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36 ABSTRACT

40 Hydroperoxyalkylperoxy (OOQOOH) radical isomerization is an important low-temperature
chain branching reaction within the mechanism of hydrocarbon oxidation. This isomerization
45 may proceed via the migration of the a-hydrogen to the hydroperoxide group. In this work, a
47 combination of high level composite methods - CBS-QB3, G3 and G4 - is used to determine the
high-pressure-limit rate parameters for the title reaction. Rate rules for H-migration reactions
55 proceeding through 5-, 6-, 7- and 8-membered ring transitions states are determined. Migrations

54 from primary, secondary and tertiary carbon sites to the peroxy group are considered. Chirality is
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also investigated by considering two diastereomers for reactants and transition states with two
chiral centers. This is important since chirality may influence the energy barrier of the reaction as
well as the rotational energy barriers of hindered rotors in chemical species and transition states.
The effect of chirality and hydrogen bonding interactions in the investigated energies and rate
constants is studied. The results show that while the energy difference between two
diastereomers ranges from 0.1 - 3.2 kcal/mol, chirality hardly affects the kinetics, except at low
temperatures (atmospheric conditions) or when two chiral centers are present in the reactant.
Regarding the effects of the peroxy group position and the H-migration ring size, it is found that
in most cases, the 1,5 and 1,6 H-migration reactions have similar rates at low temperatures
(below ~830K) since the 1,6 H-migration proceeds via a cyclohexane-like transition state similar

to that of the 1,5 H-migration.

1. Introduction

Hydrocarbon auto-oxidation chemistry is important in fuel combustion and atmospheric
processes '. At low temperatures, the oxidation chemistry of hydrocarbon fuels has been detailed
previously ** and is shown in Figure 1; it is initiated by H-abstraction from the fuel to form
radicals, which undergo a series of O, additions (1st and 2nd O, additions) and isomerizations
that eventually form hydroperoxyalkylperoxy radicals (OOQOOH). OOQOOH can isomerize via
the intramolecular migration of a hydrogen atom from the a-carbon to the hydroperoxide group
(i.e., o-H isomerization), ultimately leading to a ketohydroperoxide (KHP) and an OH radical.
The weak O—OH bond in the ketohydroperoxide then breaks to form OH and a ketoalkoxy
radical. This sequence of chain branching reactions is the reason for low-temperature reactivity

leading to chemical and thermal runaway. This work focuses on the low temperature oxidation
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chemistry of n- >® and iso-alkanes "'°, which are important components in diesel '' and gasoline

12 fuels; however, similar pathways are also important in cycloalkanes '*'*.
Olefin
HO, )/ \(HOZ
RIT R — 0, . +0, . .
< RO, — QOOH —> O00QOOH ——> P(OOH), ﬁ: HOOQ=0 ﬁ’ 0Q=0
0,  HO, /& . .
o OH OH
Cyclic-ether

Figure 1. Low temperature oxidation scheme of alkyl radical

OOQOOH radicals are important intermediates in low temperature oxidation chemistry for
most conventional fuels " '°. The a-H isomerization reactions of OOQOOH to KHP and
hydroxyl radicals have previously been studied '**°. However, only Miyoshi ' considered the
rates where the peroxy is positioned at a tertiary site, and none of these studies investigated the
effect of chirality on the calculated rates. Previous work has shown that the competition between
standard a-H isomerization reactions and alternative isomerizations determines if molecules can
undergo extensive auto-oxidation leading to highly oxygenated intermediates 12124

Curran et al. 2> assigned the rates for the OOQOOH isomerization by analogy to RO,
isomerization. A correction factor of -3 kcal/mol was added to the activation energy in order to
account for the weakness of the C-H bond at the a-site. Moreover, the pre-exponential factor is
multiplied by a factor of 0.5 to account for the OOH steric hindrance. However, Sharma et al. '°
calculated the rates of RO, and OOQOOH isomerization pathways and showed that the
difference in the activation energy between the two channels ranged from 0 to 8.6 kcal/mol for
different reactions and thus, the 3 kcal/mol reduction in activation energy was not a valid
assumption. Meanwhile, Miyoshi '’ proposed rate rules, calculated at the CBS-QB3 level of
theory, for the unimolecular reactions of RO,, QOOH, and OOQOOH radicals with different
possible alkyl substitutions. Miyoshi '’ considered the OOQOOH site specific isomerization

3
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rates based on the nature of both the abstracted hydrogen and the abstracting peroxy group. A
recent study by Yao et al. '® suggested that rate rules calculated based on the minimum-sized

representative OOQOOH radical as previously considered '*

might be inaccurate, thus, they
provided rate rules obtained by averaging the rates of a few representative reactions calculated
using a non-standard CBS-QB3 method modified with MP2 for geometry optimization. They
calculated the high-pressure-limit and pressure dependent rate rules for both standard and

alternative OOQOOH isomerization, where the former abstracts the hydrogen at the a-site to the

OOH group, leading to KHP+OH, and the latter abstracts any other hydrogen.

1 12

OOQOOH isomerization was also considered by Goldsmith et a and Asatryan et a
where they studied the potential energy surface of R+O, and QOOH+O, for n,i-propyl and 2-
pentyl radicals, respectively. They thoroughly discussed the potential energy surface and showed
that the OOQOOH isomerization to KHP+OH is the dominant chain branching reaction at low
temperatures (below 1000 K) 19-20,

Bugler et al. 7 evaluated the effect of OOQOOH isomerization rate constants calculated by
Miyoshi '7 and Sharma et al. ' on the ignition delay times of pentane isomers. They showed that
Sharma’s rate coefficients yield better agreement with experimental ignition delay data. Bugler
et al. %" attributed this to the coupled hindered rotor treatment implemented by Sharma et al. '® in
order to account for hydrogen bonding (HB) conformers, which may present in the OOQOOH

radicals. However, Davis et al. 28

showed that the HB conformer, in structurally similar
hydroxyalkoxy radicals, is not always the most favorable structure, particularly when the
destabilizing effect of the ring strain imposed by hydrogen bonding is greater than the stabilizing
effect resulting from the hydrogen bond. Chirality further complicates the effect of hydrogen

bonding on OOQOOH stability.
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For stable molecules with two chiral centers, four diastercomers can be formed, which can be
separated into two groups: mixed chirality (RS, SR), and same chirality (RR, SS). For structures
with two or more chiral centers, chirality affects the number and type of dihedral interactions,
which in turn can affect the rotational barrier, and therefore the calculated A-factor. Moreover,
the gauche/anti interactions between the substituents of the chiral center can affect the barrier
heights .

In transition states, chirality exists when abstracting from secondary sites of OOQOOH
radicals when abstracting from a-site to the OOH group. Additionally, H-migration from a
primary carbon (C-OOH) can create a pseudo-chiral center, since abstracting either of the two
primary hydrogens yields different axial/equatorial arrangements in the transition state. Chirality
in transition states can be described by the configuration of the substituent, or the remaining
alkyl chain, which is not involved in the migration ring (alkyl group, hydroperoxide group or
hydrogen). For non-planar ring structures, this substituent can either be in the axial or equatorial

position relative to the transition state ring, as illustrated in Figure 2.

H‘--. /0 H"--o/o
HyCy 2 CH, HOO~, CHs
R R R s
OOH H CH; H

Figure 2. Chirality in transition states

Davis and Francisco *° showed that chirality can result in as much as a 1.8 kcal/mol difference
in activation energies for 1,5 and 1,6 H-migration in alkyl radicals. They also studied in detail *°
the effect of the branched methyl group on the rate coefficients and enthalpies of H-migration
reactions for a series of methylalkyl radicals from C3 to C7. They found that for the 1,5 and 1,6

H-migration transition states the barrier for the equatorial configuration was lower than the axial

configuration. This is because the axial position of the alkyl group results in gauche interaction

5
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with the transition state ring while the equatorial was anti. The axial configuration destabilized
the transition state by 0.8 kcal/mol and resulted in a higher energy barrier.

In their study, Davis and Francisco *° found that the rates of alkyl isomerization reactions
proceed via transition states wherein the alkyl groups in an equatorial position are 2-6 times (and
sometimes an order of magnitude) faster than those where the alkyl group is in an axial position.
If such differences are not taken into consideration, the rate rule estimates will be inaccurate.

Chirality also has an effect on OOQOOH isomerization; however, this effect has not been
previously reported in the literature. In the case of OOQOOH isomerization, the terminal
substituent is a hydroperoxide (OOH) group. For isomerization transition states, the axial
position of the OOH group may result in HB, which stabilizes the transition state and potentially
lowers the barrier. This could lead to faster rates for the axial rather than the equatorial
configuration. Therefore, it is important to study the effect of chirality on OOQOOH
isomerization.

This work aims to determine the rate parameters for OOQOOH radical isomerization reactions.
Detailed conformational analysis is conducted, and the effects of chirality and hydrogen bonding
on the calculated rates are assessed. Isomerization via five-, six-, seven- and eight-membered
ring transition states, with all possible positions of the peroxy and the H-abstraction sites
(primary, secondary or tertiary), are considered and tunneling corrections are applied. The
obtained results are compared to the rates available in the literature for similar reactions.

2. Methods

Geometry optimization and frequency calculations of all reactants, products and transition

states were performed using the Gaussian09 *' suite of programs. Two diastereomers were

considered for species with two chiral centers: one with mixed chirality (RS or SR), and another

6
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with the same chirality (RR or SS) at both centers. All possible conformations of all species and
transition states were determined using the B3LYP/6-31+G(d,p) method. Additional geometry
optimizations at the B3YLP/6-311++G(2df,2pd) were carried out for all conformations that are
within 0.5 kcal/mol of the minimum conformer. Frequency calculations were carried out at the
same level of theory, and a scaling factor of 0.9679 was applied **. More accurate energies of the
optimized lowest energy conformers were calculated using the CBS-QB3, G3 and G4 composite

methods >*3°

. The reported enthalpies of formation are the average of six values calculated at the
CBS-QB3, G3 and G4 levels of theory using two sets of isodesmic reactions **>* for each
species where the auxiliary thermochemistry is adopted from ATCT tables®® and NIST
WebBook™ (further details in supplementary material). Somers and Simmie *' reported a two
times root mean squared deviation (an approximate 95% confidence interval) of 1.2 kcal/mol,
compared to ATcT values, for the average of CBS-QB3, G3 and G4 atomization values for
radicals. The use of isodesmic reactions can reasonably be expected to further improve this
value. Transition states were confirmed by the presence of a single imaginary frequency
corresponding to the reaction path, as well as IRC calculations performed at the B3LYP/6-
31+G(d,p) level of theory. The 1D hindered rotor treatment was applied using the Pitzer and
Gwinn method *. Relaxed scans in 10° increments of all hindered rotors were calculated at the
B3LYP/6-31+G(d,p) level of theory (further details in supplementary material). Tunneling
corrections were included using the Eckart method and barrier width values from IRC
calculations. Rate parameters were determined using classical transition state theory (CTST),
which overestimates rate constants compared to variational transition state theory (VTST) *. The

latter is up to three times more accurate at high temperatures (1000-1500K) 44-43

. However,
VTST is computationally expensive for the relatively large systems considered in this study, and

7
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the OOQOOH isomerization reaction is more prone to occur at low temperatures (below 900K).
Therefore, we used CTST, as implemented in ChemRate % The optimized geometries and scaled
frequencies calculated at the B3YLP/6-311++G(2df,2pd) were used as input for ChemRate,
along with the averaged energies (averages of values calculated at the CBS-QB3,G3, and G4
levels of theory). The rotational energy barriers for every hindered rotor were also used as input
for ChemRate. These values, along with the Eckart tunneling factors, were obtained from
calculations conducted at the B3LYP/6-31+G(d,p) level of theory. The resulting rates were fit to
a three parameter modified Arrhenius equation over the temperature range of 300-1500 K. These
calculations were performed for the species shown in Figure 3.

Hydrogen migration can be described as a,b H-migration, where a is the location of the
migrated hydrogen and b is the location of the abstracting peroxy radical. Alternatively, the
migration can be described as NCD, where N is the number of components or atoms in the
transition state ring, including the hydrogen. C and D represent the chemical nature (P = primary,
S = secondary, and T = tertiary) of the carbon sites of the OOH and OO group, respectively. R
and S subscripts will be added to the C and/or D to indicate the chiral nature of the carbon sites.
Where applicable, transition state chirality will also be indicated by the superscript A or E to
signify axial or equatorial substitution, respectively. Both the a,6 H-migration and NCD

notations will be used to highlight different aspects of the reactions.
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Figure 3. Representative molecules investigated in this study for rate calculations

23 3. Results and discussion

25 3.1 Lowest energy conformers:

27 The most stable conformers of reactants, transition states and products for
hydroperoxyalkylperoxy reactions must be selected carefully due to the presence of the
32 oxygenated sites that might introduce HB interactions. The minimum energy conformers were
34 explored by rotating all dihedrals of the molecule by 120° at the same time, which leads to 3"
conformers, where n is the number of rotors. For transition states where less rotors are available,
39 smaller increments were used for the C-OOH and O-OH bonds (eg. 60°) to capture different
41 possibilities of HB or NHB conformers. The effect of chirality in the minimum energy
conformer was also investigated. In this section, the energy values reported to compare HB and
NHB structures are calculated at the B3YLP/6-311++G(2df,2pd) level of theory while the values
48 of the heat of formation of axial and equatorial transition states are calculated using an average
50 of isodesmic reactions for energies calculated at the CBS-QB3/G3/G4 composite methods.

For the reactant of SCD, where the oxygenated sites are in alpha positions to each other and

55 either C or D is on a primary carbon, the molecule forms HB where the hydrogen in the
56
9
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hydroperoxide group interacts with an oxygen in the peroxy group and stabilizes the molecule.
Previous studies reported that decreases in energy resulting from HB can range from 1.5-4 kcal
2847 The effect of this energy stabilization on the kinetics will be discussed in a separate study.

NSS reactants have two chiral centers, resulting in four different stereoisomers (RR, RS, SR
and SS). Due to symmetry, the conformer and its mirror image (RR and SS) or (RS and SR) have
the same kinetic and thermodynamic properties. Therefore, the most stable diastereomers were
used: one with mixed chirality (RS or SR) and the other with the same chirality (RR or SS) at
both centers. In the text to follow, the terms mixed and same chirality will refer to RS (or SR)
and RR (or SS) conformers, respectively. In 5SS the mixed chirality diasteriomer, 5SsSr, forms
HB, while the same chirality diastereomer, SSgSgr does not, as seen in Figure 4,a and 4.b. The HB
conformer of 5SgSr (Figure 4,b) is 0.1 kcal/mol less stable than the NHB conformer. For
reactants with one chiral center, such as 5S7, each conformer is a mirror image of its
stereoisomer. 5S7 favors the NHB conformer, which is only 0.1 kcal/mol more stable than its HB
counterpart.

As the oxygenated sites C and D are further separated (e.g. beta, gamma or delta to each
other), there is a rising steric cost for forming HB ring structures, due to the increasing number
of gauche interactions inside the ring. The energy cost of this steric effect may be greater than
the stabilizing effect of the HB, resulting in lower energy for the NHB conformer, except in the
case of 6S5zSs and 6PT as in Figure 4,c and 4,d.

HB is the most stable conformer for the products when the carbonyl and the hydroperoxide
groups are alpha, beta, gamma and delta position relative to each other. Special cases are 557,
6PP, 6SP, and 6SS where the NHB is the most stable structure by 1.6, 2.4, 1.0 and 2.4 kcal/mol,

respectively. The HB conformer of the 557 comprises two alkyl gauche interactions compared to

10
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one gauche interaction for the NHB, making the latter more favorable. For 6PP and 6SP, primary
OOH prefers to be in anti instead of gauche position in the HB conformer. In 6SS, the HB
structure is less favorable due to the high steric effect resulting from the gauche interaction
between C1 and C4, which makes the NHB structure, where C1 and C4 are in the anti position
the most stable conformer, as seen in Figure 4,e and 4.f.

As mentioned previously, all transition states contain at least one chiral center. Both
diastereomers (R and S/mixed and same chirality) are considered. Chirality in the transition
states will be differentiated by whether the terminal chain, or substituents (which are not
involved in the transition state), are axial NACD, or equatorial NECD, to the transition state ring
structure. In 1,4 H-migration, the cyclopentane transition state structure is close to planar and
less puckered, which makes chirality less defined by axial and equatorial configuration. For
5%CD, the OOH is sterically unable to form HB. In 5*SP, 5SS and 5*S7, where the C-OOH is a
secondary carbon, HB conformers are lower in energy than the NHB ones, while in primary C-
OOH (5*PP, 5*PS, 5*PT), the OOH group is not sufficiently axial to form an HB conformer.
This is because the co-substituent (hydrogen) is not strong enough to push the OOH to a full
axial position; therefore the NHB conformer is more stable.

For N*CD and N*CD, where N=6 and 7, the NHB is the minimum energy conformer. In
N™CD, the high strain imposed by bringing the OOH and the OO groups close enough to form
HB, as well as the great distance between the H and O (3-3.7 A) makes NHB the more stable
conformer. On the other hand, 8*CD transition states tend to form HB conformers that comprise
a flexible cycloheptane-like ring, in which the C-H..O angle is approximately 180° where H is
the migrating hydrogen, as shown in Figure 4,g. The flexibility of the cycloheptane ring structure
overcomes its high ring strain and favors the HB structure **.

11
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In terms of chirality, Table 1 shows that the difference in heat of formation between the
diastereomers of 1,4 and 1,5 H-migration ranges from 0.1 to 0.9 kcal/mol. This difference
increases up to 1.7 and 2.8 kcal/mol for 1,6 and 1,7 H-migration, respectively. Negative values
indicate that the axial substituent (OOH group) is more stable than the equatorial conformer. In
most cases, where the axial forms a HB, the axial is expected to be more stable. Exceptions are
the SPP, 5PS, 5PT, 7PS and 8PS, where the axial primary OOH group is unable to form HB,
making the equatorial a more stable conformer. In 8SS, the mixed and same chirality transition
states are 8SrSs and 8SrSr, where the OOH group is in axial configuration (R) in both transition
states. Therefore, the most stable conformer in this case, will be determined based on the chiral
nature of the peroxy site, or the configuration (axial or equatorial) of the CHj3 substituent. In
8SrSs, the terminal CHjs is axial to the transition state, forming a gauche interaction with the
remaining alkyl chain and destabilizing the transition state, while the terminal CH; in 8SgSk is
equatorial and in an anti-position to the transition state backbone, which makes the equatorial
8SrSr more stable. In 5SS, the 55SS is the more stable conformer due to the less strained
transition state ring, in addition to the absence of the gauche interaction between the peroxy and
the hydroperoxide groups compared to 5SS. The effect of this difference in the rate constant is

discussed in a subsequent section (3.3.4).

a) 5SrSR, minimum NHB conformer b) 5SrSs, HB conformer

12
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e) 6SS, minimum NHB conformer f) 6SS, HB conformer

g) 8°PP, HB conformer

Figure 4. Minimum energy conformers and their hydrogen bonding counterparts. Values

represent distances in Angstroms or angles in degrees.
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axial and equatorial configurations at 298 K.

Ring

ize OOH | 0O0. Formula AH=(Hf*-Hf%)
5PRP !
P P HOOCH2CH200 0.1
5PsP
5PrSRr
P S HOOCH2CH(CH3)00 0.8
5PsSk
5P;T
2 P T HOOCH2C(CH3)(CH3)00 0.9
= 5PsT
[0}
5
2 5SsP
2 S p HOOCH(CH3)CH200 -0.4
“ 5SzP
5SsSk
S S HOOCH(CH3)CH(CH3)00 0.7
5SrSRr
5S8sT
S T HOOCH(CH3)C(CH3)(CH3)00 -0.4
5SgT
6PzP
P p HOOCH2CH2CH200 -0.7
6PsP
6PxSs
P S HOOCH2CH2CH(C2H5)00 -0.8
6PsSg
6PRT
2 P T HOOCH2CH2C(CH3)(CH3)00 -0.6
e 6PsT
o
5
£ 6SxP
2 S P HOOCH(CH3)CH2CH200 -0.6
O 6SSP
6SsSs
S S HOOCH(CH3)CH2CH(CH3)00 -0.8
6SgrSs
6SsT
S T HOOCH(CH3)CH2C (CH3)(CH3)00 -0.6
6SgT
gg e | P p HOO(CH2)400 7P¢P -1.0
g 8F
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1

2

3 7PP E

4

5 7PgSs A

6 P S HOO(CH2)3CH(CH3)00 1.1
7 7PsSs E

8 7PsT A

9 P T HOO(CH2)3C(CH3)(CH3)00 -1.1
10 TPRT E

11

12 7SgP A

13 S P HOOCH(CH3)(CH2)300 -1.7
14 7SsP E

15 7SkSs A

16 S S HOOCH(CH3)(CH2)2CH(CH3)00 -1.7
17 7SsSs E

18

19 7SgT A

20 S T HOOCH(CH3)(CH2)2C(CH3)(CH3)00 -1.7
21 7SsT E

22 8PP A

23 P P HOO(CH2)500 2.8
24 8PP E

25

26 8PsSx | A°

27 P S HOO(CH2)4CH(CH3)00 0.1
28 8PsSs E’

29 8PST A

30 2 P T HOO(CH2)4C(CH3)(CH3)00 2.8
31 5 8PRT E

32 g

33 El 8SxP A

34 2 S P HOOCH(CH3)(CH2)400 - . 2.9
35 > i

36 8SkSs A

37 S S HOOCH(CH3)(CH2)3CH(CH3)00 0.1
38 8SkSk | E

39

40 8SkT A

a1 S T HOOCH(CH3)(CH2)3C(CH3)(CH3)00 -3.3
hs 8SsT E

43 " In NPD, primary C-OOH is not a chiral center. R and S reflect the chirality of the transition
Zg state where two migrated hydrogens are distinguishable, resulting in a pseudo chiral center at the
46 primary site.

Z; 2 A and E refer to a methyl group substituent of C-OO.

49

50

51

52

53

54

55

7 e
58
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3.2 Energy calculations

The reported energies are averages of the values calculated using CBS-QB3, G3 and G4
methods, as recommended by Somers and Simmie *'. Table 2 summarizes the energy barriers,
AH*, of the investigated reactions. The enthalpies of formation of all species and transition states
are estimated using an average of two sets of isodesmic reactions, as detailed in Supplementary
Material. Somers and Simmie *' showed that the CBS-QB3 and G3 methods tend to
underestimate the enthalpy of formation compared to experimental values with a wider error
distribution for the former; whereas G4 overestimates the predicted values compared to the
experimental values. They showed that averaging the three methods results in better agreement
with the experimental values. Table 2 shows that CBS-QB3 underestimated the energy compared
to the averaged value, where G3 and G4 methods overestimated the enthalpy and the barrier.

Table 2 shows that the energy barriers of the investigated reactions decrease with increasing
ring size. The 1,4 H-migration proceeds via a strained cyclopentane-like ring, which leads to a
high energy barrier. The seven-member ring transition state of the 1,6 H-migration is expected to
be higher in energy than that of the 1,5 H-migration, due to higher ring strain. However, the two
values are similar, with the energy barrier of 1,6 H-migration being slightly lower than that of
1,5 H-migration. This is because the migrating hydrogen in the 1,6 H-migration is located
between the abstracting oxygen and the abstraction carbon site (C-H..O~180°), which leads to a
cyclohexane-like transition state. For the 1,7 H-migration, as mentioned earlier, the flexibility of
the cycloheptane-like transition state ring allows for rearrangement to lower energy conformers.
This flexibility will result in a more stable transition state due to the induced HB interaction and

therefore, a low barrier for the 1,7 H-migration.
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Table 2. Reaction barriers (AHi) calculated at CBS-QB3, G3, G4 and the averaged value.

Ring size | OOH | OO. | Formula AHZ (kcal/mol)
CBS-QB3' | G3" | G4' | average’
P P HOOCH2CH200 309 332 | 324 | 321
w0 P S HOOCH2CH(CH3)00 30.5 328 | 319 | 317
'g P T | HOOCH2C(CH3)(CH3)00 28.5 309 |303 [299
'g S P HOOCH(CH3)CH200 28.0 30.4 30.6 29.7
5}
IJE\ S S HOOCH(CH3)CH(CH3)OO 26.4 29.0 | 28.7 | 28.0
S T | HOOCH(CH3)C(CH3)(CH3)00 26.1 284 [ 283 |276
P P HOOCH2CH2CH200 19.3 218 | 21.6 | 209
w0 P S HOOCH2CH2CH(C2H5)00 19.8 223 | 218 | 213
;g P T HOOCH2CH2C(CH3)(CH3)00 20.8 23.0 | 227 |222
-q’; S P HOOCH(CH3)CH2CH200 18.1 20.1 | 206 | 19.6
5}
§ S S HOOCH(CH3)CH2CH(CH3)00 17.7 20.2 | 20.1 19.3
S T | HOOCH(CH3)CH2C (CH3)(CH3)00 | 18.0 206 [207 | 1938
P P HOO(CH2)400 17.9 20.0 20.1 19.3
o P S HOO(CH2)3CH(CH3)O00 18.4 20.4 20.5 19.8
;g P T HOO(CH2)3C(CH3)(CH3)00 19.4 214 | 214 | 207
-q’; S P HOOCH(CH3)(CH2)300 15.5 17.7 | 18.1 17.1
5}
E S S HOOCH(CH3)(CH2)2CH(CH3)00 159 18.0 | 185 17.4
S T HOOCH(CH3)(CH2)2C(CH3)(CH3)00 | 17.1 19.1 19.5 18.6
P P HOO(CH2)500 17.1 19.1 19.5 18.6
w0 P S HOO(CH2)4CH(CH3)00 159 177 | 186 | 174
'g P T | HOO(CH2)4C(CH3)(CH3)00 17.1 190 | 194 | 185
g S P HOOCH(CH3)(CH2)400 145 164 | 173 |16.1
5}
E S S HOOCH(CH3)(CH2)3CH(CH3)00 133 152 | 163 14.9
S T HOOCH(CH3)(CH2)3C(CH3)(CH3)00 | 14.9 168 | 17.6 | 164

' Average of two values

2 .
Average of six values
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3.3 High pressure rate rules:

3.3.1 Rate constants of OOQOOH isomerization to KHP+OH

High pressure limit rate constants are fitted to the single modified Arrhenius equation, over the
temperature range of 300—1500 K, using the transition state theory

k(T)=w(T)AT"e """

where A is the frequency factor, n is the temperature fitting parameter, T is temperature, E, is the
activation energy and x(7) is the transmission coefficient used to correct for tunneling. The
frequency factor A, is an indication of the entropic difference between the transition state and the
reactant AS*. The rate constants are calculated for a minimum-sized representative reaction, and
are detailed in Table 3 on a per hydrogen basis.
Table 3. High pressure limit rate parameters for OOQOOH ismoerization reaction fit between

300 K and 1500 K, per hydrogen basis.

Modified Arrhenius Parameters

Ring size | OOH | OO. | Reactant Log A n Ea'

P P HOOCH2CH200 -4.79 5.07 22.8

w0 P S HOOCH2CH(CH3)00 * -3.79 5.02 223

g P T HOOCH2C(CH3)(CH3)00 -4.06 4.90 204

% S P HOOCH(CH3)CH200 -2.97 4.56 209
15

f S S HOOCH(CH3)CH(CH3)0O0 * -0.26 3.92 20.3

S T HOOCH(CH3)C(CH3)(CH3)O0 -0.28 3.73 20.5

P P HOOCH2CH2CH200 0.21 3.30 15.0

%D P S HOOCH2CH2CH(C2H5)00 * 1.69 2.98 15.6

E P T HOOCH2CH2C(CH3)(CH3)O0O -1.13 3.94 14.1

§ S P HOOCH(CH3)CH2CH200 1.13 3.15 142

° S S HOOCH(CH3)CH2CH(CH3)00 * 2.67 2.80 14.1
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S T | HOOCH(CH3)CH2C (CH3)(CH3)00 | 3.82 2.44 14.9
P P | HOO(CH2)400 0.23 312 132
. P S | HOO(CH2)3CH(CH3)00 > 1.50 2.77 143
g P T | HOO(CH2)3C(CH3)(CH3)00 3.40 247 15.5
g S P | HOOCH(CH3)(CH2)300 0.80 3.06 112
5
E S S | HOOCH(CH3)(CH2)2CH(CH3)00 > | 0.55 3.24 114
S T | HOOCH(CH3)(CH2)2C(CH3)(CH3)00 | 2.77 2.60 13.0
P P | HOO(CH2)500 043 2.90 122
. P S | HOO(CH2)4CH(CH3)00 > 1.14 2.65 125
',g P T | HOO(CH2)4C(CH3)(CH3)0O 1.79 2.40 12.4
é; S P | HOOCH(CH3)(CH2)400 0.81 2.68 10.4
5
z S S | HOOCH(CH3)(CH2)3CH(CH3)00 > | 2.62 2.39 11.0
S T | HOOCH(CH3)(CH2)3C(CH3)(CH3)00 | 1.70 2.60 10.4

! E, is in kcal/mol

? The rates are an average of the rates with same and mixed chirality of the transition states (N-
PS/N-SS) and reactant (N-SS). The mixed and same chirality rates are detailed in the
Supplementary Material.

3.3.2 Effect of the transition state ring size:

The temperature dependence of the calculated rate constants is shown in Figure 5. Although
the barrier heights of 1,5 H-migration are greater than or equal to the those of 1,6 H-migration, as
shown in Table 1, the rate constants of these reactions do not always follow the same trend. This
indicates the importance of the A-factor or the entropic term, which is a function of the number
of rigid rotors in the transition state ring. The rate constants of 1,5 H-migration reactions are
almost of the same magnitude or slightly lower than their 1,6 H-migration counterparts. As
mentioned earlier, both six- and seven-member rings proceed via a cyclohexane-like transition
state ring, and thus, they have similar rate constants. However, at high temperatures, six-
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membered ring reactions are faster than its seven-membered ring counterpart, due to the fact that
more rotors are locked to form the seven-membered ring transition state, which reduces the
entropy and thus, the A-factor for the seven-membered ring reaction. 1,4 H-migration reactions
proceeds via the slowest rates due to the relatively high ring strain in the corresponding five-
membered ring transition states. Moreover, the rate constants of 1,4 H-migration exhibit stronger
temperature dependence than either 1,5 or 1,6 H-migration. The rates for 1,7 H-migration are
slower than the 1,5 and 1,6 H-migration, although they have the lowest barrier. This is likely due

to the 1,7 H-migrations tying up more rotors in their eight-member ring transition states.

10° 10°
1074 'r _“‘_ i 1074
s J 5
gw 1 i E‘m ]
= _-':.‘-,‘:_; = E
10°4 =4 10
l - - 6pp '
----- 7pp A
10" ~-—8pp 10'4
1 p-OOH, p-00 1 p-OOH, s-00
10" +—— P S G P T 10" . - . T ; 10" 3 r : : .
08 10 12 14 16 18 20 08 10 12 14 16 18 20 08 10 12 14 16 18 20
1000/T [1/K] 1000/T [1/K] 1000/T [1/K]
10° 10°
1 ~ ST
10 <o 107 S
_10°4 _10°4 oan
» e Q a1
101 sl 1 =10 —25:
e - =B
1 ---- 7sp A 7ss o 1 e 7st
10'1 8sp 10'4 o 10' 8et
1 s-00H, p-00 1 s-O0H, s-00 1 s-00H, t-00
10" T T T T T 10" r T T T T 10”7 T T T T T
08 10 12 14 16 18 20 08 10 12 14 16 18 20 08 10 12 14 18 18 20
1000/T [1/K] 1000/T [1/K] 1000/T [1/K]

Figure S. Effect of transition states ring size on calculated rate constants. The legend in each plot
follows the NCD nomeclature, where N is the ring size, C and D are the type of the C-OOH and

C-00, respectively.
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3.3.3 Effect of the peroxy position

The kinetics of H-migration in OOQOOH depend on the chemical nature of the abstraction site
(H being abstracted from primary or secondary carbon) as well as that of the peroxy group.
Moreover, the stability of the transition states depends on the substituents at both reacting carbon
centers that may introduce gauche interactions. Figure 6 shows the effect of different peroxy
position where it can be P, S or 7. When the peroxy group is in a primary site (Blue solid lines),
the rates are generally up to an order of magnitude slower due to the absence of gauche
interactions in the reactant molecules, which renders them more stable. When the peroxy group
is in a secondary or tertiary position, the rates depend on the chemical nature of the OOH site.
For example, 6PT is faster than 6PS; although the reaction barrier of the latter is 0.9 kcal/mol
lower. This is attributed to the HB nature of the 6PT reactant, which increases the rotational
barrier and the entropy, thus yielding faster rates for 6PT relative to 6PS. On the other hand, 5SS
is faster than 5ST. This refers to the two gauche interactions present between the terminals for
58T, compared to zero or one gauche interaction in 5SS. These gauche interactions alter the
rotational barrier which affects the A-factor. The directionality of the substituents in the
transition state also affects the A-factor, where axial and equatorial result in different interactions

and rotational hindrance. This will be discussed in more detail in the section that follows.
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Figure 6. Effect of peroxy position on rate constants. The legend in each plot follows the NCD
nomeclature, where N is the ring size, C and D are the type of the C-OOH and C-OO

respectively

3.3.4 Effect of chirality

Chirality was observed for both reactants and transition states. In this study, only NSS reactants
have two chiral centers. Meanwhile, transition states of the investigated reactions have only one
chiral (or pseudo-chiral) center, except for those of NPS and NSS species, which have two chiral
(or pseudo-chiral) centers. For transition states with one chiral center, the two conformers (R or
S) are mirror images.

To study the effect of chirality on kinetics, only the reactants and transition states with two
chiral centers (NPS and NSS) are investigated. As mentioned earlier, the two conformers of the
same chirality (RR and SS) are mirror images to each other, as are the two mixed (RS and RS)
conformers. Therefore, only one conformer of each pair is considered and used to obtain the
specific rate constants, as in Figure 7. For NPS, the differences in rates are merely a function of

the energy difference between the mixed and same chirality conformers of transition states. The
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energy difference (shown in Table 1) is below 1 kcal/mol for 1,4, 1,5 and 1,7 H-migrations while

it is slightly higher (1.2 kcal/mol) for 1,6 H-migration. Therefore, in NPS the major difference in

oNOYTULT D WN =

rates is observed for the 1,6 H-migration. On the other hand, for NSS, two chiral centers exist in
10 the reactants and transition states. Thus, the rates are calculated for the mixed (or same) chirality
using matching mixed (or same) chirality conformers in both the reactant and the transition
15 states. This has resulted in a more pronounced effect of chirality on rate constants, which can be

17 as much as an order of magnitude under atmospheric conditions, especially for 6SS.
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Figure 7. Effect of chirality on rate constants. The legend in each plot follows the NCD

nomeclature, where N is the ring size, C and D correspond to the type of C-OOH and C-OO',
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respectively. R and S subscripts indicate the chiral nature of the carbon.
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3.4 Comparison with the literature

For the purpose of comparison to literature values, the rate constants calculated in this study
for mixed and same chirality species and transition states are averaged. Our values are compared
to those calculated at the CBS-QB3 ' and modified CBS-QB3(MP2) '® levels of theory.

General comparisons (Figure 8-11) show that better agreement is found for smaller ring size
transition states than for larger ring sizes. This is due to larger systematic error associated with
bigger molecules, especially when atomization reactions are used instead of isodesmic reactions.
For the 1,4 H-migration, as shown in Figure 8, the calculated rates are in very good agreement

1. ' and Miyoshi '7, with discrepancies up to one order of magnitude at

with those of Sharma et a
high temperatures in the case of the 5PS reaction. Disagreement at high temperatures is mainly
due to the entropic effects resulting from the different HR treatment performed by Sharma et al.
' Yao et al. "® reports site-specific rates for certain NCD reactions and an average rate rule
intended for use in kinetic models. The site-specific rates reported by Yao et al. '® are much
faster (1 to 3 order of magnitude) than those calculated in this study, as well as those reported by
Sharma et al. '° and Miyoshi '’. This may be attributed to the differences in activation energy
resulting from the CBS-QB3(MP2) level of theory used for energy calculation. Yao et al. 18
suggested this method to optimize a di-hyrdoperoxidealkylradical P(OOH),, without considering
the rapid decomposition to ketohydroperoxide and OH. Also, the enthalpy of formation was
estimated using the atomization method. Discrepancies are also observed between A-factors
calculated in this study and those reported by Yao et al. '*. Such discrepancies are probably due
to the fact that Yao et al. '* did not calculate the energy barriers for all hindered rotors in the
investigated species and transitions states. Instead, they calculated these barriers for

representative rotors, and then used the same values for other rotors.
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For the 1,5 H-migration, the calculated rates agree well with those of Miyoshi '’ but not with
those reported by Sharma et al. '® as shown in Figure 9. The discrepancy is seen at low
temperatures, suggesting that tunneling may be the cause. Sharma et al. '® use the Wigner
method that underestimates tunneling corrections, leading to lower rates compared to those
calculated by Miyoshi '” and in this study where the Eckart tunneling method is adopted.

For the 1,6 H-migration (Figure 10), good agreement with Miyoshi '’ is observed, except for
7PT, 7SS and 7ST. Similar slopes suggest that the major source of discrepancy is not the
activation energy, but the entropic term. Miyoshi '’ did not calculate the hindered rotor barriers
for all rotors. Instead, they used a representative rotational barrier for some rotors. Yao et al. '®
followed the same procedure which, along with the invalidated CBS-QB3(MP2) method used for
the energy calculations, resulted in the notable discrepancy. Also for 1,6 H-migration, the rates
reported by Sharma et al. '® are close to an order of magnitude slower than the calculated rates,
especially at high temperatures, which might be attributed to the entropic effects and the coupled

16 Furthermore, the transition states

hindered rotor treatment adopted by Sharma et al.
considered by Sharma for the 1,6 H-migration reactions (eg. 7PS, 7SP and 7S9) are different than
the most stable cyclohexane-like conformers determined this study. The greater ring strain of the
transition states considered by Sharma results in higher barriers, and ultimately, slower rates
compared to the ones obtained in this work.

The greatest discrepancy between the calculated rates and those available in the literature is
observed for 1,7 H-migration site specific rates, except for 8SP and 8PP, where the calculated
rate for the former is in very good agreement with those of Sharma et al. '® and Miyoshi ', In the
case of 8PP, the rates are in a good agreement with Miyoshi '7, while the disagreement with

Sharma et al. '° rates is mainly due to the entropic term (A factor), as evidenced by the identical

26

ACS Paragon Plus Environment

Page 26 of 38



Page 27 of 38

oNOYTULT D WN =

The Journal of Physical Chemistry

slopes observed in Figure 11 for this reaction. Meanwhile, the y-axis intercept obtained in this
study is ten times greater than that obtained by Sharma et al. '°. Compared to Yao et al. '*, our
rates of 8PP are orders of magnitude slower. Again, the discrepancies are due to the fact that
Yao et al. '® did not consider HR treatment for each rotor, and Sharma et al. '° used the coupled
HR treatment. Also, Sharma’s minimum energy conformer for the 8PP reactant is an HB
structure, while the most stable conformer optimized in this work is an NHB structure.
Optimizing Sharma’s conformer with the same level of theory adopted in this study resulted in
higher energy compared to the NHB conformer. For 8PS and 8SP, the same difference is
detected compared to Yao et al. '®, whereas the major difference compared to Miyoshi ' is
noticeable at low temperatures (below 715K). Although Miyoshi used the same Eckart tunneling
as in this study, he fitted the rates to a two parameter Arrhenius model, which will not show the

strong temperature dependence at low temperatures as found in this study.
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Figure 8. Calculated rates in this study for 1,4 H-migration (Blue solid lines) compared to

literature values '*1%.
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Figure 9. Calculated rates in this study for 1,5 H-migration (Blue solid lines) compared to

literature values '*1%.

28

ACS Paragon Plus Environment



Page 29 of 38

oNOYTULT D WN =

The Journal of Physical Chemistry

10° — 10° 10°
1074 -~y - 1074~ 1074 ~..__‘\
_108 _10°4 _10°
@ 2 &
= = — =
= ~
10 - - SﬁZnna = *10' - - Sharma ~ 104 7pt
! RIS T 4 eeeme Miyoshi T 1 = IP
----- Miyoshi ~ - i i
10 _ —Ya{: e 10'{ — = Yao -~ 10 T Miyoshi
1 p-O0H, p-00 1 p-OOH, s-00 1 p-OOH, t-00
107 T T T T T 10" T T T r T 10" - - - : T
o8 10 12 14 16 18 20 o8 10 12 14 16 18 20 o8 10 12 14 18 18 20
1000/ [1/K] 1000/T [1/K] 1000/T [1/K]

) z > 7
E a- Top g2 =) E 3
10°{ - - Sharma kT 10°1 ——7ss S~ J
| Miyoshi = o 4 = = Sharma 4 —Tst
10'{ —-— Yao 10'{ ----- Miyoshi 1ot T Miyoshi
i s-O0H, p-00 l‘ s-00H, s-00 1 s-OO0H, t-00
100 T T T T T 100 T T T T T ! —— : - ; >
08 10 12 14 16 18 20 08 10 12 14 16 18 20 L 08 10 12 14 16 18 20
1000/T [1/K] 1000/T [1/K) 1000/T [1/K]

Figure 10. Calculated rates in this study for 1,6 H-migration (Blue solid lines) compared to
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Figure 11. Calculated rates in this study for 1,7 H-migration (Blue solid lines) compared to
literature values '*'®.
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4. Implications for chemical kinetic modeling

To assess the implications of using the calculated rate constants in kinetic models, the site

specific rate rules are implemented in models for 2-methylhexane °

and iso-octane (2,2,4-
trimethylpentane) '°, which originally used Sharma et al. '® rates as estimates. Since Sharma et
al. '° did not provide all site specific rate rules, analogies were adopted for some rate rules in the
original 2-methylhexane ° model. Ignition delay times were simulated in a closed homogenous
batch reactor model in Chemkin-Pro ** software using the updated model. The ignition delay
times were compared to the original model behavior at equivalence ratio of 1 and 0.5, 20 and 40
atm. At the investigated conditions, the effect of the calculated rate constants for OOQOOH
isomerization reactions on ignition delay times of 2-methylhexane was found to be minor (Figure
12). The updated model predicts shorter ignition delay times at low temperatures below 800 K,
which can be attributed to the rates calculated herein being faster than those from Sharma et al.
. In the case of iso-octane, the new rates notably increased the reactivity for iso-octane, as
shown in Figure 13. Ignition delay times at 40 atm are shorter below 900 K. The rates calculated
herein have a notable effect on iso-octane ignition delay times because six-membered ring
OOQOOH isomerizations are the primary chain branching pathway; the faster rates calculated
here have a significant effect on increasing low temperature reactivity. Additional detailed

theoretical calculations are needed for alternative isomerization pathways to improve the kinetic

modeling predictions of experimental data.
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1.4

Figure 13. Ignition delay time of iso-octane at ¢=1 and 0.5, 40 atm against experimental data
from Fieweger et al. 49 (squares) and Hartmann et al. %0 (circles). Solid lines are the simulations

using the rate rules for OOQOOH isomerization calculated in this work, compared to dashed
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5. Summary and conclusion

In this work, the kinetics of OOQOOH radical isomerization is investigated and the rate
parameters calculated. Five-, six-, seven- and eight-membered ring transition states, with
different combinations of carbon site types for the hydroperoxide and peroxy groups are
considered. The rate constants are calculated using classical transition state theory and fitted to a
modified three-parameter Arrhenius equation over the temperature range of 300-1500K. Energy
calculations were performed using CBS-QB3, G3 and G4 composite methods for minimum
energy conformers. The minimum energy conformers were determined by considering all
possible configurations of the reactants, products and transition states. 1D Hindered rotor
treatment and Eckart tunneling were also considered.

A detailed conformational analysis was conducted to investigate the effect of chirality and HB
on minimum energy conformers. It was found that, depending on the steric cost imposed by the
HB ring, HB conformers were not always lower in energy (more stable). Chirality was
considered for all chiral centers in the investigated molecules and transition states. For reactants
with two chiral centers, conformers with mixed or the same chirality at both centers were
considered. Meanwhile, transition state conformers wherein the substituents were in the axial or
equatorial position were considered. Transition states with an axial configuration were found to
be lower in energy when HB existed, but in some cases equatorial was preferred, especially
when the axial configuration exhibited additional unfavorable gauche interactions. The effect of
chirality on the kinetics was also discussed. Although two chiral conformers can be up to 3
kcal/mol different in energy, a very minor effect was observed on rate constants, especially under

atmospheric conditions.
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In terms of ring size, 1,5 H-migration was found to proceed via the same, or slightly higher,
barrier than the 1,6 H-migration, as both transition state rings are cyclohexane-like. Since
previous studies have not given much attention to rates where the peroxy group is in the tertiary
site, the effect of the peroxy position was also discussed, and differences of up to an order of
magnitude were observed. The calculated rates showed good agreement with the literature rates
from Miyoshi '’; however, some discrepancy is observed when compared to Sharma et al. '® and

Yao et al. '8

. This demonstrates the importance of the selected levels of theory for calculations,
and the methods used to account for tunneling and entropic corrections. Finally, the calculated

rates were shown to alter chemical kinetic modeling predictions of ignition delay time, especially

in highly branched molecules where ignition is very sensitive to the KHP formation rate.
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