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Abstract

Hydroperoxyalkylperoxy (OOQOOH) radicals are important intermediates in combustion
chemistry. The conventional isomerization of OOQOOH radicals to form ketohydroperoxides has
been long believed to be the most important chain branching reaction under the low temperature
combustion conditions. In this work the kinetics of competing pathways (alternative isomerization,
concerted elimination and H-exchange pathways) to the conventional isomerization of different β, γ- and Δ- OOQOOH butane isomers are investigated. Six- and seven- membered ring
conventional isomerizations are found to be the dominant pathways whereas alternative
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isomerizations are more important than conventional isomerization, when the latter proceeded via
a more strained transition state ring. The oxygen atoms in OOQOOH radicals introduce
intramolecular hydrogen bonding (HB) that significantly affects the energies of reacting species
and transition states, ultimately influencing chemical kinetics. Conceptually, HB has a dual effect
on the stability of chemical species, the first being the stabilizing effect of the actual intramolecular
HB force, and the second being the destabilizing effect of ring strain imposed by the HB
conformer. The overall effect can be quantified by determining the difference between the
minimum energy conformers of a chemical species or transition state that have HB and that do not
have HB (non-hydrogen bonding (NHB)). The stabilization effect of HB on the species and
transition sates is assessed, and its effect on the calculated rate constants is also considered. Our
results show that, for most species and transition states, HB stabilizes their energies by as much as
2.5 kcal/mol. However, NHB conformers are found to be more stable by up to 2.7 kcal/mol for a
few of the considered species. To study the effect of HB on rate constants, reactions are categorized
into two groups (group one and two) based on the structural similarity of the minimum energy
conformers of the reactant and transition state, for a particular reaction. For cases where the
reactant and transition state conformers are similar (i.e. both HB or NHB structures), group one,
the effect of HB on reaction kinetics is major only if the magnitudes of the stabilization energy of
the reactant and transition state are quite different. Meanwhile, for group two, where the reactant
and transition state prefer different conformers (one HB and the other NHB), HB affects the
kinetics when the stabilization energy of the reactant or transition state is significant or the entropy
effect is important. This information is useful in determining corrections accounting for HB effects
when assigning rate parameters for chemical reactions using estimation and/or analogy, where
analogies usually result in inaccuracies when modeling atmospheric and combustion processes.
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Introduction
Chemical kinetic models are important to understand oxidation processes and predict different

properties at both atmospheric and combustion conditions. Most of the low temperature
intermediates generated during combustion

1-3

and atmospheric oxidation

4-6

are oxygenated

species. The presence of oxygen atoms in these intermediates can introduce both inter and
intramolecular hydrogen bonding (HB), complicating the kinetic mechanisms and the rate constant
calculations 7. HB forces the geometry of the molecule to form a bond between a hydrogen atom
and an oxygen atom, as in O-H…O. The average hydrogen bond distance is estimated to range
from 1.4 to 2.6 Å 7. For some molecules, HB has a stabilizing effect, because it reduces the energy
of the HB conformer relative to the non-hydrogen bonding (NHB). The difference in energy
between the two conformers is a result of two counteracting factors: first, the stabilizing dipole
interaction of the O….H bond, and second, the destabilizing effect imposed by ring strain in the
HB conformer. When the steric cost becomes greater than the strength of the dipole interaction,
the NHB conformer is lower in energy than the HB structure.
Oxygenated compounds, including hydroxyalkoxy radicals are important intermediates for the
degradation of volatile organic compounds in the atmosphere, as well as the oxidation of fuel
molecules in combustion engines. The effect of HB on the decomposition and isomerization
reactions of these intermediates has been studied previously. Davis et al. 7 thoroughly studied the
effect of intramolecular HB in high temperature isomerization reactions and found that the HB can
stabilize the molecule by 2.0 kcal/mol. HB strength for stable molecules (reactant and products)
depends on many factors, including the position of the two oxygenated sites, and the presence or
absence of a radical site between them. HB effects in transition states are also important since they
may alter the energy of the transition state, which in turn influences the energy barrier of the
3

reaction 7. In a series of studies, Vereecken et al.

8-11

investigated the decomposition and H-

migration reactions of different substituted hydroxyalkoxy radicals. They found that HB stabilized
the radicals by up to 2.5 kcal/mol, and the HB distance ranged from 2.07 to 2.25 Å. In some cases
(e.g. C-C scission reaction of hydroxyethoxy radical), HB was strongly retained in the reaction
transition state, resulting in a relatively lower barrier that was in good agreement with the
experimental barrier 8. Similar behavior has been observed in other studies12-15. Most of these
studies were conducted under atmospheric conditions, and were limited to hydroxyalkoxy species
where the HB sites are in β-position to each other. HB also affects the rigidity of the molecule and
rotational barrier due to the high strain of the HB ring 8. Therefore, HB is expected to affect the
kinetics of the reaction by altering the rotational constants and thus, the entropic term (i.e. the preexponential factor).. Sharma et al.16 considered the effect of this phenomenon while calculating
the rate rules for hydrogen migration in hydroperoxyalkylperoxy radicals under combustion
conditions with a special hindered rotor treatment. However, their study was limited to the main
isomerization

pathway

of

hydroperoxyalkylperoxy radicals

(OOQOOH)

to

form

a

ketohydroperoxide and OH radical (i.e., conventional isomerization).
OOQOOH radicals are important intermediates in the low temperature oxidation chemistry of
fuels. The conventional isomerization of OOQOOH radicals to form ketohydroperoxide (KHP)
and OH is believed to be an important low temperature branching reaction 1-2, 5. An example is the
5CIPS in 1OOH_2OOj radical as shown in Figure 1. However, recent kinetic studies 17-22 showed
that alternative isomerization where the peroxy group abstracts a H-atom that is not α to the OOH
group (i.e., non α-H isomerization) to form di-hyrdoperoxyalkyl radical P(OOH)2, (e.g. 5AISS and
6AIPS reactions of 1OOH_2OOj in Figure 1) can be a competing pathway, especially for long
chain alkanes. Alternative isomerization reactions proceeding via six or seven-membered ring
4

transition states, may be even more important than some conventional isomerization pathways,
particularly those proceeding via five-membered ring transition states. Other reaction pathways of
OOQOOH, which have thus far been largely neglected in chemical kinetic models, include fivemembered ring concerted elimination

20

(e.g. CE_PS and CE_SS reactions of 1OOH_2OOj in

Figure 1) and the H-exchange between the OOH and OO. group 22.
Miyoshi

23

thoroughly examined the possible pathways of different OOQOOH radicals where

the carbons bonded to the OO. and OOH groups were β, γ, Δ and ε to each other. Goldsmith et al.
24

studied the potential energy surface of propyl OOQOOH species. Both studies noted the

importance of the alternative isomerization pathways, especially those proceeding via sixmembered ring transition states, compared to a more strained transition state of conventional
isomerization, or when the latter was geometrically prohibited, for example, when the OOH group
was connected to a tertiary carbon. Miyoshi

23

suggested assigning the alternative isomerization

rate parameters in analogy to RO2 isomerization, while Goldsmith et al. 24 provided computational
rate parameters only for five- and six-membered ring H-migration from a primary site, due to the
short chain length of the OOQOOH species of propyl radicals. Yao et al.

25

recently calculated

site-specific rate constants for alternative isomerization reactions of different species, they showed
that the rates of these reactions may be underestimated if they are considered analogous to RO2
isomerization. Miyoshi 23 and Goldsmith et al. 24 also showed that, for OOQOOH radicals with a
tertiary C-OOH site, H exchange between the OOH and OO. group is an important pathway, as it
permits further isomerization and accelerates oxidation. They proposed that the concerted
elimination pathway is more important at slightly higher temperatures (~1000K at 1 atm),
especially for short alkane chains where other isomerization reactions cannot occur. Miyoshi

23

provided rate constants for concerted elimination, but they were limited to 1,4 H-migration from
5

β-COOH. The rate constants provided by Goldsmith et al. 24 were limited to OOQOOH species of
the propyl radical.
These studies showed that fuel reactivity at low temperature depends on the competition
between, and the relative importance of, different OOQOOH reaction pathways. Due to the
presence of the oxygenated sites, HB will complicate the rate constant calculations of these
pathways, so detailed study of the effect of the HB on OOQOOH branching ratio is needed. The
purpose of this work is to study the effect of intramolecular hydrogen bonding on calculated rates
of different pathways of OOQOOH radical. All possible pathways of different butane OOQOOH
radicals as detailed in Figure 1, including conventional and alternative isomerization, concerted
elimination, and H-exchange between the OOH and OO. group are calculated.

3

Methods:
Single point energies, frequencies and optimized geometries of all reactants, products and

transition states were determined using the Gaussian09

26

suite of programs. All possible

conformers of all species and transition states were determined using B3LYP/6-31+G(d,p) level
of theory. Geometry optimization and frequency calculation were carried out at the B3YLP/6311++G(2df,2pd) level of theory for two minimum energy conformers, HB and NHB. To ensure
that the true minimum energy conformer was identified in each group (HB and NHB), conformers
having similar energies (within 0.5 kcal/mol of the minimum conformer energy), were also
optimized at the higher level of theory B3YLP/6-311++G(2df,2pd). The calculated frequencies
were scaled by a factor of 0.9679 based on the recommendations of Andersson and Uvdal

27

.

Energies of the optimized lowest energy conformers were calculated using CBS-QB3, G3 and G4
composite methods 28-30, where the conformer (HB or NHB) with the lowest energy was used to
6

calculate the rate parameters that should be adopted in the kinetic models. Enthalpies of formation,
for both the HB and NHB structures, of each species and transition state were determined using
two sets of isodesmic reactions (supplemental material), where the auxiliary thermochemistry was
adopted from ATcT31 and NIST WebBook32. The resulting enthalpy of formation values were then
averaged. Simmie and Somers

33

reported that a similar averaging of CBS-QB3, G3, and G4

methods resulted in a 95% confidence interval of 1.2 kcal/mol for similar radicals. Transition states
were confirmed by the presence of a single imaginary frequency corresponding to the investigated
reaction, as well as by IRC calculations performed at the B3LYP/6-31+G(d,p) level of theory. The
IRC calculations were also used to estimate the Eckart tunneling correction factors (further details
in Supporting Information). 10o increment relaxed scans of all hindered rotors were carried out in
a 1D hindered rotor treatment according to the method of Pitzer and Gwinn

34

(more details in

Supporting Information). Rate parameters were determined using transition state theory,
implemented in ChemRate

35

. The rate constants were fitted to a three parameters modified

Arrhenius equation (𝑘(𝑇) = 𝐴𝑇 𝑛 𝑒 (

−𝐸𝑎⁄
𝑅𝑇 ) )

over the temperature range of 300-1500K. While it is

difficult to accurately assess the uncertainty of each parameter, de Silva et al. in their study of
benzyl radical decomposition, using similar methods to those reported here including the use of
ChemRate, estimated an uncertainty in the pre-exponential portion (𝐴𝑇 𝑛 ) of a factor of 2

36

and

the uncertainty in the activation energy will be similar to that of the barrier height (1.2 kcal/mol)
reported above.
Calculations were performed for selected butane OOQOOH isomers shown in Figure 1. The
nomenclature shows the location of the C-OOH and C-OO. sites (the letter j indicates the radical),
where the C-OOH is chosen as the main numbering site. Isomers are chosen such that the
oxygenated sites (C-OOH and C-OO.) are in β, γ and Δ position relative to each other and with
7

different chemical natures (P, S and T). The pathways considered for each species, (Figure 1), are:
1) Intramolecular H-migration from the C-OOH carbon to form a ketohydroperoxide (KHP) and
OH radical (i.e. conventional isomerization (CI)); 2) Intramolecular H-migration of any hydrogen
other than the one α to the OOH group to form a di-hydroperoxyalkyl radical P(OOH)2 (i.e.
alternative isomerization (AI)); 3) Concerted elimination (CE) of an HO2 radical to form a
hydroperoxyalkene; and 4) H-exchange between the OOH and OO. group. Intramolecular Hmigration pathways proceed primarily via five-, six-, and seven-membered transition state rings
(eight-membered ring cannot occur in OOQOOH species of butane due to their short chain length).
The reactions will be described as “a,b H-migration” where a and b are the locations of the peroxy
group and the abstracted H, respectively. To highlight certain aspects of the reactions, “NnCD”
format (Figure 1) will be used, where N is the size of the transition state ring including the
migrating hydrogen, C and D are the chemical nature (P=primary, S=secondary, and T=tertiary)
of the abstraction site and the C-OO. carbon, respectively. The subscript n will indicate the type of
reaction, CI or AI, for conventional and alternative isomerization, respectively. Concerted
elimination reactions do not proceed via H-migration and therefore will be described with CE_CD,
where C and D have the same previous meanings.

β

8

γ

Δ

Figure 1. Reaction pathways of butane OOQOOH species investigated in this study. Reactions
were split into three groups, β, γ, and Δ based on relative positions of oxygenated sites. Reactions
were named using NnCD and CE_CD formats, as detailed in Methods section.
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Results and discussion:

4.1

Effect of intramolecular hydrogen bonding on structure:

The HB OOQOOH species investigated in this study possess two distinguishable types of
oxygen atoms: donor and acceptor. The former is covalently bonded to the hydrogen atom while
the latter forms the HB with the same hydrogen atom. In OOQOOH, two acceptors are available
to form HB where the H in the OOH group can form a HB with either of the oxygens in the OO.
group (acceptors). Because of the strong electronegativity of the terminal oxygen in the C-OO.
group, it is more likely to be the one involved in the HB. The other oxygen (C-OO.) shares some
electron density with the neighbor carbon and therefore, is relatively less electronegative, and thus,
forms weaker HB.
The most stable HB and NHB conformers of each species and transition state were determined
and optimized at the B3LYP/6-311++G(2df,2pd) level of theory. The averaged enthalpies of
formation calculated at CBS-QB3, G3, and G4 composite methods of the two optimized
conformers (one with HB and one without HB) were compared to evaluate the effect of HB on the
stability of every chemical species and transition state. The stabilization energy of HB is reported
in Table 1, where negative values indicate that the HB conformer is more stable than the
corresponding NHB counterpart and vice versa. Because the enantiomers are mirror images of
each other, and are expected to have identical energies, only one enantiomer (R or S) was
considered for species and transition states possessing a single chiral center. Two conformers were
considered for chemical species and transition states possessing two chiral centers: i) one with
mixed chirality (RS or SR) and another with same chirality (SS or RR). This is because the
diastereomer of a chemical species or transition state varying only in chirality, can result in rate
constants as much as an order of magnitude different, as found in our previous work 37.
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For hydroperoxyalkylperoxy radicals where the oxygenated sites (C-OOH and C-OO. groups)
are in β position to each other, the HB conformer is the most stable conformer, with stabilization
energies ranging between 1.3 and 2.0 kcal/mol, and HB distance varying from 2.16 to 2.24 Å.
Exceptions are (2Me_1OOH_2OOj and 2OOH_3OOj/S) where the NHB is 0.2 and 0.5 kcal/mol
more stable than the HB counterpart, respectively. In the case of 2Me_1OOH_2OOj, the primary
OOH group favors an anti-position relative to the alkyl chain, which leads to a NHB structure.
While in 2OOH_3OOj/S (same chirality conformer), the high steric cost imposed by the HB makes
the NHB conformer more stable. As the oxygenated sites are further separated (γ and Δ) in
OOQOOH radicals, the steric cost of forming the HB becomes higher, favoring the NHB structure
(only by 0.1-0.2 kcal/mol).
In general, the stability of products is also important in kinetic modeling as it affects the reverse
rate of the reaction. Therefore, the effect of HB on the stability of product species was also
assessed. The considered reaction pathways resulted in different products: KHP which have a
carbonyl and OOH functional groups, P(OOH)2 with two OOH groups, the hydroperoxyalkenes
with just one OOH group (and therefore cannot have intramolecular HB), and the products of the
H-exchange reaction, which are identical to the hydroperoxyalkylperoxy species above. Therefore,
HB will be discussed only for the first two groups of products (KHP and P(OOH)2). For KHP, the
HB conformer is the most stable conformer by 0.9-2.3 kcal/mol. An exception to this is the KHP
product from 1OOH_3OOj, which due to the presence of a gauche interaction between the OOH
group and the alkyl chain in the HB conformer, is more stable in the absence of HB. The HB
conformers of P(OOH)2 species are significantly more stable than their NHB counterparts (by 3.2
and 3.5 kcal/mol), when the radical site is located between the two oxygenated sites. This is due
to the lower ring strain in HB rings comprised of one sp2 hybridized carbon center, compared to
11

those with only sp3 hybridized carbon centers. For P(OOH)2 species where the radical site is
beyond the HB ring, the HB conformers are still more stable than their NHB counterparts;
however, the stabilizing effect of HB is less (0.8-2.3 kcal/mol).
Transition states conformers can also be categorized based on the criteria described previously.
The cycloalkane-like structure of the transition state renders the substituent on the ring (alkyl or
OOH group) in either an axial or an equatorial position. For conventional isomerization (CI)
transition states, the NHB conformer is the most stable conformer when the OOH group is in a
primary site. When the primary OOH is in equatorial position (as in 1OOH_2OOj and
2OOH_3OOj/S), the oxygenated sites are sterically unable to form a HB; and a primary OOH
group in axial position is not sufficiently axial to form a HB making the NHB conformer more
stable. One exception is the transition state of the CI of 2Me_1OOH_2OOj where the HB
conformer is 1.0 kcal/mol more stable. Conventional isomerization (CI) reactions of
hydroperoxyalkylperoxy radicals, where the hydroperoxy group is at a secondary carbon, proceed
via planer five-membered ring transition states in which axial and equatorial conformers (and thus
HB) are less defined. For six- membered ring abstractions from secondary sites, the large distance
(3.32 Å) and the high ring strain required to form HB favors the NHB conformer by 0.5 kcal/mol.
For alternative isomerization (AI) transition states, the C-OOH site is not involved in the reaction
and can either be endocyclic or exocyclic relative to the transition state ring. For endocyclic
transition states, the HB conformer is the minimum energy conformer, except for those of
2OOH_1OOj and 2OOH_4OOj. The high steric cost needed to bring the oxygenated sites close
enough to form HB in the endocyclic transition state of 2OOH_1OOj alternative isomerization
renders the NHB conformer more stable than the HB counterpart. The endocyclic transition state
of alternative isomerization of 2OOH_4OOj, 7AIPP has the OOH group in equatorial position, and
12

is thus sterically incapable of forming a HB. For exocyclic transition states, the HB conformer is
usually the most stable conformer (0.6-2.4 kcal/mol). Finally, for concerted elimination (CE)
reactions, all transition states are the less puckered five-membered ring transition states that favor
the NHB conformer. In concerted elimination of 2Me_1OOH_2OOj, a HB conformer of the
transition state could not be optimized, as the OOH group interfered with the branched methyl
group when forming a HB. A weak HB is the most stable conformer for CE transition states of
2OOH_1OOj, CE_SP with a HB distance of 3.33 Å.
Table 1: Difference in enthalpy of formation values (in kcal/mol) between the HB and NHB
conformers at 298K. Negative values represent a stabilization caused by HB.
Reactant
β

OOH

OO

1OOH_2OOj
HOOCC(CC)OO.
p

s

2OOH_1OOj
HOOC(CC)COO.
s

2Me_1OOH_2OOj
HOOCC(C)(C)OO.

p

2Me_2OOH_3OOj
HOOC(C)(C)COO.
2OOH_3OOj
HOOC(C)C(C)OO.

t

s

γ

p

t

p

s

1OOH_3OOj
HOOCCC(C)OO.
p

s

Reaction type

Product

5CIPS

O=CC(CC)OOH+OH

-1.3

Transition
states
N/A1

5AISS

HOOCC(C.C)OOH

-1.3

-1.2

-2.3

6AIPS

HOOCC(CC.)OOH

-1.3

-0.6

-1.4

CE_PS

HOOC=CCC+HO2

-1.3

0.4

-

CE_SS

HOOCC=CC+HO2

-1.3

0.1

-

5CISP

O=C(CC)COOH+OH

-1.3

N/A

-1.0

6AISP

HOOC(C.C)COOH

-1.3

0.3

-2.3

7AIPP

HOOC(CC.)COOH

-1.3

2.0

-1.4

CE_SP

HOOC(CC)=C+HO2

5CIPT

O=CC(C)(C)OOH+OH

-1.3
0.2

-0.4
-1.0

-0.4

5AIPT

HOOCC(C)(C.)OOH

0.2

-1.7

-2.4

CE_PT

HOOC=C(C)C+HO2

0.2

N/A

-

6AIPP

HOOC(C)(C.)COOH

-2.0

-0.3

-2.5

5CISS

O=C(C)C(C)OOH+OH

0.5/-1.7 2

N/A1/-1.3

-0.3

6AIPS

HOOC(C.)C(C)OOH

0.5/-1.7

-1.3/-0.1

-0.8/-1.7

5AIPS

HOOC(C)C(C.)OOH

0.5/-1.7

-0.9/0.1

-0.8/-1.7

CE_PS

HOOC(C)C=C+HO2

0.5/-1.7

0.2/2.0

-

CE_SS

HOOC(C)=CC+HO2

0.5/-1.7

0.3/0.3

-

6CIPS

O=CCC(C)OOH+OH

0.2

0.6

0.5

5AISS

HOOCC.C(C)OOH

0.2

-1.8

-3.2

5AIPS

HOOCCC(C.)OOH

0.2

-0.7

-0.9

CE_PS

HOOCCC=C+HO2

0.2

1.1

-

CE_SS

HOOCC=CC+HO2

0.2

1.0

-

Reactant

Product
-0.9
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2OOH_4OOj
HOOC(C)CCOO.
s

Δ

p

1OOH_4OOj
HOOCCCCOO.
p

p

6CISP

O=C(C)CCOOH+OH

0.2

0.5

5AISP

HOOC(C)C.COO

0.2

-2.5

7AIPP

HOOC(C.)CCOO

0.2

N/A

CE_SP

HOOC(C)C=C+HO2

0.2

2.7

-

7CIPP

O=CCCCOOH+OH

0.1

2.6

-2.3

6AISP

HOOCC.CCOOH

0.1

-2.2

-3.5

5AISP

HOOCCC.COOH

0.1

-2.4

-3.5

CE_SP

HOOCCC=C+HO2

0.1

-0.8

-

0.1
-3.2
1

-0.9

The HB counterpart was not found for these transition states as the OOH was equatorial to the
transition state.
1

2

Two values are provided for 2OOH_3OOj to account for reactant and transition states chirality.
The values represent (2OOH_3OOj/S)/(2OOH_3OOj/M) and their corresponding transition states.
4.2

High pressure rate rules:

High pressure limit rate constants for all investigated reactions were calculated using
conventional transition state theory, and then fitted to the modified Arrhenius equation 𝑘(𝑇) =
−𝐸𝑎⁄
𝑅𝑇 )

𝐴𝑇 𝑛 𝑒 (

over the temperature range of 300-1500 K, in order to determine A, the pre-

exponential factor, n, the temperature coefficient, and Ea, the activation energy.
The rate parameters of the investigated reactions are listed in Table 2 on a per hydrogen basis.
The reaction energy barriers (ΔH‡) summarized in Table 2 are calculated from the averaged
enthalpy of formation values obtained from CBS-QB3, G3 and G4 composite methods for the
minimum energy conformer of reactants and transition states.
Figure 2 depicts the temperature dependence of the calculated rate constants, and shows that AI
pathways of β-OOQOOH (Figures 2.a-e) proceeding via six- and seven-membered ring transition
states are faster than the five-membered ring CI transition state leading to ketohydroperoxides and
OH radicals. A comparison of the energy barriers listed in Table 2 shows that the barriers of the
former are 4 to 6 kcal/mol lower than the latter. An exception is observed in the case of
2OOH_3OOj, for which CI and AI proceed with nearly similar rate constants (Figures 2.c), despite
the energy barrier of the latter being ~2.0 kcal/mol lower than that of the former. This is because
14

the entropy effects that favor CI (locking five rotors (CI) is more entropically favored than locking
six rotors (AI)) overcome the energy effect that favors AI, especially at high temperatures. The
five-membered CE reactions of β-OOQOOH are generally faster than five-membered ring AI
(Figures 2.a, 2.c and 2.d). Miyoshi

23

referred this to the different electronic nature of the two

reactions (CE and AI). The rates of CE depend greatly on the degree of substitution at the reaction
site, where more substitutions in 2Me_1OOH_2OOj, for example, result in CE_PT energy barriers
up to 3.0 kcal/mol lower than other β-OOQOOH CE barriers (Table 2). Consequently, the rate
constants of CE_PT are orders of magnitude greater than those of 5CIPT of 2Me_1OOH_2OOj
(Figures 2.d). The 1,6 H-exchange in β-OOQOOH is always a competing pathway due to the
relatively low energy barrier of this reaction.
For γ- and Δ-OOQOOH (Figures 2.f, 2.g and 2.h) the six- and seven-membered ring CI reactions
are the fastest reactions with barriers that are 2-15 kcal/mol lower than those of other reactions,
followed by six- and seven-membered ring AI, CE, and finally five-membered ring AI. The same
trend was also observed by Miyoshi

23

, except for Δ-OOQOOH where he showed that the six-

membered ring AI was faster than seven-membered ring CI, contrary to our results shown in Figure
2.h. This shows that the RO2 analogies used by Miyoshi to estimate the rate constants of AI
reactions of hydroperoxyalkylperoxy radicals were not always appropriate.

15

Figure 2. Temperature dependence of the calculated rate constants of OOQOOH reactions. a-e) βOOQOOH, f-g) γ-OOQOOH and h) Δ-OOQOOH.
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Table 2: High pressure limit rate parameters for OOQOOH reactions fit between 300 K and 1500
K, reported on a per hydrogen atom basis and reaction barriers (ΔH‡) calculated at 298K using
CBS-QB3, G3, G4 averaged energies (kcal/mol)
Modified Arrhenius Parameters

β

Reactant

OOH

OO

1OOH_2OOj
HOOCC(CC)OO.

p

s

2OOH_1OOj
HOOC(CC)COO.

2Me_1OOH_2OOj
HOOCC(C)(C)OO.

2Me_2OOH_3OOj
HOOC(C)(C)COO.
2OOH_3OOj
HOOC(C)C(C)OO.

γ

1OOH_3OOj
HOOCCC(C)OO.

2OOH_4OOj
HOOC(C)CCOO.

Δ

1

1OOH_4OOj
HOOCCCCOO.
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Reaction
type
5CIPS

Product

Log A

n

Ea

ΔH‡

O=CC(CC)OOH+OH

-1.12

4.15

23.9

31.4

5AISS

HOOCC(C.C)OOH

-4.82

5.14

23.5

32.9

6AIPS

HOOCC(CC.)OOH

1.78

3.03

20.0

25.2

CE_PS

HOOC=CCC+HO2

10.84

0.94

32.9

33.2

CE_SS

HOOCC=CC+HO2

12.63

0.39

32.5

32.3

H-exchange

.OOCC(CC)OOH

2.02

2.77

13.5

19.1

5CISP

O=C(CC)COOH+OH

2.03

3.21

23.6

29.1

6AISP

HOOC(C.C)COOH

2.50

2.97

18.5

23.7

7AIPP

HOOC(CC.)COOH

-0.77

3.70

18.2

24.9

CE_SP

HOOC(CC)=C+HO2

10.19

1.04

33.4

33.6

O=CC(C)(C)OOH+OH

5AIPT

-4.06
-10.56

4.90
6.68

20.4
22.8

29.5

HOOCC(C)(C.)OOH

CE_PT

HOOC=C(C)C+HO2

9.77

1.11

29.4

30.0

6AIPP

HOOC(C)(C.)COOH

0.24

3.47

20.9

26.5

H-exchange

.OOC(C)(C)COOH

-0.52

3.47

12.8

19.4

O=C(C)C(C)OOH+OH

5CIPT

5CISS

1

1

34.4

HOOC(C.)C(C)OOH

-0.26
1.60

3.92
3.19

20.3
21.0

27.8/28.8

6AIPS
5AIPS

HOOC(C)C(C.)OOH

-6.33

5.66

27.7

36.9/37.0

CE_PS

HOOC(C)C=C+HO2

9.52

1.15

31.9

32.6/32.4

CE_SS

HOOC(C)=CC+HO2

11.13

0.91

33.0

33.0/33.3

6CIPS

O=CCC(C)OOH+OH

2.32

2.76

16.0

20.8

5AISS

HOOCC.C(C)OOH

-3.12

4.42

25.5

33.0

5AIPS

HOOCCC(C.)OOH

-6.41

5.43

26.4

35.8

CE_PS

HOOCCC=C+HO2

8.01

1.31

29.3

30.0

CE_SS

HOOCC=CC+HO2

10.69

0.71

30.5

30.7

O=C(C)CCOOH+OH

5AISP

1.13
-4.07

3.15
4.80

14.2
25.1

19.3

HOOC(C)C.COO

7AIPP

HOOC(C.)CCOO

-0.60

3.64

19.4

25.2

CE_SP

HOOC(C)C=C+HO2

7.63

1.61

29.6

30.4

H-exchange

.OOC(C)CCOOH

2.63

2.37

12.4

16.7

7CIPP 1

O=CCCCOOH+OH

6AISP

-0.23
1.51

3.12
2.59

13.2
17.1

18.8

HOOCC.CCOOH

5AISP

HOOCCC.COOH

-3.17

4.12

24.1

30.6

CE_SP

HOOCCC=C+HO2

6.31

1.58

28.6

29.4

6CISP

1

25.6/27.1

32.8

20.7

37

These reactions are calculated previously in .
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4.3

Effect of HB on rate constants:

To assess the effect of the HB on the kinetics of OOQOOH reactions, different calculated rate
constants are compared for each reaction. Three values of rate constants were calculated for each
reaction, the first using the minimum energy conformers, either HB or NHB (i.e. original rate
constants) of reactant, transition state and product species, the second using the HB conformers
(i.e. HB rate constants), and the third using NHB conformers (i.e. NHB rate constants). When both
the reactant and transition state are HB (or NHB) conformers, the barrier will be referred to as HB
(or NHB) barrier, while the barrier calculated using the minimum energy conformers of the
reactant and transition state will be referred to as the original barrier via which the reaction will
proceed. The energy values discussed in this section are taken from, or calculated using values
from Table 1. The calculated rate constants which are compared in this section are split into two
main groups (Figure 3):
Group one (Figure 3.a), where the minimum energy conformers of both the reactant and
transition state of a reaction are similar; HB (or NHB) conformers. In this group, the HB barriers
and rate constants will be compared to their NHB counterparts and vice versa. In group 1_a, the
minimum energy conformers of reactant and transition state species are HB structures, and the HB
barrier corresponds to the original barrier. Within this subgroup, the NHB barrier is calculated
using:
NHB barrier = original barrier – R + TS

(1)

where R and TS are the absolute energy difference between the HB and NHB conformers of the
reactant and transition states, respectively (Figure 3.a). In group 1_b the minimum energy
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conformers of reactants and transition states are NHB structures; within this subgroup, the HB
barrier is calculated using:
HB barrier = original barrier – R + TS

(2)

Group two (Figure 3.b), where the minimum energy conformers of the reactant and transition
state are either HB and NHB, respectively, or NHB and HB, respectively and the energy barriers
of these reactions correspond to the original barrier. In group 2_a, the minimum energy conformer
of the reactant is the HB structure and that of the transition state is the NHB structure. The barriers
will be calculated as:
HB barrier = original barrier + TS

(3)

NHB barrier = original barrier – R

(4)

In group 2_b, the minimum energy conformer of the reactant is NHB, while that of the transition
state is HB. Within this subgroup, the HB and NHB barriers will be calculated according to
equations (5) and (6), respectively.
HB barrier = original barrier – R

(5)

NHB barrier = original barrier + TS

(6)

Figures 4 to 7 compare the original, HB and NHB rate constants at low temperatures (330-830K)
for some of the β-, γ-, and Δ-OOQOOH reactions. These figures show that the differences in rate
constants ranged from negligible to orders of magnitude. The remaining results are shown in the
supplemental material.
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Figure 3. Arbitrary schematics illustrating group one and two reaction barriers, where x represents
original barrier. (a) shows group 1_a (left) and group 1_b (right) barriers. (b) shows group 2_a
(left) and group 2_b (right) barriers.
4.3.1 HB effect on group one reactions:
For β-OOQOOH, the AI pathways of 1OOH_2OOj and 2Me_2OOH_3OOj, the CE of
2OOH_1OOj and the 5CISS and 6AIPS of 2OOH_3OOj/M favor the kinetics of group 1_a as both
the reactants and transition states of these pathways favor HB conformers. The original rate
constants for these cases are HB rate constants, and will only be compared to NHB rate constants,
as in Figures 4.a-4.d. For 1OOH_2OOj, the HB reactant is 1.3 kcal/mol more stable, and the HB
transition states of 5AISS and 6AISS are 1.2 and 0.6 kcal/mol more stable, respectively, than their
NHB counterparts. Using Equation 1, this results in NHB barriers that are 0.1 and 0.7 kcal/mol
lower than the original barrier for 5AISS and 6AISS, respectively, which does not significantly
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affect the NHB rate constant of the former, while slightly increases the NHB rate constants of the
latter, as shown in Figures 4.a and 4.b. However, 6AISS reaction will always proceed with the
slower original rate constants because the higher population of reactants has HB conformation,
compared to the NHB. For 2Me_2OOH_3OOj, 6AIPP the NHB barrier is 1.7 kcal/mol less than
the original (HB) barrier resulting in NHB rate constants that are an order of magnitude greater
than the original rate constants (Figure 4.c). The NHB barrier of 2OOH_3OOj/M, 6AIPS is 1.6
kcal/mol lower than the original barrier, resulting in faster rate constants for the NHB reaction, as
shown in Figure 4.d. The NHB barriers for 2OOH_1OOj, CE_SP and 2OOH_3OOj/M, 5CISS are
less than 1.0 kcal/mol different than the corresponding HB barriers. Such a difference in energy
barriers has no significant effect on the rate constants of the 2OOH_1OOj, CE_SP reaction.
However, the original (HB) rate constants of the 5CISS reaction of 2OOH_3OOj/M are appreciably
higher than the NHB counterparts, due to entropy effects, as shown in the supplementary material.
On the other hand, NHB is the minimum energy conformer of 2OOH_3OOj/S reactants, which
makes CE_SS and CE_PS pathways follow group 1_b kinetics with the original rate constants
being equivalent to NHB rate constants. With HB barriers that are 0.2 and 0.3 kcal/mol less than
the original barriers, no major effect is observed on the rate constants of these reactions, as shown
in Figures 4.e and 4.f.
Figure 5.a-c show the calculated rate constant for γ- and Δ-OOQOOH that follow group one. For
all considered γ- and Δ-OOQOOH, NHB is the minimum energy conformer. Having NHB
minimum energy conformer transition states, CI and CE reactions of these species follow group
1_b kinetics where the original rate constant is the NHB rate constant. The HB barriers of both
2OOH_4OOj, CE_SP and 1OOH-4OOj, 7CIPP reactions are 2.5 kcal/mol greater than their original
(NHB) counterparts, which leads to HB rate constants that are an order of magnitude lower than
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the original ones in the temperature range of 330-400K, as shown in Figures 5.b and 5.c. However,
faster HB rate constants can be observed at higher temperatures, as in the case of 2OOH_4OOj,
6CISP (Figure 5.a), due to entropy effects. A comparison of rate constants of other γ-OOQOOH
reactions that follow group 1_b kinetics is shown in supplementary material.

Figure 4. Effect of HB on group one β-OOQOOH calculated rate constants. Black solid, red dashed
and blue dotted lines represent the original, HB and NHB rate constants, respectively.

Figure 5. Effect of HB on group one γ- and Δ-OOQOOH calculated rate constants. Black solid,
and red dashed lines represent the original and HB rate constants, respectively.
22

4.3.2 HB effect on group two reactions:
Reactions in which reactant and transition state favor mixed conformers (HB and NHB) will
follow group two kinetics. For β-OOQOOH species’ reactions, the CE of 1OOH_2OOj and AI of
2OOH_1OOj along with the 5AIPS and CE of 2OOH_3OOj/M reactions follow group 2_a kinetics,
where the minimum energy conformers of reactant and transition state are HB and NHB,
respectively. The HB barriers of 1OOH_2OOj CE_PS and CE_SS reactions are 0.4 and 0.1
kcal/mol higher than the original barriers, respectively (Equation 3), while the NHB barriers of
these reactions are 1.3 kcal/mol less than the original barrier (Equation 4). Consequently, the NHB
rate constants are greater than the original rate constants, which are in turn greater than the HB
rate constants (Figures 6.a and 6.b). For CE_PS reaction the three sets of rate constants are not
significantly different. However, in the case of CE_SS reaction, differences up to half an order of
magnitude are observed between HB and original rate constants, due to entropy effects. The same
trend is observed for the AI of 2OOH_1OOj and 5AIPS and CE of 2OOH_3OOj/M pathways, as
shown in the supplementary material.
Finally, β-OOQOOH reactions belonging to group 2_b, in which the reactant and transition state
have NHB and HB minimum energy conformers, respectively, follow the opposite trend of group
2_a reactions: HB rate constants>original rate constants>NHB rate constants. Among these
reactions are 2Me_1OOH_2OOj, 5CIPT and 5AIPT, shown in Figures 6.c and 6.d, as well as
reactions of 2OOH_3OOj/S, shown in the supplemental material.
For group two γ- and Δ-OOQOOH, the minimum energy conformers of reactant and transition
state are NHB and HB, respectively. Therefore the reactions of these species follow group 2_b
kinetics. With energy differences between the two conformers of the reactant species being only
0.1-0.2 kcal/mol, differences between HB or NHB barriers on one hand and original barriers on
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the other hand are dictated by energy differences between the two conformers of the transition
states. For reactions of γ- and Δ-OOQOOH species, HB barriers are 0.1 to 0.2 kcal/mol lower than
the original barriers. Such small differences in energy barriers hardly affect the rate constant of
these reactions that are shown in Figure 7.a-f. Therefore, the differences observed between the HB
and original rate constants are mostly attributed to the effect of entropy. As for the NHB rate
constants, for some reactions, they are approximately an order of magnitude slower than the
original rate constants, due to NHB energy barriers that are 1.8, 2.5 and 2.2 kcal/mol higher than
the original energy barriers for 1OOH-3OOj, 5AISS; 2OOH_4OOj, 5AISP; and 1OOH-4OOj, 6AISP
pathways, respectively (Figures 7.a, 7.c and 7.d). In 1OOH-4OOj, 5AISP reactions, NHB rate
constants are similar to the original rate constants (Figure 7.e), despite higher energy barrier (2.4
kcal/mol higher than original energy barriers). The reason for such discrepancy is that the NHB
entropic term is four times higher than the original entropic term.
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Figure 6. Effect of HB on group two β-OOQOOH calculated rate constants. Black solid, red dashed
and blue dotted lines represent original, HB and NHB rate constants, respectively.

Figure 7. Effect of HB on group two γ- and Δ-OOQOOH calculated rate constants. Black solid,
red dashed and blue dotted lines represent original, HB and NHB rate constants, respectively.
Based on the discussion in section 4.1 on structure stability, a general trend is observed. γ- and
Δ-OOQOOH reactants are NHB conformers and thus, follow group 1_b or 2_b kinetics, depending
on the minimum energy conformer of the transition state (HB or NHB). For example, 5AICD and
6AICD transition states of γ- and Δ-OOQOOH tend to be HB structures and therefore, follow group
2_b kinetics, while the CI and CE transition states of these species favor the NHB structure and
thus, follow group 1_b kinetics. An exception is the Δ-OOQOOH, CE reaction (group 2_b) where
the minimum energy conformer of the transition state is HB structure, because of the increased
flexibility in the distant OOH group from the transition state ring allow for HB to occur. On the
other hand, β-OOQOOH reactants tend to favor HB conformers except for same chirality reactants
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(2OOH_3OOj/S) and reactants where the peroxy group is in a tertiary site (2Me_1OOH_2OOj).
Reactions of HB β-OOQOOH follow group 1_a or 2_a kinetics, depending on the minimum
energy conformer of the transition state (HB or NHB). It should be noted that all the
aforementioned trends are observed for the small butane OOQOOH isomers investigated in this
study.
For larger alkanes, oxygenated sites can go beyond Δ-OOQOOH and therefore reactants are less
likely to form HB and reactants will follow group 1_b or 2_b depending on the transition state
structure. Transition states where the peroxy group abstracting towards the OOH group will most
likely favor HB conformer and thus follow group 2_b while abstracting away from the OOH group
will favor NHB structure and follow group 1_b. However, larger molecules should be investigated
in future studies for more general trends.
In general, for reactions that follow group one kinetics, the major effect of HB on rate constants
is observed when the reactant stabilization energy (R) is small (~ <1 kcal/mol) and the transition
state stabilization energy (TS) is large (~ >2 kcal/mol), or vice versa. This is because the
counterpart rate constants depend on both stabilization values R and TS (Figure 3, Equation 1 and
2). Meanwhile, for reactions that follow group two kinetics, the major effect is observed when at
least one stabilization value (R or TS) is large (~ >2 kcal/mol) (Equation 3 – 6). Entropy also has
a significant effect on the rate constants of the investigated reactions. In general, entropic effects
are found to be more important for group two reactions, due to a greater difference between the
rotational energy barriers of reactants and transition states that have mixed conformations. The
rotational energy barriers of HB conformers are generally higher than their NHB counterparts.
Higher rotational barriers of a reactant increase the entropic term (pre-exponential factor), while
higher rotational barrier of transition states decrease the entropic term. In summary the presence
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of the HB can affect the obtained rate constants when the stabilizing HB energy is high enough to
counterbalance the entropic effect resulting from rotational hindrance.
4.4

Comparison with previous studies

The rate constants of AI and CE calculated in this study are compared to those available in the
literature. Comparison of CI rate constants is detailed in a previous study 37. The CE rate constants
are compared to values reported by Miyoshi
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and Goldsmith et al. 24. Miyoshi

23

provided rate

constants for abstracting from primary or secondary C-OOH carbon, but he also considered the
position of the abstracting peroxy group (P, S or T) (following CE_DC format, where D and C
meanings are detailed in the methods section). Goldsmith et al. 24 provided rate rules for abstracting
from C-OOH and non-C-OOH carbon where the peroxy group is in either primary or secondary
position. As shown in Figure 8, the rates obtained in this study are in good agreement with the
rates of both Miyoshi 23 and Goldsmith et al. 24; and they do not significantly depend on the position
of the OOH group.
The AI rate constants are compared to those of Goldsmith et al. 24, as well as the averaged rate
rules provided by Yao et al. 25, as shown in Figure 9. The calculated rate constants in this study
are lower than those obtained by Yao et al.

25

by up to two orders of magnitude over the entire

temperature range investigated. This is likely the result of the CBS-QB3(MP2) level of theory used
for energy calculations by Yao et al.

25

, in addition to their use of the atomization method for

calculation of enthalpy of formation values, which will increase the systematic error. Also, in terms
of entropy, Yao et al. 25 calculated the rotational barrier for representative molecules and used the
obtained values for the rest of the rotors, which may be an inaccurate assumption. Meanwhile, the
calculated rates in this study are one to three orders of magnitude faster than those of Goldsmith
et al. 24. Since the temperature dependence of their rate constants agrees well with that observed
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in this study, this suggests the difference is mainly due to the entropic term. Goldsmith et al.
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calculated the rotational barrier values of HOOCCCOO radicals and used them for the rest of the
species. They followed the recommendation of Sharma et al. 16 that the HB, quasi-cyclic conformer
is the lowest in energy. Therefore, they used a rotational barrier for the HB ring rotors (O-O, O-C,
C-O) from the HB structure, while the rest of the rotors are assigned rotational barriers from a
straight chain conformer. They estimated the uncertainty of such an assumption to be less than a
factor of two. However, this study shows that the HB configuration is not necessarily the lowest
energy conformer.

Figure 8. Calculated rate constants in this study for concerted elimination (CE) compared to rate
constants from 23 and 24. Reactions indicated by CE_CD format, as detailed in the Methods section.
Miyoshi 23 followed DC format.
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Figure 9. Calculated rate constants in this study for alternative isomerization (AI) compared to rate
constants from 25 and 24. Reactions indicated by NnCD format, as detailed in the methods section.
Yao et al. 25 followed NC format.
Comparison with analogous RO2 isomerization rates:
Miyoshi 23 suggested assigning the AI rates in analogy to the RO2 isomerization rate rules, where
the rates are a function of the transition state ring size and the position of both the abstracting
peroxy group and the abstracted site. However, OOQOOH species exhibit HB, whereas RO2
species do not. To assess Miyoshi’s
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assumption, the AI rates calculated in this study are

compared with analogous RO2 isomerization rates from Sharma et al. 16, Miyoshi 23 and Villano
et al. 38 where good agreement is generally observed.
For five-membered ring transition state AI, the rates for β-OOQOOH species (Figures 10.a-e)
are in good agreement with the analogous rates, particularly those reported by Miyoshi

23

and

Villano et al. 38. For γ- and Δ-OOQOOH species, as shown in Figures 10.f-h, the five-membered
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ring transition state AI rates (5AISS and 5AISP) are slightly lower than those estimated by Miyoshi
23

and Villano et al. 38, using analogy, but in good agreement with those estimated by Sharma et

al. 16 . This is because the AI reactions of γ- and Δ-OOQOOH follow group 2_b kinetics (Figure
3) where the minimum energy conformer of the transition state is HB conformer that is entropically
disfavored. This leads to a lower pre-exponential factor for the original rate constant (AI)
compared to the NHB rate constant that is analogous to the RO2 isomerization rate constant. The
differences in barrier heights observed in group 2_b will not have a major effect in this comparison
because both OOQOOH and RO2 isomerization rate constants show similar temperature
dependence.
Six-membered ring AI reaction rates are also in very good agreement with the analogous RO2
isomerization rates for γ-OOQOOH. However, lower rate constants are observed for 1OOH_4OOj,
6AIPS because once again it follows group 2_b kinetics, which results in a lower pre-exponential
factor for the original rate constant (OOQOOH isomerization) relative to the NHB rate constant
(RO2 isomerization). In contrast, the rates of 7AIPP reaction for 2OOH_1OOj species, estimated in
this study, are faster than those estimated for the same reaction using RO2 isomerization analogy,
as shown in Figure 10.b. This reaction follows group 2_a kinetics where the minimum energy
conformer of the reactant is the entropically disfavored HB conformer, which makes the original
rate constants (AI) have higher pre-exponential factor compared to the NHB rate constants (RO2
isomerization). Also, the steeper slope of the 7AIPP rates compared to the analogous RO2
isomerization rates indicates the effect of the higher original barrier (OOQOOH isomerization)
compared to the NHB barrier (similar to RO2 isomerization) as observed for group 2_a reactions
(Figure 3). On the other hand, 2OOH_4OOj, 7AIPP reaction (Figure 10.g) follows group 1_b
kinetic, where both the reactant and transition state are NHB conformers. Therefore, the calculated
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rates are expected to be similar to RO2 isomerization rates. However, an order of magnitude
difference is observed at high temperatures due to the entropy effect invoked by the extra rotors of
OOH group in the OOQOOH isomerization reactions.

Figure 10. Calculated rate constants in this study (solid lines) for alternative isomerization (AI)
compared with analogous rate constants from 16, 23 and 38. Reactions indicated by NnCD format,
as detailed in the Methods section. Sharma et al. 16 and Miyoshi 23 followed NDC format. Villano
et al. 38 followed NC format.
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5

Conclusion:
This work investigated the effect of HB on the calculated rate constants of the concerted

elimination, conventional and alterative H-migration of β-, γ- and Δ-hydroperoxybutylperoxy
radicals (OOQOOH). Rate parameters were provided, and rate constants were compared to those
available in the literature. As for OOQOOH branching ratio, six and seven-membered ring
conventional isomerizations were the dominant pathways, followed by six and seven-membered
ring alternative isomerizations, concerted elimination, five-membered ring conventional
isomerization and five-membered ring alternative isomerization. HB was evaluated by comparing
the most stable HB and NHB conformers of the species and transition states. The stabilization
energy is the energy difference between the two HB and NHB conformers, including the steric
cost needed to form the HB ring. β-OOQOOH reactants favored HB conformers except for tertiary
C-OO. and same chirality reactants for species where two chiral centers were present. NHB was
the minimum energy conformer for γ- and Δ-OOQOOH reactants. For products with two
oxygenated sites (KHP and P(OOH)2), HB was the most stable conformer, with few exceptions.
Conventional isomerization and concerted elimination transition states generally favored the NHB
conformers. Most of the alternative isomerization transition states were HB structures, for both
endocyclic and exocyclic C-OOH to the transition state ring.
The effect of these preferences on the rate constants was evaluated by comparing the original
rate constant, using the minimum energy conformers of the reactant and transition state, to the HB
and NHB rate constants, in which both the reactant and transition states were HB and NHB
structures, respectively. Two groups were identified, group one (1_a or 1_b), when both reactant
and transition state favored the same structures (HB or NHB), and group two (2_a or 2_b), when
the minimum energy conformer of the reactant and transition state were different conformers
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(HB/NHB or NHB/HB for reactant/transition state). Based on the stabilization or destabilization
energies of the species and transition state, it was found that β-OOQOOH mainly followed group
1_a or 1_b kinetics, while γ- and Δ-OOQOOH followed group 2_a or 2_b kinetics. The HB
alternative isomerization transition state of γ- and Δ-OOQOOH resulted in group 2_b reaction,
whereas the NHB transition states of the conventional isomerization and concerted elimination
lead to group 2_a reactions. This trend was observed for the selected butane OOQOOH radicals
and further studies with larger OOQOOH isomers are recommended for the more general trend.
The major effect was found for group one when the magnitude of the stabilization energy of the
reactant and transition state were relatively different. This affected the reaction barrier and resulted
in different HB and NHB rate constants. Meanwhile, a high magnitude of the stabilization energy
of the reactant or transition state resulted in significant differences between the original, HB and
NHB rate constants for group two reactions. The entropic term was also important in evaluating
differences in rate constants especially for group two. This is due to the different magnitudes of
reactant and transition state rotational barriers (HB vs. NHB rotational barriers) for the original
rates, which were compared to same magnitudes of reactant and transition state rotational barrier,
for the HB or NHB rate constants.
This classification of the groups was also used to clarify differences between the OOQOOH
alternative isomerization and their analogous RO2 isomerization rate constants, where the latter
was usually used in kinetic models. Good agreement was generally observed, and analogous RO2
isomerization rates can still be used for a few cases of OOQOOH alternative isomerization
reactions. However, care must be taken when assigning analogous rates for few alternative
isomerization reactions such as 5AISS, 5AISP and 7AIPP, where discrepancies were observed. This
is justified by the fact that the five-membered ring reactions follow group 2_b kinetics where the
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strong HB of the transition state resulted in lower pre-exponential factor, while the 7AIPP follows
group 2_a where the original rate constant (OOQOOH isomerization) is faster than the NHB rate
constant (similar to the RO2 isomerization).
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