CH; — H,0 + CH;CH(CH,)3CHs 0.37 041 0.04 —20.81 —20.84 —0.03
OH- OH + CH3(CH2)4CH3 — Hzo + _ _ _
R12 CHyCE, CH(CH )2 CHs 0.26 0.28 0.02 20.52 20.54 0.02
%P;’ OH + CH3(CH,)sCH; — H,O + CH,(CH,)sCH; 1.64 1.68 0.03 —18.55 —18.55 0.00
<7 %}f}' OH + CH3(CH,)sCH; — H,0 + CH;CH(CH,)sCH; -0.17 —0.13 0.04 —21.67 —21.68 —0.01
OH- OH + CH3(CH,)sCH; — H,O + B B 3 B B
Rl CHCHyCH(CHy)2CHs 0.79 0.74 0.05 20.94 20.96 0.02
OH- OH + CHg(CH2)5CH3 — Hzo + _ _ _ _ _
RIE CHs(CHz),CH(CH, ),CH 0.94 0.86 0.08 21.40 2143 0.03
%H7' OH + CH3(CH;)sCHs — HyO + CH,(CHa)sCHs 2.29 231 0.02 ~1839 —18.40 —001
cs8 %Hg OH + CH3(CH,)sCH3 — H,0 + CH;CH(CH,)sCHs —0.14 —0.08 0.06 —21.14 —21.16 —0.02
OH- OH + CH3(CH2)6CH3 — Hzo + _ . _ _ _
R19 CHCHACH(CH1CHs 0.24 0.20 0.04 20.94 20.97 0.03
OH- OH + CH3(CH,)sCH; — H,O + B B 3 7 B
R20 CHs(CHy),CH(CH, )1sCH 0.86 0.76 0.10 20.89 2093 0.04

3.2.3. ONIOM Energies of n-C,Hpnio + OH (1 = 9-16)

We utilized the ONIOM method to investigate the larger reaction systems of
1n-CnHonyo + OH (n = 9-16), examining all hydrogen abstraction sites. This study en-
compassed a total of 52 reactions (referred to as OH-R21 to OH-R72, as shown in Table S2
of the Supplementary Materials). These reactions have not been previously explored using
high-level methods. The calculated energies, EB and AH, are presented in Figure 5 and
Table S2 of the Supplementary Materials. Several observations can be drawn from these
results, as follows:

4
Bl cH, +oH I cC, H, +OH C,H, +OH
@ - Cn“zo +OH - Cu“zn +OH CuHsn +OH
2 - C H, +OH| C, H, +OH
s
3
£
=
go
=
= g - % 5 2
2.
=-
=3
[~
=
-4
-6 — ~ - T

1 2 3 4 5 6 7 8
Reaction site

Figure 5. Cont.



Symmetry 2024, 16, 367

12 of 23

-36
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Figure 5. (a) The predicted EBs and (b) the predicted AHs for the hydrogen abstraction reactions of
n-CnHppyo + OH (n = 9-16).

The hydrogen abstraction reactions occurring at the CHj groups, denoted by 1 at
the reaction site, exhibit the highest EBs, approximately 2.00 kcal/mol, with a range
from 1.79 to 2.24 kcal/mol. These reactions also have the highest (negative) AHs, around
—18.59 kcal/mol, ranging from —19.35 to —18.46 kcal/mol.

The hydrogen abstraction reactions occurring at CH, groups, denoted by 2 to 8 at
the reaction sites, show fluctuating EBs, ranging from —1.57 to —0.32 kcal/mol, averaging
around —1.00 kcal/mol. The AHs for these reactions are relatively consistent, approximately
—21.25 kecal/mol, with a range from —21.98 to —20.82 kcal/mol.

For n-CnHppio + OH (1 = 9-16), significant variations are observed in the EBs for the
hydrogen abstraction reactions at CHz groups, with a coefficient of variation (Cy) of 8.5%,
and at CH; groups with a C, of 36.1%. This finding indicates that approximating the EBs
for hydrogen abstraction from the CH, group by OH as a constant could lead to substantial
errors in chemical kinetics calculations. In contrast, the variation in AHs is negligible, as
indicated by C, of 1.5% for the CHj3 groups and 1.3% for the CH; groups.

3.3. Hydrogen Abstraction Reactions of n-C,Hpp1o + HOy (n = 1-16)
3.3.1. Validation and Comparison of Two [QCISD(T)/CBS] Methods

For n-CrHap 42 + HO,, the reactions can be validated up to n = 3 using the [QCISD(T) /CBS};
method and up to 7 with the [QCISD(T)/CBS], method. Similar to the systems of
1n-CnHopio + H (n = 1-5), the [QCISD(T)/CBS]; method consistently predicts lower en-
ergies (both EBs and AHs) than ([QCISD(T)/CBS]; for n-CnHpnyp + HO, (n = 1-3). The
computational differences (absolute values) between these two [QCISD(T)/CBS] methods
are generally less than 0.11 kcal/mol, as indicated in Table 5. The only exception is the
reaction HO,-R1, where the differences between the two methods are —0.18 kcal /mol for
EB and —0.17 kcal/mol for AH.

Table 5. The comparison of calculated results (EB and AH) and the differences ([QCISD(T)/CBS],
relative to [QCISD(T)/CBS];) for the hydrogen abstraction reactions of #n-CnHypio + HO, (1 = 1-3)
using the [QCISD(T)/CBS]; and [QCISD(T)/CBS], (unit: kcal/mol).

EB AH
No. Reactions [QCISD(T)/  [QCISD(T)/ . [QCISD(T)/  [QCISD(T)/ .
CBSI, CBS, Difference CBS]; CBS, Difference
Cl  HO,RI1 HO, + CH; — H,O, + CH; 24.29 24.11 ~0.18 17.21 17.04 —0.17
C2  HO,R2 HO, + CH3CH; — H,0, + CH,CH; 20.01 19.90 —0.11 13.40 13.29 —0.11
c3 HOR3  HOp + CHsCH,CHs — H0; + CHaCH,CH; 19.51 19.40 —0.09 13.78 13.68 —0.10
HO,-R4  HO, + CH3CH,CH; — H,0, + CH;CHCH; 16.92 16.86 —0.06 10.64 10.60 —0.04
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3.3.2. Validation of ONIOM Energies of CnHppy2 + HO; (n = 1-7)

We adopted the [QCISD(T)/CBS], method to validate the ONIOM method for
n-CnHonyp + HO, (n = 1-7), encompassing a total of 16 reactions (referred to as HO,-R1 to
HO,-R16 in Table 6). Consistent with expectations, the ONIOM method predicts slightly
larger energies (both EBs and AHs) compared to the [QCISD(T)/CBS], method. The com-
putational differences between these two methods are generally less than 0.07 kcal /mol
for EB and 0.01 kcal/mol for AH, as illustrated in Figure 6 and Table 6. The slightly large
discrepancy of 0.11 kcal/mol for HO,-R16 is likely due to CAP(2,2) including almost all
CH,; groups except the two terminal methyl groups.

Table 6. The comparison of calculated results (EB and AH) and the differences (ONIOM relative to
[QCISD(T)/CBS],) for the hydrogen abstraction reactions of n-CnHopio + HO, (1 = 1-7) using the
[QCISD(T)/CBS], and ONIOM (unit: kcal/mol).

EB AH
No. Reactions [QCISD(TY/ . [QCISD(T)/ .
CBSl, ONIOM Difference CBSl, ONIOM Difference
C1 HO;-R1 HO; + CHy — H,O, + CHj 2411 2411 0.00 17.04 17.04 0.00
C2 HO;-R2 HO, + CH3CH; — H,O, + CH,CHj; 19.90 19.90 0.00 13.29 13.29 0.00
3 HO,-R3 HO, + CH3;CH,CH; — H,O, + CH,CH,CH3; 19.40 19.40 0.00 13.68 13.68 0.00
HO,-R4 HO, + CH3CH,CHj3 — H,O, + CH3;CHCHj3; 16.86 16.86 0.00 10.60 10.60 0.00
ca HO,-R5 HO; + CH;3(CH;),CH3 — H,O, + CH,(CH;),CH3 19.25 19.31 0.06 13.61 13.62 0.01
HO, + CH3(CH,),CH3 — H,0, +
HO,-R6 CH3CHCH,CHj 16.37 16.37 0.00 10.89 10.89 0.00
HO,-R7 HO, + CH3(CH;);CH;3 — H,0, + CH,(CH;);CH; 19.58 19.64 0.06 13.65 13.65 0.00
C5 B HOZ + CH3(CH2)3CH3 — HzOz +
HO,-R8 CH,CH(CHy)>CHs 16.24 16.29 0.05 10.89 10.89 0.00
HO, + CH3(CH,);CH;3 — H,0; +
HO,-R9 CH,CH,CHCH,CH, 16.10 16.10 0.00 11.21 11.21 0.00
HO,-R10 HO, + CH;3(CH;)sCH3 — H,O, + CH,(CH,;)4CHj 19.52 19.58 0.06 13.62 13.62 0.00
Cé6 R HOZ + CH3(CH2)4CH3 — H202 +
HO,-R11 CH,CH(CHy);CHs 16.38 16.44 0.06 10.85 10.85 0.00
E HO, + CH3(CH,)sCH;3 — H,0; +
HO,-R12 CH,;CH,CH(CH,),CH, 15.99 16.05 0.06 11.15 11.15 0.00
HOz-R13 HOQ + CH3(CH2)5CH3 — HzOz + CHz(CHz)5CH3 19.45 19.51 0.06 13.63 13.64 0.01
B HO; + CH3(CH2)5CH3 — H,O, +
Cc7 HO,-R14 CH,CH(CH,),CHs 16.16 16.22 0.06 10.87 10.87 0.00
R HO, + CH3(CH,)sCH;3 — H,0; + -~
HO,-R15 CH,;CH,CH(CH, )sCH, 16.39 16.46 0.07 11.17 11.16 0.01
HO,-R16 HO, + CHy (CHp)sCH, — H0; + 15.77 15.88 011 1113 11.13 0.00

CH3(CH,)2CH(CH,)2CH;

C5

C4

|EB (and AH) [ONIOM] - EB (and AH) [QCISD(T)/CBS]| (kcal/mol)

Figure 6. The difference in the calculated energy barriers (EB) and heat of reactions (AH) for the reactions
of n-CnHppio + HO, (n = 1-7); the notation m (= 1-4) denotes the group under HO, radical attack.
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3.3.3. ONIOM Energies of CyHypno + HO; (n = 8-16)

We applied the ONIOM method to study the larger reaction systems of
n-CnHonio + HO, (1 = 8-16) across all hydrogen abstraction sites. This study encom-
passed a total of 56 reactions (referred to as R17 to R72, as shown in Table S3 of the
Supplementary Materials). These reactions have not been previously studied using high-
level methods. The calculated energies, EB and AH, are presented in Figure 7 and Table
S3 of the Supplementary Materials. Several observations can be drawn from these results,
as follows:

28
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24 = (a) - C“H24 + HOZ ! CIZH26 + HOZ CUHZS + HOZ
=\ D C|4H30 + H02 - CL‘HSZ -k HOZ : CIGHSJ + HOZ
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Figure 7. (a) The predicted EBs and (b) the predicted AHs for the hydrogen abstraction reactions of
H-CnH2n+2 + HOz (1’1 = 8—16)

The hydrogen abstraction reactions occurring at the CHs groups, denoted by 1 at the
reaction site, exhibit the highest EBs, approximately 19.45 kcal/mol, ranging from 19.00 to
19.69 kcal/mol. Additionally, these reactions have the highest AHs, around 13.63 kcal /mol,
with a range from 13.62 to 13.64 kcal/mol.

The hydrogen abstraction reactions occurring at the CH, groups, denoted by 2 to 8 at
the reaction site, show slight fluctuations in EBs, averaging around 15.99 kcal/mol, with a
range from 15.45 to 16.58 kcal/mol. Additionally, these reactions exhibit almost the same
AHs, approximately 11.05 kcal/mol, with a range from 10.85 to 11.18 kcal/mol.

For n-ChnHppyp + HOy (n = 8-16), the variation in energies (EBs and AHs) for the
hydrogen abstraction reactions occurring at the CHz and CHj groups is negligible. This is
indicated by the coefficients of variation (C,), which are 0.9% for EB and 0.04% for AH in
CH3; groups, and 2.0% for EB and 0.9% for AH in the CH, groups.
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3.4. Comparision with Literature Data
3.4.1. Comparison with Data from Kinetic Modelling

Practical kinetic modelling for large straight-chain alkane molecules primarily depends
on empirical and semiempirical methods to establish thermochemical data in reaction
mechanisms [65-68]. In these models, hydrogen abstraction reactions of straight-chain
alkanes by H, OH, and HO; are mainly categorized into two types: reactions occurring
at primary sites (CHj groups) and those at other sites (CH, groups), with the EBs being
treated as constants for these two types. Due to its distinct behaviors of CH,, which lacks
the C-C bond existing in larger hydrocarbons, it is considered separately. When compared
to calculated data obtained using the ONIOM method, the EBs in these kinetic models are
generally underestimated for reactions of n-C,Hpp4» + H and n-CyHppio + HO,. However,
for the reactions of n-C,Hjno2 + OH, the EBs fall within the range of the data obtained by
the ONIOM method, as indicated in Table 7.

Table 7. The comparison of EBs between kinetic modeling and the ONIOM method for the hydrogen
abstraction reactions of n-CnHy,,4» + H, OH, and HO, (1 = 3-16) (unit: kcal/mol).

Involved Radical Reaction Sites ONIOM Reference
H Primary sites (CH3 groups) 9.78 t0 10.11 7.702,7.70°,8.61
Other sites (CH; group) 6.93 to 7.49 5.002,5.00P,5.93¢
Primary sites (CH3 groups) 1.68 to 2.89 0.4523,1.81°,241°¢
OH -0.762,0.70°,1.19
Other sites (CH; group) —1.57 t0 0.99 R
HO Primary sites (CH3 groups) 19.00 to 19.69 17.002,19.41b
2 Other sites (CH, group) 15.45 to 16.86 15.492,17.02b

a EB from Battin-Leclerc et al. [65]. P EB from Nehse et al. [66] ¢ Calculated from Equation (13).

Cohen [38,39,69] employed the Evans—-Polanyi principle [70] to calculate the activation
energies by
Eact = “(BDECfH - :8) (13)

where BDE is bond dissociation energy. The BDE values are derived from experimental
data using the principle of group additivity. These values vary depending on the specific
reaction site involved in the hydrogen abstraction reaction. It has been observed that
BDE values differ for various molecules. For instance, BDE(CHy) is 105.1 kcal/mol, while
BDE(C,Hg) is 100.6 kcal/mol. For the molecule larger than C,;Hg, the BDE for CH3 groups
is 100.5 kecal/mol, and for CH; groups, it is 97.1 kcal /mol [39].

In the study of H + alkane reactions [39], the values of « and B are set at 0.79 and
89.6 kcal/mol, respectively. Using these values in Equation (13), the calculated energies for
n-CpnHonio + H have been compared with the ONIOM energies, as shown in Table 7. It is
observed that the EBs calculated by Equation (13) remain constants for reactions occurring
at primary sites (CHs groups), with an EB of 8.61 kcal/mol, and at other reaction sites (CH;
groups), with an EB of 5.93 kcal/mol, for molecules larger than C,Hg. For CHy and C,Hg,
the EBs are 12.25 kcal/mol and 8.69 kcal/mol, respectively. Generally, these EBs calculated
by Equation (13) are lower than those obtained using the ONIOM method.

In the study of OH + alkane reactions [38], the values of # and 3 are determined to
be 0.36 and 93.8 kcal/mol, respectively. The energies of n-CrHpp,» + OH, calculated using
Equation (13), have been compared with those obtained using the ONIOM method, as
presented in Table 7. It is noted that the EBs calculated by Equation (13) remain constants
for reactions occurring at primary sites (CHs groups), with an EB of 2.41 kcal/mol, and
at other reaction sites (CH; groups), with an EB of 1.19 kcal/mol, for molecules larger
than C,Hg. For CHy and C,Hg, the calculated EBs are 4.07 kcal/mol and 2.45 kcal/mol,
respectively. Generally, these EBs calculated by Equation (13) are lower than the EBs for
n-CnHopio + OH (1 = 1-2) and higher than those for n-C,Hpp4p + OH (11 > 2) calculated
using the ONIOM method.
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3.4.2. Comparison with Data from Ab Initio Calculations

There are a few studies for the reactions of n-CHjp» molecules by H, OH, and HO,
radicals using high-level methods, mainly focused on the smaller molecules.

For the reactions of n-CHpno + H, Espinosa-Garcia [52] calculated the reaction of CHy
with H atom at the CCSD(T)/cc-pVTZ/ /MP2(full)/6-31G(d,p) level, employing a scaling
all the correlation energy (SAC) method [71]. Sivaramakrishnan et al. [49] analyzed the
reaction systems of CoHg and C3Hg at the CCSD(T)/aug-cc-pVeoZ/ /MP2/6-311++G(d,p)
level. Peukert et al. [47] calculated the reaction system of n-C4Hjy and H atom at the
CCSD(T)/cc-pVeoZ/ /M06-2X/cc-pVTZ level. The results, calculated using the ONIOM
method for these systems, show good agreement with these high-level theoretical calcula-
tions, generally exhibiting differences of less than 0.2 kcal /mol, as illustrated in Table 8. For
larger n-CnHpp4o + H reaction systems, Wang et al. [72] very recently studied the reaction
of n-decane with H atom at the CBS-QB3//M06-2X/6-311++G(d,p) level, finding that the
difference compared with the ONIOM method is generally less than 0.2 kcal /mol. Chi and
You [73] investigated the reaction of n-C1gHsg + H, using M06-2X/6-311++G(d,p). They
concluded that the reaction occurring at CHj groups (H-R82) has the highest energy barrier
(EB) of 10.85 kcal/mol, while the EBs for reactions at other positions range from 7.7 to
7.8 kcal/mol. A comparison of these results with those obtained using the ONIOM method
is presented in Table 8. Their results for EBs are higher than the ONIOM results by 0.6 to
0.8 kcal/mol, except for the reaction H-R82, where the difference is 1.01 kcal/mol higher,
as also indicated in Table 8.

Table 8. The calculated EBs for the hydrogen abstraction reactions of n-C,Hpnp + H (n = 1-4, 10,
and 18) (unit: kcal/mol).

No. Reactions ONIOM Reference
c1 H-R1 H+CHy — H, + CH; 1334 1332
c2 H-R2 H + CH3CH3 — Hy + CH,CH3 10.17 10.30°
3 H-R3 H + CH;CH,CH; — H, + CH,CH,CHj3 10.11 10.27°
H-R4 H + CH3CH,CH3 — Hy + CH3CHCH3 7.49 7.68°
= H+ CH3(CH2)2CH3 —H, + ¢
ca H-R5 CH,(CH,),CH;, 10.05 10.07
H+ CH3(CH2)2CH3 — H, +
H-R6 CH,CHCH,CHj, 7.39 721°¢
: H+ CH3(CH2)3CH3 — H2 + d
H-R26 CH,(CH,)sCHs 9.82 10.1
_ H+ CH3(CH2)8CH3 — HZ + d
C10 H-R27 CH,CH(CH,),CHs 7.15 72
3 H + CH3(CH»)sCHs — Hy + d
H-R28 CH;CH, CH(CH,)sCH 705 71
~ H+ CH3(CH2)3CH3 — Hz + d
H-R29 CH;(CH,),CH(CH,)sCHj 7.04 7.0
- H+ CH3(CH2)3CH3 — Hz + d
HR30 CH3(CH,)sCH(CH2):CHs 70 70
~ H+ CH3(CH2)16CH3 — Hp + e
i H-R82 CH,(CH,)1sCHs 9.84 10.85
_ H+ CH3(CH2)16CH3 — H2 +
H-R83 CH,CH(CHa)sCHs 7.21 7.82°¢
H-R84 ~ H-R90 6.91~7.10 7.7~7.8¢

2 Espinosa-Garcia [52] at the CCSD(T)/cc-pVTZ/ /MP2(full)/6-31G(d,p) level. b Sivaramakrishnan et al. [49] at
the CCSD(T)/aug-cc-pVeoZ/ /MP2/6-311++G(d,p) level. € Peukert et al. [47] at the CCSD(T)/cc-pVeoZ/ /MO6-
2X/cc-pVTZ level. d Wang et al. [72] at the CBS-QB3//M06-2X/6-311++G(d,p) level. ¢ Chi and You [73] at the
MO06-2X/6-311++G(d,p) level.

For the reaction systems of n-C,Hpn12 + OH, Gruber and Czako [74] calculated the reac-
tions of CH4 and C,Hg with OH at the CCSD(T)-F12b/aug-cc-pVnZ/ /CCSD(T)-F12b/aug-
cc-pVIZ level. Khaled et al. [48] studied the reaction of Co;Hg with OH at the CCSD(T)/ cc-
pV(T,Q)Z/ /MP2/cc-pVTZ level. Despite employing these very high-level methods, the
differences in results were generally less than 0.4 kcal/mol when compared with the
ONIOM method. Sivaramakrishnan et al. [42,50] studied the reactions of n-C3Hg, n-C4Hj,
and n-CsHj, with OH at the G3//B3LYP level. The ONIOM method aligns precisely
with the G3//B3LYP results for the hydrogen abstraction reaction from the CHs group,
except OH-R5, where the difference is 0.83 kcal/mol. However, it is important to note
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that the results using the ONIOM method for the hydrogen abstraction reactions from
the CH, groups differ significantly from those obtained using the G3//B3LYP method,
as indicated in Table 9. This discrepancy may be attributed to the G3//B3LYP method’s
tendency to predict tighter transition state structures, resulting in higher energy barri-
ers. Furthermore, Seal et al. [75] studied the hydrogen abstraction reactions of 1-butanol,
labeled as H3CV-H,C?-H,C®)-H,C®-OH, by OH radical at the CCSD(T) /F12a/jun-cc-
pVTZ//MO08-HX/MGS3S level. Their results show EBs of 0.39 kcal/mol (1.98 kcal/mol for
OH-R7), —0.82 kcal/mol (—0.27 kcal /mol for OH-R8), —0.50 kcal/mol (—0.13 kcal /mol for
OH-RY), and —0.27 kcal/mol for the reactions occurring from C1 to C4. In comparison, the
EB values obtained using the ONIOM method are consistent and reliable. The differences
in these results can be attributed to variations in the geometry optimization methods.

Table 9. The calculated EBs for the hydrogen abstraction reactions of #n-Cn,Hpp,4p + OH (1 = 1-5) (unit:
kcal/mol).

No. Reactions ONIOM Reference
C1 OH-R1 OH + CHy — H,O + CH3 5.02 4782
C2 OH-R2 OH + CH3CH3 — H,O + CH,CH3 2.63 2.182,2.22P
3 OH-R3 OH + CH3;CH,CH3; — H,O + CH,CH,CHj3 1.81 193¢
OH-R4 OH + CH3CH>CH3 — H,O + CH3CHCH3 0.49 0.93 ¢
. OH + CH;3(CH,),CH3 — H,O + c
ca OH-R5 CH,(CH,),CH;s 2.89 2.06
: OH + CH;3(CH,),CH3; — H,0 + c
OH-R6 CH,CHCH,CH; 0.99 0.72
. OH + CH3(CH2)3CH3 — H,O + d
s OH-R7 CH,(CH,)sCHs 1.98 1.98
. OH + CH3(CH2)3CH3 — H,O + _ d
OH-R8 CH,CH(CH,),CHs 0.27 0.84
_ OH + CH3(CH2)3CH3 — Hzo + _ d
OH-R9 CH,CH,CHCH,CHs 0.13 0.40

2 Gruber and Czako [74] at the CCSD(T)-F12b/aug-cc-pVnZ/ /CCSD(T)-F12b/aug-cc-pVTZ. b Khaled et al. [48]
at the CCSD(T)/cc-pV(T,Q)Z/ /MP2/cc-pVTZ. € Sivaramakrishnan et al. [50] at the G3//B3LYP level. d Gjvara-
makrishnan and Michael [42] at the G3//B3LYP level.

For the reaction systems of n-CpnHon2 + HO,, Aguilera et al. [37] provided accurate
benchmark data for hydrogen abstraction reactions of n-CoHynp + HO, (n = 2-4) at
the CCSD(T)/cc-pVTZ//B3LYP/def2-TZVP level. More recently, Hashemi et al. [44]
investigated the reactions of propane with HO, at the CCSD(T)/cc-pV(T,Q)Z level, finding
the difference in results compared to the ONIOM method to be less than 0.30 kcal/mol
These data were compared with the results using the ONIOM method, as detailed in
Table 10. It is noteworthy that the discrepancies in EBs for hydrogen abstraction reactions
occurring at the CHj groups are generally less than 0.4 kcal/mol. However, notable
exceptions are observed in reactions occurring at the CH; groups in HO,-R4 and HO,-Ré6,
where the differences in EBs are 0.77 kcal/mol and 0.98 kcal/mol, respectively.

Table 10. The calculated EBs for the hydrogen abstraction reactions of 1n-CnHppp + HO, (1 = 1-4)
(unit: kcal/mol).

No. Reactions ONIOM Reference
C1 HO,-R1 HO, + CHy; — H,0, + CH3 24.11 24.00°
C2 HOz—RZ HOZ + CH3CH3 — HzOz + CH2CH3 19.90 19.50 2
3 HO,-R3 HO, + CH3CH,CH3; — H,0, + CH,CH,CH3 19.40 19.60?,19.30
HOz—R4 HOZ + CH3CH2CH3 — HzOz + CH3CHCH3 16.86 16.09 a, 16.60 b
~ HO, + CH3(CH2)2CH3 — Hy,O, + a
ca HO,-R5 CH,(CH,),CH; 19.31 19.46
~ HO, + CH3(CH2)2CH3 — H,O, + a
HO,-R6 CH,CHCH,CH, 16.37 15.39

2 Aquilera et al. [37] at the CCSD(T)/cc-pVTZ/ /B3LYP/def2-TZVP level with optimization by scaling factor
of 1.053. P Hashemi et al. [44] at the CCSD(T)/ cc-pV(T,Q)Z level.

3.4.3. Comparison with Saturated Methyl Ester

Zhang and Zhang [32] and Chi and You [73] conducted studies on the reactions of
C15H31COOCH; + H, employing the ONIOM[QCISD(T)/CBS:DFT] and GEBF[CCSD(T)-
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F12a/cc-pVTZ] methods, respectively. The present study compared similar reactions
involving C15H3;COOCH; + H and n-Cj¢H34 + H. This comparison is pertinent as the two
molecules have very similar structures, as depicted in Figure 8. As observed in Figure §,
the predicted EBs for the reaction involving C15H3; COOCH; + H are generally close across
all reaction sites, with notable exceptions at two reaction sites, No. 12 and No. 14. Here, the
differences are 0.59 kcal/mol and 1.01 kcal/mol compared to Zhang and Zhang [32], and
1.19 kcal/mol and 0.98 kcal /mol when compared to Chi and You [73].

H, H, H, H, H, i, H,

ll(/\/\/\/\/\/\/\“/(“3
12 ¢ 14 C
H, H, H H, H,
(0]
o H -
C 11 13 CH;
/\/\/\/\/\ \/\/\/
HC fi fi fi fi, 10 1 “i2 i, 4 1
2 2 2 2 2 2
12
B C, _H, COOCH, + H (Zhang and Zhang 2015)
I C, _H, COOCH, + H (Chi and You 2019)
10

[ ]c,H,,+ H (This work)

EB[ONIOM](kcal/mol)
(=)}

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Reaction site

Figure 8. The EBs for the hydrogen abstraction reactions of C15H3; COOCH; + H and n-CygHaq + H[32,73].

As expected, there is a notable agreement in the EBs at the reaction sites sufficiently
distant from the ester group (specifically, Nos. 1-11 as illustrated in Figure 8), with
differences generally being less than 0.3 kcal /mol. This can be understood by the fact that
the influence of the ester group on the reaction decreases with moving away from its CAP
and becomes non-negligible at the site of No. 12. The biggest difference between the two
reactions occurs at the reaction occurring at the reaction site of No. 14, up to 1.0 kcal /mol.
This indicates that the hydrogen abstraction from the No. 14 site is strongly affected by the
ester functional group.

3.4.4. Comparison to Unsaturated Methyl Ester

Zhang et al. [34] also employed the ONIOM[QCISD(T)/CBS:DFT] method to study
the hydrogen abstraction reactions between unsaturated methyl esters and hydrogen atoms.
The calculated EBs for the hydrogen abstraction reactions of C1;H33COOCH3 and n-C1gH3g
are compared, as shown in Figure 9. It is observed that the EBs for C;7H33COOCH;3 + H and
n-C1gHsg + H at the reaction sites of Nos. 1-6 generally differ by no more than 0.4 kcal /mol.
However, the differences significantly increase with the reactions occurring at the reaction
sites (Nos. 8-11) near the C=C double bond, with the largest difference being approximately
4.60 kcal/mol at the reaction site of No. 9 and No. 10. The differences in EBs reduce to
2.12 kcal/mol at the site of No. 8 and 2.24 kcal/mol at the site of No. 11, while the
differences at the reaction sites of No. 7 and No. 12 are 0.51 kcal/mol and 0.78 kcal /mol,
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respectively. When the reaction occurs at a site more than three -CH, groups away from
the C=C double bond, the general differences in EBs are reduced to less than 0.40 kcal/mol.

H, H, H, H, H, H, H, H, ]
1,/('\3,/('\5./('\ ,/('\9./('\1.1/('\lf”/('\ls/('\U/('“J
WE 2 4 i, 6 hy 8 i, 10§, 12, v oY, 16§, 18
2 2 2 2 2 2 2 2
o
H H H H H H H
1 ¢ 3 cls 1 ¢l 9/{!, u ¢l _cli1s ¢ 17 ll CH,
HC 2 ¢4 € 6 ¢ 8 € 10 & 12 € 14 ¢ 16 € (Ut
H, H, H, H H, H, H, H,
12
Il C, H,,COOCH, + H (Zhang et al. 2018)
. B c H,, + H (This work)

EB[ONIOM](keal/mol)
(=)}

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18
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Figure 9. The EBs for the hydrogen abstraction reactions of C;;H33COOCH; + H and n-C1gHzg + H [32].

The agreement in EBs at the reaction sites, which are more than two carbon atoms
away from the ester group, is generally satisfactory and remains below 0.60 kcal /mol.
The maximum difference observed is 1.00 kcal/mol for the reaction occurring at site of
No. 16. Consequently, it can be concluded that the ester group exerts a similar effect in both
saturated and unsaturated esters. In addition, the influence of ester group on the hydrogen
abstraction reactions of larger molecules by hydrogen atoms is weaker compared to that of
the C=C double bond.

4. Conclusions

An ONIOM[QCISD(T)/CBS:DFT] method was proposed and systematically validated
in the present study for the hydrogen abstraction of straight-chain alkanes, n-CrHpp2
(n =1-16), by H, OH, and HO; radicals. Two QCISD(T)/CBS methods were used to
validate the ONIOM method. The comparison with the previous studies of large biodiesel
molecules further substantiated the computational accuracy of the ONIOM method. Some
important conclusions can be drawn from the work.

First, the computational uncertainty between the two QCISD(T)/CBS methods is
typically less than 0.20 kcal/mol. It again proved that the [QCISD(T)/CBS], method
through extrapolation from cc-pVDZ, cc-pVTZ to CBS with a second-order Moller-Plesset
perturbation theory correction (MP2) is as accurate as the [QCISD(T)/CBS]; method.

Second, the chemically active portion CAP (2,2) is minimally and reasonably required
for the present reaction system. This is because it can predict the EB and AH for the
studied reactions with satisfactory accuracy. The differences, when compared to the
[QCISD(T)/CBS], method, are generally less than 0.10 kcal/mol.

Third, a comparison with the thermochemical data (EB) from kinetic modeling reveals
that EBs are typically considered constants. This is because the hydrogen abstraction
reactions of n-alkanes can be categorized into two types: reactions occurring at primary
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sites (CHj3 groups) and reactions at other sites (CH, groups). The present results indicate
that this classification is reasonable for the reactions of n-C,Hy,.» + H (or HO,). However,
it is not suitable for the reactions of n-C,Hjn.2 + OH, owing to the significant variation in
EBs, particularly for the reactions occurring at the CH; groups.

Finally, by comparing large straight-chain alkanes, specifically n-C1sHsz4 and n-CqgHzg,
with large methyl ester molecules, such as C;5H3COOCHj3 and C17H33COOCH;3, we
observed that the influence of functional groups (the ester group and C=C double bond)
becomes negligible at the reaction site when it is more than two nonhydrogen atoms away
from the functional group. At these distances, the thermochemistry of the methyl ester
molecules closely resembles that of straight-chain alkanes. Furthermore, it is noted that the
C=C double bond exerts a greater influence on neighboring atoms than the ester group in
hydrogen abstraction reactions by hydrogen atoms.

Overall, this study presents a practically useful theoretical methodology, along with
comprehensive thermochemical data, for the hydrogen abstraction reactions of n-CpHpp2
(n = 1-16), by H, OH, and HO2 radicals. These data are valuable for the chemical kinetics
calculation involving large straight-chain alkanes.
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for all species and the calculated results (EB and AH) for the hydrogen abstraction reactions of
H-CnH2n+2 +H (YZ = 10—16), H—CnH2n+2 + OH (Vl = 9—16), and H-CnH2n+2 + HOZ (7’1 = 8—16) using the
ONIOM method. The figures of IRC curves, using H-R66 and H-R72 as examples. Figure S1: The IRC
curves of the reactions (a) H-R66: H + CH3(CH,)14,CH3 — H, + CH3CH(CH,)13CHj3 and (b) H-R72:
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+ OH (n = 9-16) using the ONIOM method; Table S3: The calculated results (EB and AH) for the
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Nomenclature

CAP Chemically active portion

CBS Complete basis set

CCSD(T)  Coupled cluster with single, double, and perturbative triple excitations
DFT Density functional theory

DZ Double Zeta (referring to the quality of a basis set)

EB Energy barrier

AH Heat of reaction

IRC Intrinsic reaction coordinate

MP2 Second-order Moller—Plesset perturbation theory correction

ONIOM  Our own n-layered integrated molecular orbital and molecular mechanics
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pVv Polarized valence (referring to the type of functions in a basis set)
QCISD(T)  Quadratic configuration interaction with single and double excitations and a
perturbative estimate of triple excitations

Qz Quadruple Zeta (referring to the quality of a basis set)
TZ Triple Zeta (referring to the quality of a basis set)

ZPE Zero-point energy

cc Correlation-consistent (referring to the type of basis set)
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