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Abstract: A two-layer ONIOM[QCISD(T)/CBS:DFT] method was proposed for the
high-level single-point energy calculations of large biodiesel molecules and was validated for
the hydrogen abstraction reactions of unsaturated methyl esters that are important
components of real biodiesel. The reactions under investigation include all the reactions on
the potential energy surface of CnH2n-1iCOOCHs3 (n=2-5, 17) + H, including the hydrogen
abstraction, the hydrogen addition, the isomerization (intramolecular hydrogen shift), and the
[-scission reactions. By virtue of the introduced concept of chemically active center (CAC), a
unified specification of chemically active portion (CAP) for the ONIOM method was
proposed to account for the additional influence of C=C double bond. The predicted energy
barriers and heat of reactions by using the ONIOM method are in very good agreement with
those obtained by using the widely accepted high-level QCISD(T)/CBS theory, as verified by
that the computational deviations are less than 0.15 kcal/mol, for almost all the reaction
pathways under investigation. The method provides a computationally accurate and
affordable approach to combustion chemists for high-level theoretical chemical kinetics of

large biodiesel molecules.
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1. Introduction

Ever-increasing concerns about global energy security, environmental protection and climate
change have urged contemporary combustion researchers to study alternative fuels that are
renewable and sustainable. Biodiesel is a promising alternative fuel owing to its many
advantages such as renewability, domestic production, and lower pollutant emissionst. Its
derivation from chemically reactive lipids (e.g. vegetable oil, soybean oil, and animal fat)
with an alcohol through the trans-esterification process* leads to a mixture of saturated and
unsaturated, methyl and ethyl esters. The molecule of these esters usually contains twelve or

more carbon atoms*.

Motivated by establishing high-fidelity, quantitatively accurate, detailed reaction mechanisms
to promote the computer-aided design and optimization of practical combustion energy
conversion devices, numerous studies have been conducted on the chemical kinetics of
biodiesel combustion in the past decade ®*'. The mechanism development of biodiesel, which
contains diverse constituent molecules of large size, is however challenging, because
biodiesel combustion produces a formidably complex reaction system involving about
thousands of species and ten times more reactions. As a result, surrogate fuels of smaller
molecular sizes were extensively studied in recent years in the hope of imitating the
combustion characteristics of real biodiesel. Small saturated methyl esters, particularly

methyl butanoate, have been the focus of many experimental and theoretical studies 1216,

In consideration of that the major components of biodiesel are unsaturated alkyl esters with
mono- and multi- C=C bonds, and that the presence of double bond(s) has a great influence
on the ignition delay and the Cetane number!’, chemical kinetics of unsaturated biodiesel
surrogate molecules have come to the attention of researchers recently. For small unsaturated
esters, Sarathyl et al. ¥ compared methyl butanoate [CH3(CH2)2COOCHS3s] and methyl
crotanoate [CH3CH=CHCOOCHSs], and experimentally found that both molecules have
similar reactivity but the unsaturated one has a greater sooting tendency. Gail et al.®
proposed a detailed reaction mechanism for methyl crotanoate oxidation based on the

mechanisms developed for methyl butanoate. The experimental study on a blend of n-decane



and methyl oleate [CH3(CH2)7CH=CH(CH2)7COOCHS3] was conducted by Bax et al.? in a
jet-stirred reactor and over a temperature range of 550-1100K. Attributing to the presence of
C=C double bond, a slightly lower reactivity was observed for the blend compared with that
of the blend of n-decane and methyl palmitate [CH3(CH2)14COOCHs3]. Based on the reaction
mechanism for methyl decanoate oxidation, Herbinet et al.?! developed detailed chemical
kinetics mechanisms for methyl-5-decenoate [CH3(CH2)sCH=CH(CH2)sCOOCHs] and
methyl-9-decenoate [CH2=CH(CH2)7COOCHs], and validated the mechanisms against the
jet-stirred reactor experiments for rapeseed oil methyl esters oxidation. For developing the
reaction mechanism for methyl oleate [CH3(CH2)7CH=CH(CH2)7COOCHs3], Naik et al.?2
adopted the existing reaction classes and the semi-empirical rules for reaction rate constant,
and supplemented the reaction classes associated with methyl esters. On the basis of the
auto-ignition database of small unsaturated esters 232 | extensive studies have been also
conducted to investigate the effects of C=C double bonds on the reactivity and products of

medium-sized unsaturated esters 273,

In spite of these worthy studies, we noted that few theoretical chemical kinetics studies have
been performed for unsaturated large ester molecules. Evidently, accurate theoretical
prediction of energy barriers and heat of reactions for key reaction pathways is crucial for the
construction of detailed reaction mechanism, whose uncertainty is critically influenced by the
rate constants and thermodynamics data®’. Several high-level Post-Hartree-Fock methods
together with large basis sets have been sufficiently demonstrated for their computational
accuracy and affordability for relatively small molecular systems . For example, the coupled
cluster theory, with single and double excitations, and a quasi-perturbative treatment of
connected triple excitations [CCSD(T)], with an extrapolation to complete basis set (CBS),
yields the predictions of barrier height and reaction energy with uncertainties less than 1.0
kcal/mol® in the systems without strong multireference characteristics; otherwise the
post-CCSD(T) methods such as CCSDT(Q) may be needed. The quadratic configuration
interaction with singles, doubles and perturbative inclusion of triples, and with an

extrapolation to complete basis set [QCISD(T)/CBS] usually has uncertainties around 1.0



kcal/mol, which can further be reduced to 0.6 kcal/mol with a bond additivity correction®.
These high-level methods are however computationally infeasible for large molecules

containing more than 9 or 10 carbon atoms.

Recognizing that few attempts have been made to produce high-level thermochemical and
kinetic data for larger esters, and urged by the need to develop methodologies for high-level
chemical kinetics of larger biodiesel molecules, Zhang and Zhang * proposed a two-layer
ONIOM method 22, in which the QCISD(T)/CBS method is used for the high layer and the
B3LYP-favor density functional theory (DFT) method for the low layer. The ONIOM
[QCISD(T)/CBS:DFT] method was systematically validated by calculating the energy
barriers and the heats of reaction of the hydrogen abstraction reactions of saturated alkyl
esters, CaH2n+1COOCmH2m+1 (n = 1-5, m = 1 or 2), by a hydrogen radical, which are among
the key reactions in combustion of alkyl esters. The calculated energies were found to be
almost identical to those QCISD(T)/CBS energies, with the discrepancies being less than 0.1
kcal/mol for all the tested cases. The ONIOM[QCISD(T)/CBS:DFT] method was
subsequently applied to larger systems, such as methyl decanoate (MD, n = 9, m = 1) and
methyl heptadecanoate (n = 15, m = 1), and used to examine the widely-used Evans-Polanyi
relations, which are however insufficiently accurate for high-level chemical kinetics because

of the large uncertainty of +2.0kcal/mol.

In the present study, we further developed and validated the ONIOM[QCISD(T)/CBS:DFT]
method for the reactions between hydrogen radical and unsaturated methyl esters,
CnH2n-1COOCHs3 (n=2-5), and subsequently applied it to methyl oleate (n=17). This study is
considered as a significant extension and complement of Zhang and Zhang’s previous work*
for the following reasons. First, the ONIOM[QCISD(T)/CBS:DFT] method would not be
considered practically useful until its applicability is verified for not only saturated esters but
also unsaturated esters, given that the latter are important components of real biodiesel.
Second, the specification of chemically active portion (CAP) for the ONIOM method needs
additional theoretical consideration to account for the influence of C=C double bond. Third,

the energetically favored reactions between hydrogen radical and CnH2n-1COOCHS3s are not



limited to hydrogen abstraction reactions. Instead, hydrogen radical can be added to the
double bond to form a radical CaH2nCOOCHs3, which subsequently undergoes isomerization
(intramolecular hydrogen shift) reactions and p-scission reactions. The emergence of these
reactions substantially increases the theoretical and computational complexity of the present

study, as shall be expatiated shortly in the following sections.

2. Computational methodology

2.1. Potential Energy Surfaces and ONIOM Energies

Following the previous study by Zhang and Zhang'!, the Becke three-parameter functional
and the Lee-Yang-Parr correlation functional (B3LYP) with the 6-311++G(d,p) basis set 343
was used in the geometry optimization and the calculation of vibrational frequencies for all
stationary points on the potential energy surfaces of CnH2n-1COOCH3 + H (n=2-5, 17). In
order to confirm the identified transition state, the intrinsic reaction path (IRC) was used to
examine the connection of each local maxima to its local minima. Zero-point energy (ZPE)

corrections were obtained from the B3LYP/6-311++G(d, p) vibrational frequencies.

To validate the calculated single-point energies by using the ONIOM[QCISD(T)/CBS:DFT]
method, we employed the QCISD(T)/CBS energies, which are constructed by using the
QCISD(T) energies with cc-pVDZ and cc-pVTZ basis sets, and the energies from the
second-order Mgller-Plesset theory correction (MP2) with cc-pVDZ, cc-pVTZ and cc-pVQZ

basis sets. These energies were extrapolated to the complete basis set by using the following

equation®?:

E[QCISD(T)/CBS]

= E[QCISD(T)/CBS]pz-1z + {E[MP2/CBS]17-,qz — E[MP2/CBS]pz_17} 1)
where

E[QCISD(T)/CBS]pz-1z

= E[QCISD(T)/TZ] + {E[QCISD(T)/TZ] — E[QCISD(T)/DZ]} x 0.4629 @)
E[MP2/CBS]rz-qz = E[MP2/QZ] + {E[MP2/QZ] — E[MP2/TZ]} X 0.6938 3)

E[MP2/CBS]pz_1z = E[MP2/TZ] + {E[MP2/TZ] — E[MP2/DZ]} X 0.4629 (4)



In the previous studies on the isomerization and decomposition reactions of hydroxybutyl and
butoxy radicals (C4HeO), the hydrogen abstraction and addition reactions of methyl butanoate
[CH3(CH2)2COOCHs3] by H and OH radicals?’, and the hydrogen abstraction reaction of
CnH2n+1COOCmH2m+1 (n = 0-2, m = 1 or 2) by H radical, the method (1) has been validated

by comparing with the widely used the [QCISD(T)/CBS]rz-qz method given by

E[QCISD(T)/CBS]rz-qz

= E[QCISD(T)/QZ] + {E[QCISD(T)/QZ] — E[QCISD(T)/TZ]} X 0.6938 (5)
With the errors being less than 0.1 kcal/mol in all the tested cases, the QCISD(T)/CBS
method (1) avoids the computationally expensive QCISD(T)/QZ calculations and thereby can
be used in the present system up to n=5, beyond which the method becomes computational

formidable and should be replaced by the ONIOM[QCISD(T)/CBS:DFT] method.

The ONIOM energy of the whole system was obtained by using the low-level energy of the
system with the available correction for the energy difference of CAP between the high level
and the low level:

EONIOMHijgh: Low] = EL°W(R) + EHi8h(CAP) — EL°Y(CAP) (6)

Using the B3LYP/6-311++G(d,p) method for the low level and the QCISD(T)/CBS method
(2) for the high level, we have the ONIOM[QCISD(T)/CBS:DFT] energy given by
EONIOM[OCISD(T)CBS: DFT]

= EONIOM[QCISD(T)/CBS: DFT]pz_ 1z

+ {EONIOM[MP2/CBS: DFT]77qz — EONMOM[MP2/CBS: DFT]pz772} (7)

where
EONIOMIQCISD(T)/CBS: DFT]pz1z

= EONIOM[QCISD(T)/TZ: DFT]

+ {EONIOM[QCISD(T)/TZ: DFT] — EONIOM[QCISD(T)/DZ: DFT]} x 0.4629 (8)
EONIOMIMP2 /CBS: DFT]1z-qz

= EONIOM[MP2/QZ: DFT]

+ {EONIOM[MP2/QZ: DFT] — EONIOM[MP2/TZ: DFT]} x 0.6938 ()

EONIOMIMP2 /CBS: DFT]pz_ 12



= EONIOM[MP2/TZ: DFT]
+ {EONIOMIMP2 /TZ: DFT] — EONIOM[MP2/DZ: DFT]} X 0.4629 (10)
The ZPE-corrected energy barrier (referred to as EB hereinafter) of a reaction is the
difference between the energies (ECNOM[QCISD(T)/CBS:DFT] + ZPE) of the reactant(s)
and the transition state:
EB = (EONIOM[QCISD(T)/CBS: DFT] + ZPE)s
— (EONIOMIQCISD(T)/CBS: DFT] + ZPE) eactants (11)
The ZPE-corrected heats of reaction (referred to as HR hereinafter) of a reaction is the
change between the energy (EONOM[QCISD(T)/CBS: DFT] + ZPE) of the reactant(s) and
the product(s):
HR = (EONMOM[QCISD(T)/CBS: DFT] + ZPE) yroducts

— (EONIOMIQCISD(T)/CBS: DFT] + ZPE) eactants (12)

All the calculations in the present study were performed by the Gaussian program®®.

2.2. Chemically Active Portion (CAP)

2.2.1. General Description

The present ONIOM[QCISD(T)/CBS:DFT] method divides a reaction system into two layers,
which are treated at different theoretical levels. The high-level layer, also known as the
chemically active portion (denoted by CAP hereinafter), is treated at the QCISD(T)/CBS
level while the low-level layer at the B3LYP/6-311++G(d, p) level. The method uses
hydrogen atoms as link atoms to saturate the dangling bonds and functional groups are
always included in the same layer. The accuracy of the choice of link atoms has been
substantiated for saturated alkyl ester systems ! and will be further verified for unsaturated

methyl ester systems in the present study.

A crucial issue of employing an ONIOM method is to specify the CAP to balance the
computational accuracy and cost. In the previous study on the hydrogen abstraction reactions
of saturated alkyl esters by hydrogen radical, the CAP consists of the CH2 (or CHs) group
under hydrogen attack, and the neighboring CH2 (or CHs, C=0, C-O) groups. To determine

the minimally required CAP with satisfactory calculation accuracy, Zhang and Zhang



Uspecified a CAP by two integers, N1 and N2, which are the numbers of the main-chain
non-hydrogen atoms on each side of the CHz (or CHs) under hydrogen attack. Consequently,
the total number of non-hydrogen atoms included in the CAP(Nz, N2) is generally N1 + N2 +

1, which dominantly determines the computational cost of the ONIOM method.

In the previous study, systematical tests for all the possible combinations of (N1, N2) were
conducted on the systems of CsH1i1.COOCHs3 + H and CoH2o + H, the largest systems that
were computationally affordable by the authors for the validation at the QCISD(T)/CBS level.
The test results suggest that CAP(2,2) is minimally required for the ONIOM method to
accurately predict EB and HR with the errors being less than 0.1 kcal/mol compared with the
QCISD(T)/CBS method. Furthermore, the specification of CAP(2,2) must be done to
maintain the integrity of the functional group: the carbonyl C atom, the alkoxy O atom and
the carbonyl O atom must be all included in CAP(2,2) if any one of them is included.
Consequently, we believed that CAP(2,2) is sufficiently large for the present unsaturated
methy| ester systems. As will be seen in the present calculations, CAP(2,2) indeed retains as a

satisfactory choice for the unsaturated methyl ester reaction systems under consideration.

Compared with the hydrogen abstraction reactions of saturated alkyl esters, the specification
of CAP for the reactions between hydrogen radical and unsaturated methyl esters
(CaH2n-1COOCHS) is more complex due to the presence of C=C double bond and therefore
requires specific discussion according to the reaction type. However, it will be seen shortly
that a generalization of CAP(2,2)—consistent to its previous version—can be obtained by
introducing a concept of chemically active center (CAC) to account for the conjugation

influence of C=C double bond.

Methyl oleate [CH3(CH2)7CH=CH(CH2)7COOCHs] with one double bond located in the
middle of the long carbon chain is one of most common components of rapeseed biodiesel
with a mass ratio being about 59.9%2%%. It will be used as a representative unsaturated

methy| ester for illustrating the specifications of CAP in the following subsections.



2.2.2. CAP (2,2) for Hydrogen Addition Reactions

For methyl oleate as shown in Fig.1, the indices 1-16 denote the CH2 (or CH) groups from
the one adjacent to the ester group to the one at the far end of the alkyl chain. The double
bond C=C is located between the No. 8 and No. 9 CH groups. Mel denotes the methyl group
in the alkyl chain and Me2 the one connected to the ester group. As a representative example,
a hydrogen atom is added to the No. 9 CH group, resulting in the reaction
CH3(CH2)7CH=CH(CH2)7COOCHS3s + He — CH3(CH2)sCH+(CH2)7COOCHs3. For the addition
reaction of a hydrogen atom to the No. 8 CH group, the specification of CAP(2,2) is similar

and straightforward.

Similar to that in the previous study for hydrogen abstraction reactions, the CAP(2,2) for the
hydrogen addition reaction consists of three parts: the No. 9 CH group under the hydrogen
attack, the No. 10 and No. 11 CH: groups on the one side of the No. 9 CH group, and the No.
8 CH group and the No. 7 CH2 group on the other side of the No. 9 CH group. For the
consistency and conciseness of the present theoretical description, we define the No. 9 CH
group under hydrogen attack as the chemically active center (referred to as CAC hereinafter)
of the CAP for the reason to be manifested shortly. Consequently, the CAP(2,2) can be simply

specified as to include the CAC and two CH2 (or CH) groups on its each side.

2.2.3. CAP(2,2) for Hydrogen Abstraction Reactions

For the hydrogen abstraction reactions of methyl oleate, the CAP(2,2) must be specified
according to the site of CH2 (or CHs) group under hydrogen attack. If the abstracted hydrogen
atom is from neither No. 7 nor No. 10 CHz groups, the CAC is the CHz (or CHs) group under

attack and the corresponding CAP(2,2) is similar to that specified in the previous study.

As the CH2 groups of No.7 or No.10 are located at the 3 position of the C=C double bond, the
electrons in a sigma orbital interact with those in an adjacent m orbital, producing an
extended molecular orbital. Unsaturated methyl esters with C=C bond are stabilized with the
increased electron delocalization associated with the hyperconjugation effect. Moreover, ally
radicals with strong conjugation effect are produced when hydrogen abstraction reactions

occur at either No.7 or No.10 CHz group that locates at the (3 sites of the C=C bond. Thus, the



CAC must be enlarged to include the C=C double bond because of the conjugation effect of
the double bond. Fig. 2 shows the hydrogen abstraction from the No. 7 CH2 group,
CHs(CH2)7CH=CH(CH2)7COOCHj3 + He — CH3(CH2)7CH=CHCH+(CH2)sCOOCH3 + Hz, as
a representative case. The CAC consists of the No. 7 CHz group under hydrogen attack and
the adjacent C=C double bond (i.e. the No. 8 and No. 9 CH groups). Consequently, the
CAP(2,2) consists of the CAC, the No. 5 and No. 6 CHz groups on the one side of the CAC,

and No. 10 and No. 11 CH2 groups on the other side of the CAC.

Evidently, by virtue of the defined CAC, the CAP(2,2) for all the hydrogen abstraction
reactions can be consistently specified as consisting of the CAC and two CH2 (or CH, CHa)

groups on each side of the CAC.

2.2.4. CAP(2,2) for Isomerization Reactions

On the PES of CnH2n-1COOCHSs+H, the hydrogen addition reactions are followed by the
isomerization and [-scission reactions. These isomerization reactions are characterized by the
intramolecular hydrogen shift from a CH2 (or CHs) group to a CH group. Apparently, both
groups between which a hydrogen atom shifts must be considered chemically active in such a
reaction. Consequently, the CAP should contain two CACs: one is the CH2 (or CHzs) group
yielding the hydrogen atom and the other the CH group receiving the hydrogen atom. As a
result, the CAP(2,2) is enlarged to include the two CACs and the two CH2z (or CH, CHs)
groups on the each side of each CAC, yielding to totally 10 non-hydrogen atoms in a

non-degenerate case.

Fig. 3 illustrates a representative isomerization reaction of the methyl oleate radical (the
product shown in Fig. 1), CH3(CH2)sCHe¢(CH2)7COOCHj3 -
CH3(CH2)13CH*(CH2)2COOCHSs, where a hydrogen atom of the No. 3 CH2 group shifts to the
No. 8 CH group through a 7-member-ring transition state. The indices 1-16 denote the CH2
(or CH) groups from the one adjacent to the ester group to the one at the far end of the alkyl
chain. Mel denotes the methyl group in the alkyl chain and Me2 denotes the one connected
to the ester group. The chemically active centers (CAC) are the No. 3 CH2 group yielding the

hydrogen atom and the No. 8 CH group receiving the hydrogen atom. The CAP(2,2) consists



of the CACs, the four neighboring groups (No. 1 and No. 2, No. 4 and No. 5) of the No. 3
CHz2 group (the first CAC), and the four neighboring groups (No. 6 and No. 7, No. 9 and No.
10) of the No. 8 CH group (the second CAC).

For the case shown in Fig. 3, the CAP(2,2) containing 10 non-hydrogen atoms coincidentally
includes all the 6 carbon atoms within the 7-member-ring transition state structure. For the
isomerization reactions considered in the present investigation, this is the largest CAP(2,2)
whose ring-structure transition state can be computed at the level of QCISD(T)/CBS. For any
other cases where the transition state forms a larger multiple-member-ring structure, the
transition state has to be computed at different levels of theory. This may cause a relatively

larger computational error, but beyond the present computational capability for validation.

2.2.5. CAP(2,2) for B-scission Reactions

In general, the CAC for a -scission reaction consists of the radical site and its adjacent o and
B groups. The corresponding CAP(2,2) consists of the CAC and two neighboring groups on
each side of the CAC. Fig. 4 illustrates a representative B-scission reaction of the methyl
oleate radical (the product of the reaction shown in Fig. 3), CH3(CH2)1sCH*COOCH3s —
CH3(CH2)13CH2¢ + H2C=CHCOOCHS3, which is one of the most energetically favorable
reaction channels on the PES of C17H33COOCHSs+H. The indices 1-16 denote the CH2 (or CH)
groups from the one adjacent to the ester group to the one at the far end of the alkyl chain.
Mel denotes the methyl group in the alkyl chain and Me2 the one connected to the ester
group. The CAC consists of the No. 1 CH group and the No. 2 and No. 3 CH2 groups
involved in the B-scission. The CAP(2,2) is composed of the CAC, the No. 3 and No. 4 CH2

groups on the one side of the CAC, and the ester group on the other side of the CAC.

3. Results and Discussion

3.1.Validation of ONIOM Energies of C,H2n.1COOCHS3 + H (n=2-5)

3.1.1. Hydrogen Addition and Abstraction Reactions

To validate the present ONIOM[QCISD(T)/CBS:DFT] method with the defined CAP (2,2),
the calculated EB and HR for the addition and abstraction reactions of CnH2n.1COOCH3+H

(n=2-5) are presented in Table 1. All the possible locations of the C=C double bond and the



hydrogen attack sites were considered for a systematical and comprehensive validation. The
notation | (=1-4) denotes the location of double bond from the closest to the farthest to the
ester group, and k (=1-5, Mel and Me2) denotes the group under H attack. Mel denotes the
CHjs in the alkyl chain and Me2 denotes the CHs connected to the alkoxy O atom. The empty

cells in Table 1 correspond to those non-existent reactions.

It is seen from Table 1 that the predicted energies using the ONIOM and the QCISD(T)/CBS
methods are in very good agreement. The EBs of hydrogen addition reactions are
substantially smaller than those of H abstraction reactions as expected. For the hydrogen
abstraction reactions at saturated sites, EBs of unsaturated esters are almost identical with that
of saturated esters obtained previously!, while for the hydrogen abstraction at o sites of C=C,

EBs are smaller due to the conjugation effect.

To facilitate the comparison between the ONIOM[QCISD(T)/CBS:DFT] and QCISD(T)/CBS
energies for better perception, the differences (in absolute value) between EB[ONIOM] (or
HR[ONIOM]) and EB[QCISD(T)/CBS] (or HR[QCISD(T)/CBS]) are depicted in Fig. 5. It is
seen that almost all the differences are less than 0.15 kcal/mol and that the majority of them
are actually less than 0.1 kcal/mol, substantiating the accuracy of the present ONIOM

method.
The only exceptional case is the EB for the hydrogen addition reaction (n=5, 1=2, k=3),
CH3CH2CH=CHCH2COOCHs3 + He — CH3(CH2)2CH+CH2COOCHj3 (13)

where the EB difference is 0.17 kcal/mol. The slightly larger difference may be caused by the
exclusion of the methoxy group from the CAP(2,2). According to the specification rules
discussed in the preceding section, the CAP(2,2) for (13) includes three CH2 groups and the
carbonyl group. An extension of the CAP to include the whole ester group will diminish the

difference.

3.1.2. Isomerization Reactions



The predicted energies by using the ONIOM[QCISD(T)/CBS:DFT] and QCISD(T)/CBS
methods for the isomerization reactions of ChH2nCOOCHS3 (n=2-5) are presented in Table 2.
All the possible active sites of the radical locations in the reactants and products were
considered for a systematical and comprehensive validation. The notation p (=1-4, Mel, and
Me2) denotes the radical location in the reactant and q (=1-4, Mel, Me2 and O) in the
product. Mel denotes the CHs in the alkyl chain and Me2 denotes the CHs connected the
alkoxy O atom (denoted by O). The empty cells in Table 2 correspond to those non-existent

reactions.

All the calculated EB[ONIOM] (or HR[ONIOM]) are in excellent agreement with
EB[QCISD(T)/CBS] (or HR[QCISD(T)/CBS]) with the absolute differences being all less
than 0.10 kcal/mol, as shown in Fig. 6 for illustration. It should be noted that the CAP(2,2)
for these isomerization reactions include all the atoms within the ring-structure of transition
state. For those larger methyl esters such as methyl oleate to be discussed in Section 5, the
transition states may have to be dealt with at different levels and larger discrepancies may be

therefore caused.

3.1.3. p-scission Reactions

The predicted energies by using the ONIOM[QCISD(T)/CBS:DFT] and QCISD(T)/CBS
methods for the B-scission reactions of ChH2:COOCHs3 (n=2-5) are presented in Table 3. All
the possible radical locations in the reactants were considered for a systematical and
comprehensive validation. The notation p (=1-4, Mel, Me2 and O) denotes the possible
radical location from the closest to the farthest to the ester group. Mel denotes the CHs in the
alkyl chain and Me2 denotes the CHs connected to the alkoxy O atom (denoted by O). The

empty cells in Table 3 correspond to the non-existent reactions.

As shown in Fig. 7, almost all the absolute differences are less than 0.15 kcal/mol, which
again substantiates the accuracy of the present ONIOM method. There exist two exceptional

cases: the EBs for (n=4, p=3)

CH3C+H(CH2)2COOCH3 — CH3CH=CH2 + +CH2COOCH3 (14)



and (n=5, p=3),
CH3CH2C+H(CH2)2COOCH3 — *CH3+ CH2=CH(CH2)2COOCHs3 (15)

which have slightly larger differences than 0.15 kcal/mol by 0.01 kcal/mol and 0.02 kcal/mol,
respectively. In both cases, the CAP(2,2) excludes the methyl group connected to the ester

group. Slightly increasing the CAP to include the methyl group will vanish the differences.

3.2. PES and ONIOM Energies of CH3(CH2);,CH=CH(CH2);COOCH3 + H

The present ONIOM method was applied to a substantially larger and practically useful
system: the reactions between methyl oleate with a hydrogen radical,
CH3(CH2)7CH=CH(CH2)7COOCHs + H. Methyl oleate has only one C=C double bond
(between No. 8 and No. 9 CH groups) in the molecule. According to the present notation, the
reaction system corresponds to the case of CnH2n-1iCOOCHs3 + H (n=17, 1=8). The PES of
CH3(CH2)7CH=CH(CH2);COOCHs + H was studied at the level of
ONIOM[QCISD(T)/CBS:DFT]//B3LYP/6-311++G(d,p). For clarify and simplicity, only
energetically favorable pathways, whose EBs are lower than 5 kcal/mol for hydrogen
abstraction reactions and lower than 30 kcal/mol for isomerization reactions, are shown in Fig.

8.

The predicted ONIOM energies for all the possible hydrogen abstraction and addition
reactions are presented in Table 4. Several observations can be made from these results. First,
the hydrogen abstraction reactions from two methyl groups (i.e. k=Me and 17) have the
highest energy barriers, which are about 10 kcal/mol and consistent with those similar
reactions for Ci1sH31COOCHs3 + H. Second, the hydrogen abstraction reactions from a CHz
group (i.e. k=1-6 and 11-16) other than the two immediately adjacent to the C=C double bond
have energy barriers of around 7 kcal/mol, which are again consistent with those reactions for

C15H31:COOCH:3 + H.

The hydrogen abstraction reactions from the No. 7 and No. 10 CH2 groups, which are close to

the C=C double bond, are as follows

CH3(CH2)7CH=CH(CH2)7COOCHS3 + He—CH3(CH2)7CH=CHC+H(CH2)sCOOCH; (P1)+H>



(16)
CH3(CH2)7CH=CH(CH2)7COOCHs3 + He—CH3(CH2)sC*HCH=CH(CH2)7COOCH; (P2)+H:
(17)

whose energy barriers of 4.85 kcal/mol and 4.73 kcal/mol are lower than other hydrogen

abstraction channels due to the conjugation effect of the C=C double bond.

The hydrogen addition reactions to the C=C double bond (i.e. to either No. 8 or No. 9 CH

group) are as follows

CH3(CH2)7CH=CH(CH2)7COOCH3s + He — CH3(CH2)7CsHCH2(CH2)7COOCHs (W1)
(18)

CHs(CH2)7CH=CH(CH2)7COOCHs + He — CH3(CH2)7CH2C+H(CH2)7COOCHs3 (W2)
(19)
whose energy barriers of 2.28 kcal/mol and 2.46 kcal/mol are the lowest on the PES so that

their subsequent reactions should be taken into account.

The complex W1 can isomerize to W3 via a transition state that has an eight-member-ring

structure:

CH3(CH2)7CsHCH2(CH2)7COOCH3 (W1) — CH3(CH2)13C*H(CH2)2COOCHz3 (W3)
(20)
The CAP(2,2) for the isomerization reaction (20) consists of 11 non-hydrogen atoms. The
product of reaction (20), namely the complex W3, can subsequently undergo B-scission as

follows,

CH3(CH2)13C+H(CH2)2COOCH3 (W3) — CH3(CH2)13CH=CH2 + C*H2COOCHz3 (P3)
(21)
which has the lowest energy barrier among all the p-scission reactions under consideration
because the conjugation effect in the W4, which makes the biomolecular products more

stable and the reaction more energetically favorable.



The complex W1 can also isomerize to W4 via a transition state that has a 10-member-ring

structure

CH3(CH2)7CsHCH2(CH2)7COOCH3 (W1) — CHs3(CH2)1sCsHCOOCHSs3 (W4)
(22)
The CAP(2,2) for the reaction consists of 12 non-hydrogen atoms. The product of reaction

(22), namely the complex W4, can undergo B-scission as follows,

CH3(CH2)15C*HCOOCHS3 (W4) — CH3(CHz2)13CsHz2 + CH2=CHCOOCHj3 (P4)
(23)
which has the energy barrier slightly higher than that for (21) and constitutes another

energetically favorable reaction pathway.
Similarly, the complex W2 undergoes isomerization reactions to form W3 or W4 as follows:

CH3(CHz2)7CH2C+H(CH2)7COOCHs3 (W2) — CH3(CH2)13C+H(CH2)2.COOCHz3 (W3)
(24)
CH3(CH2)7CH2C+H(CH2)7COOCH3 (W2) — CH3(CHz2)1sCsHCOOCHS3 (W4)

(25)
There are no thermochemical data obtained by high-level theoretical methods for these large
unsaturated esters in the literature. Therefore, the direct validation of these energies
predications is unavailable up to now. The corresponding energies shown in Table 4 are
believed to be reasonable and accurate since the proposed ONIOM method has been

extensively validated.

It is noted that the conformational flexibility of large molecules increases at high
temperatures, which may lead to the emergence of other reaction channels by the mechanisms
such as “well merging” and “well skipping” *% on the PES. However, in the present study,
we focused on comparing different electronic structure methods for high-level single-point
energy calculations, and the chemical kinetics of the studied reactions will be considered in

our future work. The proposed ONIOM method can be used to provide accurate energies,



which are key parameters for a chemical kinetics study. So the present conclusions are not

affected by the possible emergence of other reaction channels.

As an important issue of the present study, we have compared the computational costs of the
ONIOM method and the QCISD(T)/CBS method for representative cases, as shown in Table
S1 in the Supplementary Material. It is seen that most of the computation time for each case
was spent on the QCISD(T)/cc-pVTZ calculation. In the present ONIOM calculations with
CAP(2,2), the number of non-hydrogen atoms included in the high layer is always 5-7 and
does not increase with the size of molecules. Consequently, the computational load of the
present ONIOM method remains to be equivalent to that of QCISD(T)/cc-pVTZ for a system
containing 5-7 non-hydrogen atoms. Overall, the ONIOM method can reduce the

computational load by about an order of magnitude for the present reaction systems.

4. Concluding Remarks

An ONIOM[QCISD(T)/CBS:DFT] method was proposed and systematically validated in the
present computational work for the hydrogen abstraction, the hydrogen addition, the
isomerization and the [-scission reactions between unsaturated methyl esters
CnH2n-1COOCHs (n=2-5, 17) and a hydrogen radical. This study further substantiates the
computational accuracy and efficiency of the proposed ONIOM method, which has already
been sufficiently verified in the previous study on the hydrogen abstraction reactions between

saturated alkyl esters and hydrogen radical.

Because of the conjugation effect of the C=C double bond, the specification of CAP(2,2),
which has been verified as the minimally required chemically active portion for the ONIOM

method, for various types of reaction can be summarized in the following rules:

Rule (i): CAP(2, 2) is uniformly composed of the chemically active centers, referred to as
CAC(s), and the two adjacent groups on each sides of the CAC(s). The components of the

CAC(s) vary for different types of reaction.

Rule (ii): For the hydrogen addition reactions, The CAC is the CH group under attack by the

hydrogen atom.



Rule (iii): For the hydrogen abstraction reactions from the CH2 (or CHs) group that are not
immediately adjacent to the C=C double bond, the specification of the CAC is as the same as
that for CaH2n+1COOCHs+H—the CAC is the CH2 (or CHs) group under attack by the

hydrogen atom.

Rule (iv): For the hydrogen abstraction reactions from the CHz (or CHs) group that are
immediately adjacent to the C=C double bond, the CAC should include the double bond to

account for the conjugation effect.

Rule (v): For the isomerization reactions of the radical products from the reactions concerned
in Rules (ii)-(iv), two CACs are needed, with one being the CH2 (CHs) yielding the hydrogen

atom and the other being the CH group receiving the hydrogen atom.

Rule (vi): For the B-scission reactions of the radical products from the reactions concerned in

Rules (ii)-(iv), the CAC consists of the radical site and its adjacent a and § groups.

Rule (vii): In general, a CAP(2,2) includes only two neighboring groups from each side of its
CAC. Functional groups are always included in the CAP if any of these neighboring groups

are a part of the functional groups.

The accuracy of calculated ONIOM[QCISD(T)/CBS:DFT] energies have been validated by
comparing with the QCISD(T)/CBS energies, and almost all the energy differences between
these two methods are less than 0.15 kcal/mol. In addition, the ONIOM method was used to
identify  the energetically favored reaction pathways on the PES of
CH3(CH2)7CH=CH(CH2)7;COOCHs + H. The energy barriers of H addition reactions are
lower than H abstraction reactions with mean difference about 5 kcal/mol. Overall, the
present ONIOM[QCISD(T)/CBS:DFT] method provides a computationally accurate and
affordable approach to study the large unsaturated alkyl esters that are of great interest to

combustion chemistry.
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Reactants Transition State Product

Fig. 1. Hlustration of the ONIOM[QCISD(T)/CBS:DFT]/CAP(2,2) method for a representative
hydrogen addition reaction of methyl oleate, CHj3(CH.);CH=CH(CH,);COOCH; + He —
CH3(CHa)sCH¢(CH,);COOCHs. The indices 1-16 denote CH; (or CH) groups from the one adjacent to
the ester group to the one at the far end of the alkyl chain. The double bond C=C is located between
the No. 8 and No. 9 CH groups. Mel denotes the methyl group in the alkyl chain and Me2 the one
connected to the ester group. Chemically active center (CAC) consists of the No. 9 CH group under
the attack of an H atom. CAP(2,2) represents the chemically active portion (CAP) consisting of the
CAC, the No. 10 and No. 11 CH; groups on the one side of the CAC, and the No. 8 CH group and the
No. 7 CH2 group on the other side of the CAC.
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Reactants Transition State Products

Fig. 2. lllustration of the ONIOM[QCISD(T)/CBS:DFT]/CAP(2,2) method for a representative
hydrogen abstraction reaction of methyl oleate, CHs3(CH,);CH=CH(CH,);COOCH; + He —
CH3(CH3);CH=CHCH¢(CH,)sCOOCH3; + H,. The indices 1-16 denote the CH, (or CH) groups from
the one adjacent to the ester group to the one at the far end of the alkyl chain. The double bond C=C is
located between the No. 8 and No. 9 CH groups. Mel denotes the methyl group in the alkyl chain and
Me2 denotes the one connected to the ester group. Chemically active center (CAC) consists of the
C=C double bond (i.e. the No. 8 and No. 9 CH groups) and the adjacent No. 7 CH, group under
hydrogen attack. CAP(2,2) represents the chemically active portion (CAP) consisting the CAC, the
No. 5 and No. 6 CH> groups on the one side of the CAC, and No. 10 and No. 11 CH. groups on the
other side of the CAC.



Reactant Transition State

Fig. 3. lllustration of the ONIOM[QCISD(T)/CBS:DFT]/CAP(2,2) method for a representative
isomerization (intramolecular hydrogen-shift) reaction of the methyl oleate radical (the product shown
in Fig. 1), CH3(CH2)8CH'(CH2)7COOCH3 g CH3(CH2)13CH'(CHz)zCOOCH3. The indices 1-16
denote the CH; (or CH) groups from the one adjacent to the ester group to the one at the far end of the
alkyl chain. Mel denotes the methyl group in the alkyl chain and Me2 the one connected to the ester
group. Chemically active centers (CAC) consist of the No. 3 CH; group yielding the hydrogen atom
and the No. 8 CH group receiving the hydrogen atom. CAP(2,2) represents the chemically active
portion (CAP) consisting of the CACs and the neighboring CH groups, which coincidentally include
all the atoms within the 10-member ring.
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Reactant Transition State Products

Fig. 4. Illustration of the ONIOM[QCISD(T)/CBS:DFT]/CAP(2,2) method for a representative
B-scission reaction of the methyl oleate radical (the product shown in Fig. 3),
CH3(CH2)15CH‘COOCH3 - CH3(CH2)130H2‘ + H,C=CHCOOCH:;. The indices 1-16 denote the
CHa (or CH) groups from the one adjacent to the ester group to the one at the far end of the alkyl
chain. Mel denotes the methyl group in the alkyl chain and Me2 the one connected to the ester group.
The chemically active center (CAC) consists of the No. 1 CH group and the No. 2 and No. 3 CH;
groups involved in the B-scission. CAP(2,2) represents the chemically active portion (CAP) consisting
of the CAC, the No. 4 and No. 5 CH; groups on the one side of the CAC, and the ester group on the
other side of the CAC.
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Fig. 5. The difference (in absolute value) of the calculated energy barriers, EB[ONIOM] -
EB[QCISD(T)/CBS] (denoted by the solid symbols), and that of the calculated heat of reactions,
HR[ONIOM]-HR[QCISD(T)/CBS] (denoted by the open symbols), for the H attack reactions of
CnH2n1COOCH; + H (n=2-5). The notation | (=1-4) denotes the location of double bond from the
closest to the farthest to the ester group, and k (=1-5, Mel and Me2) denotes the group under
hydrogen attack. Mel denotes the CHjs in the alkyl chain and Me2 denotes the CH3; connected the
alkoxy O atom.
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Fig. 6. The difference (in absolute value) of the calculated energy barriers, EB[ONIOM] -
EB[QCISD(T)/CBS] (denoted by the solid symbols), and that of the calculated heat of reactions,
HR[ONIOM]-HR[QCISD(T)/CBS] (denoted by the open symbols), for the isomerization reactions of
CnH2nCOOCHg3 (n=2-5). The notation p (=1-4, Mel, and Me2) denotes the possible radical location in
the reactant and g (=1-4, Mel, Me2 and O) denotes the possible radical location in the product. Mel
denotes the CHs in the alkyl chain and Me2 denotes the CH3; connected to the alkoxy O atom (denoted
by O).
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Fig. 7. The difference (in absolute value) of the calculated energy barriers, EB[ONIOM] -
EB[QCISD(T)/CBS] (denoted by the solid symbols), and that of the calculated heat of reactions,
HR[ONIOM]-HR[QCISD(T)/CBS] (denoted by the open symbols), for the p—scission reactions of
CnH2,COOCH3; (n=2-5). The notation p (=1-4, Mel, Me2 and O) denotes the radical location in the
reactant from the closest to the farthest to the ester group. Mel denotes the CHs in the alkyl chain and
Me2 denotes the CH3 connected to the alkoxy O atom (denoted by O).
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ONIOMI[QCISD(T)/CBS:DFT]//B3LYP/6-311++G(d,p) level.



Table 1. The calculated EB and HR for CyH2aCOOCHs+ H (n=2-5) with the
ONIOMIQCISD(T)/CBS:DFT] and QCISD(T)/CBS methods.
k=Me2 k=1 k=2 k=3 k=Mel k=4 k=5
12 11 10.50(10.50)/ | 3.67(3.69)/ 1.43(1.47)/
-5.30(-5.30) | -32.49(-32.43) | -40.13(-40.16)
13 11 10.31(10.32)/ | 3.15(3.19)/ 2.89(2.95)/ 7.42(7.47)/
-5.45(-5.52) | -31.38(-31.38) | -35.65(-35.63) -17.95(-17.92)
13, 122 10.56(10.50)/ | 4.85(4.90)/ 3.67(3.70)/ 1.41(1.36)/
-5.17(-5.26) | -22.24(-22.28) | -33.29(-33.28) | -35.84(-35.74)
14 11 10.27(10.28)/ | 3.21(3.22)/ 2.75(2.81)/ 5.28(5.35)/ | 10.57(10.64)/
-5.49(-5.56) | -31.62(-31.52) | -36.25(-36.23) | -21.89(-21.91) | -2.91(-2.83)
=4 122 10.52(10.43)/ | 4.44(4.49)/ 2.56(2.60)/ 2.84(2.77)/ 7.15(7.23)/
-5.29(-5.39) | -23.07(-23.16) | -33.45(-33.44) | -32.83(-32.77) | -16.73(-16.65)
1= 13 10.45(10.41)/ | 7.35(7.32)/ 6.03(6.12)/ 3.70(3.69)/ 1.24(1.17)/
-5.37(-5.43) | -9.99(-10.01) | -18.52(-18.44) | -32.40(-32.37) -35.27(-35.22)
nms 1t 10.22(10.23)/ | 3.29(3.18)/ 3.20(3.20)/ 5.32(5.38)/ | 10.38(10.29)/ | 8.27(8.24)/
-5.56(-5.64) | -31.50(-31.39) | -36.16(-36.13) | -21.32(-21.35) | -3.50(-3.47) | -5.90(-5.82)
1= 122 10.55(10.48)/ | 4.46(4.49)/ 2.96(2.94)/ 2.99(2.82)/ | 10.35(10.41)/ | 5.24(5.31)/-
-5.56(-5.64) | -23.00(-23.09) | -33.43(-33.47) | -33.20(-33.13) | -3.39(-3.33) | 19.73(-19.69)
1= 13 10.41(10.37)/ | 7.37(7.37)/ 5.65(5.73)/ 2.69(2.99)/ 7.16(7.16)/ 2.93(2.83)/
-5.42(-5.49) | -9.87(-9.85) | -18.65(-18.59) | -32.66(-32.64) | -16.82(-16.79) | -32.39(-32.37)
N 10.45(10.41)/ | 7.19(7.12)/ 8.45(8.51)/ 5.35(5.42)/ 3.52(3.55)/ 1.21(1.19)/
-5.34(-5.41) | -10.28(-10.32) | -5.30(-5.30) | -19.26(-19.33) -32.60(-32.53) | -35.14(-35.12)

The notation | (=1-4) denotes the possible location of C=C double bond from the closest to the
farthest to the ester group, and k (=1-5, Mel, Me2) denotes the group under hydrogen attack, where
Mel denotes the CHs in the alkyl chain and Me2 denotes the CH3 connected to the alkoxy O atom.
Each item in the table reads as EB by the ONIOM method (EB by the QCISD(T)/CBS method) / HR
by the ONIOM method (HR by the QCISD(T)/CBS method). Empty cells correspond to those
non-existent reactions.




Table 2. The calculated EB and HR for isomerization reactions of C,H2,COOCH; (h=2-5) with the
ONIOM and QCISD(T)/CBS methods.

g=Me2 g=Mel g=0 g=2 g=3 g=4
31.68(31.68)/ | 40.17(40.14)/ | 41.59(41.59)/
Cz (n=2, p=1)
5.36(5.36) 7.64(7.73) 19.60(19.60)
23.66(23.66)/ 64.72(64.72)/
Cs (n=2, p=Mel)
-2.38(-2.38) 11.87(11.87)
Co (=3, p=1) 31.22(31.22)/ | 41.85(41.81)/ | 39.82(39.82)/ | 37.55(37.51)/
4 (N= , p=
P 4.76(4.76) 6.65(6.71) 17.22(17.22) 4.16(4.25)
24.44(24.44)] | 41.10(41.12)/ | 60.64(60.64)/
Ca (n=3, p=2)
0.52(0.52) 2.49(2.46) 12.97(12.97)
26.63(26.63)/
Cs (n=3, p=Mel)
1.95(1.95)
Cs (=t p=1) 31.20(31.20)/ | 26.59(26.55)/ | 42.31(42.31)/ | 37.73(37.68)/ | 39.62(39.55)
5 (N=4, p=
P 4.86(4.90) 6.83(6.89) 17.70(17.70) 4.63(4.71) /3.98(4.04)
Cs (=t p=2) 23.55(23.55)/ | 41.41(41.40)/ | 60.57(60.57)/ 39.38(39.40)
5 (N= , p=
P 0.19(0.19) 2.20(2.18) 12.99(12.99) /-0.64(-0.67)
25.43(25.43)/ | 40.79(40.81)/
Cs (n=4, p=3)
0.86(0.86) 2.90(2.85)
23.79(23.79)/
Cs (n=4, p=Mel)
-1.99(-1.99)
Co (15, p=1) 31.20(31.18)/ | 19.73(19.66)/ | 42.32(42.28)/ | 37.69(37.61) 39.27(39.19) 24.00(23.90)
6 n= s =
P 4.89(4.93) 6.66(6.72) 17.63(17.61) 14.67(4.74) /4.35(4.40) 14.08(4.13)
Co (1S5, p=2) 23.84(23.80)/ | 25.41(25.39)/ | 60.54(60.54)/ 39.36(39.38) | 39.95(39.93)
6 (N=5, p=
0.19(0.19) 2.00(1.98) 12.92(12.87) /-0.31(-0.34) /-0.58(-0.61)
24.91(24.91)/ | 40.89(40.85)/ 38.93(38.97)
Cs (n=5, p=3)
0.53(0.53) 2.35(2.31) /-0.24(-0.27)
25.59(25.59)/ | 40.74(40.74)/
Ce (n=5, p=4)
0.80(0.80) 2.58(2.58)
25.12(25.12)/
Cs (n=5, p=Mel)
-1.79(-1.79)

The notion p (=1-4) denotes the possible radical location in the reactant and g (=1-4) denotes the
possible location in the product from the closest to the farthest to the ester group. Mel denotes the
CHjs in the alkyl chain and Me2 denotes the CH3 connected the alkoxy O atom (denoted by O). Each
item reads as EB by the ONIOM method (EB by the QCISD(T)/CBS method) / HR by the ONIOM
method (HR by the QCISD(T)/CBS method). Empty cells correspond to those non-existent reactions.



Table 3: The calculated EB and HR for B-scission reactions of C,H2COOCH; (n=2-5) with the
ONIOM and QCISD(T)/CBS methods.

p=Me2 p=Mel p=0 p=1 p=2 p=3 p=4
Cs (1=2) 32.16(32.16)/ | 31.97(31.97)/ | 22.57(22.57)/ | 52.11(52.11)/
21.32(21.32) | 26.93(26.93) | -1.31(-1.31) | 50.14(50.14)
Ci(13) 32.18(32.24)/ | 26.28(26.16)/ | 21.07(21.07)/ | 51.37(51.37)/
21.24(21.30) | 19.56(19.63) -3.53(-3.53) 49.39(49.39)
Ci(13) 32.18(32.24)/ | 26.28(26.16)/ | 21.07(21.07)/ | 32.44(32.46)/
21.24(21.30) | 19.56(19.63) -3.53(-3.53) 26.98(27.04)
Cs (n=d) 31.80(31.90)/ | 30.73(30.75)/ | 21.08(21.08)/ | 51.18(51.24)/ | 31.30(31.30)/ | 25.72(25.56)/
20.78(20.84) | 23.46(23.50) | -3.41(-3.41) | 49.35(49.36) | 27.49(27.49) | 19.94(20.03)
O (1) 31.80(31.90)/ | 30.73(30.75)/ | 37.06(36.96)/ | 31.09(31.08)/ | 31.16(31.18)/ | 25.72(25.56)/
20.78(20.84) | 23.46(23.50) | 30.02(30.07) | 26.53(26.61) | 23.08(23.06) | 19.94(20.03)
s (15) 31.87(31.95)/ | 30.35(30.30)/ | 20.89(21.02)/ | 51.22(51.26)/ | 31.19(31.16)/ | 30.84(30.80)/ | 30.66(30.66)/
20.82(20.88) | 22.62(22.61) | -3.47(-3.43) | 49.46(49.46) | 27.48(27.47) | 22.61(22.54) | 23.82(23.87)
s (15) 31.87(31.95)/ | 30.35(30.30)/ | 35.67(35.67)/ | 31.68(31.67)/ | 30.17(30.19)/ | 25.83(25.66)/ | 30.66(30.66)/
20.82(20.88) | 22.62(22.61) | 29.62(29.62) | 27.62(27.70) | 22.51(22.50) | 20.16(20.25) | 23.82(23.87)

The notion p(=1-4) denote the possible radical location in the reactant from the closest to the farthest
to the ester group. Mel denotes the CHs in the alkyl chain and Me2 denotes the CH3 connected to the
alkoxy O atom (denoted by O). Each item reads as EB by the ONIOM method (EB by the
QCISD(T)/CBS method) / HR by the ONIOM method (HR by the QCISD(T)/CBS method). Empty
cells correspond to those non-existent reactions.



Table 4: The calculated EB and HR for the energetically favorable reactions
CH3;(CH,);CH=CH(CH,);COOCHS3; and hydrogen radical with the ONIOM method.

between

H attack reaction k=Mel k=Me2 k=1 k=2 k=3 k=4 k=5 k=6 k=7
10.03/ 10.39/ 7.07/ 8.10/ 7.36/ 7.60/ 7.31/ 7.72/ 4.73/
Cis (n=17, 1=8)
-3.73 -5.53 -10.56 -5.72 -6.00 -6.08 -6.10 | -5.87 -19.28
k=8 k=9 k=10 k=11 k=12 k=13 k=14 k=15 k=16
2.46/ 2.28/ 4.85/ 7.45/ 7.39/ 7.26/ 7.27/ 7.25/ 7.40/
Cis (n=17, 1=8)
-32.45 -32.57 -19.33 -5.80 -6.09 -6.11 -6.06 | -6.17 -6.42
isomerization g=1 g=3 g=1 g=3
20.49/ 16.05/ 22.86/ | 21.03/
Cis (n=17, p=8) Cis (n=17, p=9)
-4.38 0.15 -4.50 0.03
B-scission g=1 g=3
25.71/ 31.52/
Cis (n=17, p=3)
20.13 27.54

The notion p(=1-4) denotes the radical location in the reactant and q=1-4 denote the location in the
product from the closest to the farthest to the ester group. Mel denotes the CHs in the alkyl chain and
Me2 denotes the CHs connected the alkoxy O atom (denoted by O). The notation | = 8 denotes the
location of the double bond from the ester group, k (=1-16, Mel, Me2) denotes the group under
hydrogen attack, p=3, 8, 9 the radical location in the reactant and g=1, 3 denote the location in the
product. Mel denotes the CHjs in the alkyl chain and Me2 denotes the CH3 connected to the alkoxy O

atom.
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