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1. INTRODUCTION

Atmospheric decomposition of volatile organic compounds
(VOC) has long been known to be responsible for the formation
of tropospheric ozone in the presence of NOx.

1 The general
mechanism for how these species break down under atmospheric
conditions has been extensively studied (Figure 1). More re-
cently, interest in certain VOCs as possible alternative fuels has
begun to shift the focus toward determining their reaction
pathways in combustion systems.2 In both systems, alkyl radicals
are formed either by the abstraction of a hydrogen by hydroxyl
radicals or by bond scission reactions. These radicals then react
with O2 to form alkylperoxy radicals (reaction 1, Figure 1), which
can then undergo unimolecular isomerization reactions to form
hydroperoxyalkyl radicals (reaction 3, Figure 1) or concerted
elimination reactions to form olefins and HO2 (reaction 2,
Figure 1), or can react with other alkylperoxy radicals, •OH, or
NO to form an alkoxy radical (reactions 8�10, respectively,
Figure 1).3 In the presence of sufficient NO, reaction 10 is the
dominant pathway. Subsequent reactions involving alkoxy radi-
cals lead to significant chain branching and are responsible for the
composition and relative concentrations of the first generation of
end products. Alkoxy radicals are believed to participate in one of
three primary reactions. The first is the reaction with O2, forming

a carbonyl (QdO) and HO2 (reaction 11, Figure 1).4 The
second is a unimolecular decomposition reaction involving
scission of the α-C�C bond, yielding a shorter alkyl radical
(R00) and an aldehyde (CH2dO) (reaction 13, Figure 1).5 The
final reaction type is a unimolecular isomerization in which a
hydrogen atommigrates from the alkyl chain to the oxygen atom
(reaction 14, Figure 1); these reactions are referred to as
hydrogen-migration reactions.6 The relative importance of each
of these pathways varies, depending on the pressure and tem-
perature conditions in which the reaction takes place. Several
reviews have been written on the importance of alkoxy radicals in
the oxidation mechanism of hydrocarbons, particularly under
atmospheric conditions.3,7,8 However, little attention has been
given to their role in combustion reaction pathways.

Due to the reactive nature of the radical intermediate species,
experimental studies utilize product analysis, resulting in rate
coefficients that are expressed relative to the reaction between
the alkoxy radical and O2. Although there is a large body of work
on decomposition reactions, the experimental literature on
H-migrations in alkoxy radicals is limited to reactions involving
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butoxyl, 1- and 2-pentoxyl, and 5-methyl-2-hexoxyl.8�15 These
particular radicals have been selected because they are the
smallest molecules that are capable of undergoing 1,5 H-migra-
tion reactions involving the transfer of primary, secondary, and
tertiary hydrogen atoms.

The discussion of H-migration reactions often relies on a
conceptual framework developed by Benson in his work on the
alkyl radicals.16 According to this model, the activation energy,
Ea, for H-migration reactions can be estimated on the basis of
structural similarities to other reactions and compounds:

Ea ¼ Estrain þ Eabs

Due to the cyclic nature of H-migration transition-state species,
the energy required to form the ring component is approximated
by the ring strain of an (n+1) cycloalkane, Estrain, where n is the
total number of carbon and oxygen atoms contained within the
ring. The barrier height for the potential energy surface (PES) of
the migrating hydrogen is approximated by the activation energy
for a bimolecular H-abstraction reaction, Eabs, between either an
alcohol or alkane and an alkoxy radical (reactions 18 and 19).

R1OH þ R2O
• T •Q 1OH þ R2OH ð18Þ

or

R1 þ R2O
• T •Q 1 þ R2OH ð19Þ

Based on this model, the 1,5 H-migration reactions, which
should exhibit ring strain energies similar to cyclohexane, are
expected to have the lowest barrier heights. Later work by
Mereau et al.,5,17 Somnitz et al.,18 Johnson et al.,9 Atkinson
et al.,3 as well as Vereecken and Peeters6,19�21 expanded on this
concept to develop a structure�activity relationship (SAR)
method for estimating unknown kinetic parameters on the basis
of themoieties present on the radical and the site of themigrating
hydrogen. Similar SAR studies have also been conducted for
H-migrations in alkyl and alkylperoxy radicals.22�24 Because the
1,5 H-migration is expected to have the lowest barrier, most of
the above alkoxy radical SAR studies do not include a ring strain
component and instead only predict the 1,5 H-migration reac-
tion. However, the recent study by Vereecken and Peeters does
include consideration of other H-migration types, and as such
contains a ring strain component, though it is based on averages
of computational work and not cycloalkanes.6 The ultimate goal

of these SAR methods is to reduce the number of input variables
needed to predict kinetic parameters, enabling the development
of computer models that predict reaction pathways and end
product formation for systems that lack experimental values.

However, recent experimental and computational results
suggest that the use of the cycloalkane model may result in
erroneous predictions of the dominant reaction pathways, for
both the alkyl and alkylperoxy systems.25�28 Tsang et al., while
conducting pyrolysis experiments on octyl radicals, found
that the 1,6 H-migration reactions have a lower barrier height
than the 1,5 H-migrations for large alkyl radicals.26 Similarly,
Baldwin et al. showed that the 1,6 H-migration also has a lower
barrier height than the 1,5H-migration for the alkylperoxy radicals.25

The findings for both of these mechanistically similar reaction
systems raise serious questions about the relative barrier heights
of the 1,5 and 1,6 H-migration reactions. However, prior to the
recent study by Vereecken and Peteers, both experimental and
theoretical studies limited themselves to systems in which either
the 1,6 H-migration did not exist (the 1-butoxy or 2-pentoxy
radicals) or the 1,6 H-migration involved the abstraction of a
primary hydrogen, which has been demonstrated to raise the
barrier height by ∼2�3 kcal mol�1.6,9�15,29 Although Thiriot
et al. did mention the possible competitive nature of the 1,6
H-migration, their use of the pentoxy radical means that their
results undervalue the relative importance of this pathway for
larger alkoxy systems.29 Vereecken and Peteers also reported on
the co-competitive nature of the 1,6 H-migration reaction, this
time using the hexoxy radical, and found the barrier height to be
slightly higher for the 1,6 than the 1,5 H-migration.6 Although
this result differs from the trends in both the alkyl and alkylperoxy
radical H-migration reactions, no explanation for the divergence
has yet been reported.

Another problem with the cycloalkane conceptual model is
that it treats all secondary abstractable hydrogens as equivalent,
meaning that the barrier height for a 1,5 H-migration from a
secondary site in a pentoxyoxy radical will be the same as in a
hexoxy radical since both involve the movement of a secondary
hydrogen. However, our studies on alkyl and alkylperoxy radical
H-migration reactions demonstrate a clear and consistent differ-
ence in energy between a hydrogen that is on a terminal adjacent
carbon and one that is farther down the chain.27,28 These
differences in alkyl and alkylperoxy radicals are large enough to
affect the reliability of smaller model systems for the prediction of
rate parameters in large hydrocarbon reaction mechanisms. In the
case of the small differences in barrier heights reported byVereecken
and Peteers between the 1,5 and 1,6 H-migration barrier heights,
the 0.3�0.5 kcal mol�1 difference between 1,6 H-migrations
involving a terminal adjacent and a nonterminal adjacent hydro-
gen atom, seen in both the alkyl and alkylperoxy systems, could
make the barrier lower for the 1,6 than the 1,5 H-migration.27,28

The present study attempts to (1) determine the relative
importance of the 1,6 H-migration compared to the 1,5 H-mi-
gration in terms of both barrier heights and the overall rate
constants; (2) assess possible structural differences between alkyl,
alkoxy, and alkylperoxy radicals that may be responsible for any
observed differences between the three systems; (3) compare the
relative importance of the unimolecular reactions in the hydro-
carbon oxidation mechanism that are responsible for the end
products and determine how this importance changes with tem-
perature; and (4) address the selection of smaller chain hydro-
carbons as models for longer chain molecules and make
recommendations for future studies.

Figure 1. Some of the important reactions (reactions 1�17) that are
present in the hydrocarbon oxidization mechanism. The series of
reactions shown in red is the focus of this study.



18210 dx.doi.org/10.1021/ja204806b |J. Am. Chem. Soc. 2011, 133, 18208–18219

Journal of the American Chemical Society ARTICLE

2. COMPUTATIONAL METHODOLOGY

Frequency and geometry optimizations for all reactant, product, and
transition-state calculations are performed using Gaussian 03 for the
CBS-Q and G2 composite methods and the Gaussian 09 suite of
programs for the G4 data set.30,31 The geometries selected for the
transition states are based on the corresponding (n+1)-cycloalkane
model and the recommendations of previous studies.27,28 For the
cycloheptane- through cyclononane-based systems, the lowest energy
conformations reported by Anconi et al., Franco et al., and Wilberg are
used.16,32�34 In each case, the carbon that is selected to serve as a model
for the migrating hydrogen is chosen in an attempt to reduce any gauche
interactions. The CBS-Q, G2, andG4 composite methods are chosen for
their high accuracies, having reported standard deviations of 1.1, 1.0, and
0.8 kcal mol�1, respectively.35,36 Transition states are confirmed by the
presence of a single negative frequency that corresponds to the reaction
path of the migrating hydrogen.
Because both the CBS-Q andG2methods determine low-level HF/6-

31G(d) frequencies for zero point energy corrections, additional
geometry and frequency calculations are carried out using MP2/6-
31G(d) for the reactants, products, and transition-state species. The
selection of MP2/6-31G(d) is based on its similarity to the final
geometry optimizations of both CBS-Q and G2, which are MP2/6-
31G(d‡‡) andMP2(full)/6-31G(d), respectively.37 The resulting MP2/
6-31G(d) frequencies are used to determine the A-factor and tunneling
correction factor, k(T), for the CBS-Q andG2 data sets. For the G4 data
set, the B3LYP/GTBas3 frequencies calculated within this composite
method are used. Tunneling transmission coefficients are determined
using the methods proposed by Wigner and by Skodje and Truhlar
(S&T).38�40 Both methods have the advantage of not requiring
full intrinsic reaction coordinate calculations and have been demostrated
to give reasonable approximations of the more computationally de-
manding small-curvature tunneling (SCT) and large-curvature tunnel-
ing (LCT) methods.2,28,41 The exact methods and calculations used for
both tunneling methods and the A-factor determination have been
described.27,28 Frequencies and rotational constants are listed in the
Supporting Information, Table S1.A,B.
Hydrogen migration reactions are often described using one of two

methods: either as an a,b H-migration, where a is the location of the
radical on the reactant and b is the location on the product side, or by a
method first described by Hardwidge et al., which uses an Ncd format,
whereN is the number of components in the ring of the transition state,
including the hydrogen, and c and d are the types of product and reactant
radical sites (p = primary, s = secondary, and t = tertiary) (Figure 2).42

Following these methods, a 1,6 H-migration in a hexoxy radical would be
described as a 7sp transition. This paper will utilize both methods to

highlight different aspects of the isomerization reactions. However, the
secondary sites using Hardwidge’s method will be sublabeled as either sα
or sβ, depending on the location of the secondary radical site relative to
the end of the alkyl chain. The symbol sα will be used for secondary sites
that are directly adjacent to the terminal carbon, and sβ will represent
those that are two or more methylene groups away from a terminus. An
A or E superscript will also be used to denote whether the remaining
alkyl chain has an axial or equatorial geometry, respectively, when
deemed relevant. Thus, the above heptyl 1,6 H-migration reaction with
an equatorial transition-state geometry will be indicated as 7sβ

Ep.

3. RESULTS AND DISCUSSION

3.1. Calibration of Computational Methods. The reliability
of the CBS-Q, G2, and G4 computational methods used in this
study has previously been evaluated by Curtiss et al. and
Ochterski et al. using the energies of 125 computationally
determined reactions and comparing them to corresponding
experimental values.35�37,43 They reported mean absolute devia-
tions of approximately 1.1, 1.0, and 0.8 kcal mol�1 for CBS-Q,
G2, and G4, respectively. However, many of these include
molecules and reactions types that are different from the unim-
olecular processes involving alkoxy radicals reported here. As a
result, the accuracy relative to alkoxy radicals and alkenes may be
higher or lower than these values. In order to determine the
reliability of the composite methods for obtaining the thermo-
dynamic properties of alkoxy radicals, five reactions are used to
assess the validity of the models used in this study (Table 1),
compared to the experimentally determined enthalpy of reaction
(ΔHrxn) values.

44 Although the root-mean-squared (rms) devia-
tions of eachmethod, 1.2, 1.7, and 1.3 kcal mol�1 for CBS-Q, G2,
and G4 respectively, are larger than the above values, the
predicted ΔHrxn values are either within or very close to the
experimental uncertainty for each reaction (Table 1). This
suggests that the values reported here are comparable to experi-
mental results. As for the overall accuracy of the computational
methods, the predicted rate coefficients are in reasonable agree-
ment with the available high-temperature values from the literature
for the butoxy radical 6pp reaction (Figure 3A).2,3,14,17,45 How-
ever, significant discrepancies occur when the S&T tunneling
method is used for temperatures below 400 K, for the G4 data set.
The divergence below this temperature is expected on the basis of
the findings of Zheng and Trular, as well as our previous study.28,46

For temperatures below 400 K, which is where themajority of the
studies are focused, the Wigner method is recommended over
the S&T method, though the resulting transmission coefficient
values are expected to be low. On the other hand, both the G2
andG4methods give results for the C�Cbond scission reactions
that are in excellent agreement with Somnitz and co-workers but
are much higher than the experimental values reported by
Baldwin et al. (Figure 3B).18,45,47,48 Where discrepancies exist,
they are likely due to the fact that the experimental rate values are
determined relative to the reaction between O2 and the alkoxy
radical. This validates the reliability of both the activation energy
andA-factor values and highlights the importance of selecting the
right method for determining tunneling at low temperatures.
3.2. Enthalpies of Reaction.All threemethods are in reasonable

agreement for the reaction enthalpies, particularly for the shorter
chain alkoxy radicals. The reaction enthalpies for the CBS-Qmethod
are consistently greater than those obtained with the G2 and G4
composite methods, and this difference appears to increase with
the size of the molecule, ranging from 0.4 to 2.5 kcal mol�1 for

Figure 2. Diagram of the nomenclature used in this study to describe
the H-migration reactions.
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the propoxy 5pp and heptoxy 6sβp reactions, respectively. The
G2 and G4 methods demonstrate an excellent agreement, with
the G4 generally exhibiting a larger reaction enthalpy than the G2
by roughly 0.5 kcal mol�1.
Within each data set, a clear pattern emerges between the loca-

tion and the overall stability of the radical site. For each of the

alkoxy radicals, the most stable location for the radical is on C1,
which is adjacent to the terminal oxygen group (see Figure 4 and
Table 2). As a result, the 1,2 H-migration reactions produce the
most stable end product. Of these, the methoxy 3pp reaction has
the least exothermic ΔHrxn; further elongation of the alkyl chain
leads to an increase by∼1.5 kcal mol�1 to themaximum value for
the 3sαp, which then reduces by∼0.8 and 0.3 kcal mol�1 for the
G2 and G4 3sβp valus, respectively. For the CBS-Q data set, an
apparent size-dependent error obscures any difference between
NspΔHrxn values for a givenN. WithΔHrxn values between�8.5
and �10.5 kcal mol�1, for both the G2 and G4 methods, the
alkoxy radical 3sp reactions are significantly more exothermic
than the corresponding reactions in alkyl radicals, which have
ΔHrxn values ranging from �2.4 to �2.9 kcal mol�1.28 Moving
the product radical site one methylene group down the chain, the
result of a 1,3 H-migration, leads to the least exothermicΔHrxn of
all the H-migration reactions. Similar to the 1,2 H-migration
reactions, the primary�primary reaction, 4pp, is the least ther-
modynamically favorable, and the primary to terminal adjacent
secondary radical site, 4sαp, is the most favorable of this class of
reactions. Further elongation of the carbon chain, the 4sβp products,
results in a 0.4�0.6 kcal mol�1 destabilization. The remaining

Figure 3. (A) Comparison of the butoxy radical 1,5 H-migration
reaction rate coefficients calculated in this study and those reported in
other studies (aref 9, bref 14, cref 3, dref 45, eref 2). (B) Comparison of
C�C bond scission reaction rate coefficients calculated in this study and
those reported in other studies (aref 47, bref 48, cref 18, dref 45). Black
lines and symbols represent experimentally derived values.

Table 1. Comparison of Experimental ΔH̊rxn with Values Determined Using the Three Computational Methods in This Study
(298 K)44

ΔH̊rxn (kcal/mol)

reaction exptl44 CBS-Q G2 G4

(1) CH3O
• T •CH2OH �9.1 ( 0.5 �8.9 �8.6 �8.4

(2) CH3CH2O
• T CH3

•CHOH �9.7 ( 0.8 �10.5 �10.4 �10.0

(3) CH3CH2O
• T •CH2CH2OH �4.2 ( 1.8 �2.4 �2.6 �2.4

(4) CH3CH2CH2O
• T CH3CH2

•CHOH �12.2 ( 2.2 �10.3 �9.5 �9.6

(5) CH3
•CHCH2OH T •CH2CH2CH2OH 2.8 ( 2.8 1.7 1.4 1.8

(6) CH3CH2CH2O
• T CH3CH2

• þ CH2O 9.6 ( 2.3 9.6 9.2 10.2

(7) CH3CH2O
• T CH3CH2O 15.6 ( 0.8 14.2 13.0 15.6

rms dev 1.2 1.7 1.3

Figure 4. Plot of the G4 enthalpy of reaction for the H-migrations for
each alkylperoxy radical (at 0 K), and the labeling scheme used for the
discussion of abstraction sites.
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H-migration reaction products all follow a similar pattern, with
the Npp product being the least exothermic and the Nsαp being
∼2.5�3 kcal mol�1 more stable; further elongation of the alkyl
chain, the Nsβp, causes a ∼0.3 kcal mol�1 destabilization. The 1,5
through 1,8 H-migrations all exhibit similarΔHrxn values for a given
abstraction site type (i.e., p, sα, or sβp). These results suggest that
both a terminal oxygen and a terminal carbon group affect the
stability of not only the adjacent site but also theβ-methylene group.
A similar pattern in reaction enthalpies is observed for the

unimolecular bond scission reactions. For the C�H bond
scission reactions, in particular, the effect that each sequential

elongation of the chain has on the ΔHrxn is quite dramatic. For
the C�H bond scission in the methoxy radical, the lack of
additional alkyl groups on C1 results in the most endothermic
reactions of the entire data set reported here. The addition of a
singlemethyl group reduces theΔHrxn by∼5 kcal mol�1 for each
composite method. In each case, the C�H bond scission
reaction enthalpy for propoxy is larger than that for ethoxy by
between 0.5 and 1.1 kcal mol�1, depending on the method used.
However, further elongation leads to a net decrease for the CBS-
Q, a continuous increase for G4, and a constant value for the G2
data set (Table 3). For the C�C bond scission reactions, a

Table 2. Activation Energies and Reaction Enthalpies for the Alkoxy Radical H-Migration Reactions (kcal mol�1) at 0 Ka

migration type ΔHrxn (kcal mol
�1) ΔHq (kcal mol�1)

alkyl radical 1,n Nab CBS-Q G2 G4 CBS-Q G2 G4 theor exptl

methoxy 1,2 3pp �9.1 (�8.9) �8.8 (�8.6) �8.5 (�8.4) 29.1 (29.1) 29.9 (29.9) 30.1 (30.1)

ethoxy 1,2 3sαp �10.4 (�10.5) �10.4 (�10.4) �10.1 (�10.0) 26.9 (26.6) 27.3 (27.0) 27.7 (27.6)

propoxy 1,2 3sβp �10.3 (�10.3) �9.6 (�9.5) �9.7 (�9.6) 27.0 (26.8) 28.0 (27.8) 28.0 (27.9)

butoxy 1,2 3sβp �10.6 (�10.6) �9.6 (�9.5) �9.9 (�9.7) 26.8 (26.6) 28.0 (27.8) 27.8 (27.8) 25.250

pentoxy 1,2 3sβp �10.4 (�10.4) �9.6 (�9.5) �9.7 (�9.6) 26.9 (26.7) 28.0 (27.8) 27.9 (27.9)

hexoxy 1,2 3sβp �11.1 (�11.1) �9.6 (�9.5) �9.8 (�9.7) 25.9 (25.7) 28.0 (27.8) 27.8 (27.8)

heptoxy 1,2 3sβp �11.1 (�11.1) �9.6 (�9.5) �9.8 (�9.7) 26.0 (25.7) 27.9 (27.8) 27.8 (27.8)

ethoxy 1,3 4pp �2.5 (�2.4) �2.8 (�2.6) �2.7 (�2.4) 27.8 (27.2) 28.8 (28.3) 29.4 (28.9)

propoxy 1,3 4sαp �5.6 (�5.3) �4.9 (�4.5) �5.3 (�4.9) 25.1 (24.7) 27.0 (26.6) 27.1 (26.7)

butoxy 1,3 4sβp �5.3 (�5.1) �4.5 (�4.2) �5.1 (�4.7) 24.9 (24.5) 26.7 (26.3) 26.7 (26.3) 24.850

pentoxy 1,3 4sβp �5.6 (�5.4) �4.5 (�4.2) �5.0 (�4.6) 24.9 (24.4) 26.7 (26.2) 26.8 (26.4)

hexoxy 1,3 4sβp �6.6 (�6.4) �4.5 (�4.2) �5.1 (�4.7) 23.6 (23.1) 26.7 (26.2) 26.7 (26.3)

heptoxy 1,3 4sβp �6.3 (�6.1) �4.5 (�4.3) �5.1 (�4.7) 23.8 (23.3) 26.6 (26.2) 26.6 (26.3)

propoxy 1,4 5pp �3.9 (�3.6) �3.4 (�3.1) �3.5 (�3.1) 19.5 (18.7) 21.3 (20.6) 21.4 (20.7) 20.26

butoxyE 1,4 5sα
Ep �6.6 (�6.3) �5.9 (�5.6) �6.5 (�6.1) 16.3 (15.7) 18.3 (17.6) 18.1 (17.6) 15.3,50 16.7,6 19.82

pentoxyE 1,4 5sβ
Ep �6.0 (�5.8) �5.5 (�5.3) �5.9 (�5.6) 16.4 (15.8) 18.1 (17.5) 18.1 (17.5)

hexoxyE 1,4 5sβ
Ep �7.6 (�7.4) �5.5 (�5.3) �6.1 (�5.7) 14.4 (13.7) 18.0 (17.4) 18.0 (17.4)

heptoxyE 1,4 5sβ
Ep �7.7 (�7.6) �5.5 (�5.3) �6.1 (�5.7) 14.0 (13.3) 18.0 (17.4) 17.9 (17.4)

butoxyA 1,4 5sα
Ap �6.6 (�6.3) �5.9 (�5.6) �6.5 (�6.1) 16.6 (15.9) 18.6 (17.9) 18.6 (18.0)

pentoxyA 1,4 5sβ
Ap �6.0 (�5.8) �5.5 (�5.3) �5.9 (�5.6) 16.7 (16.0) 18.3 (17.6) 18.4 (17.8)

hexoxyA 1,4 5sβ
Ap �7.6 (�7.4) �5.5 (�5.3) �6.1 (�5.7) 14.3 (13.6) 18.2 (17.5) 18.3 (17.7)

heptoxyA 1,4 5sβ
Ap �7.7 (�7.6) �5.5 (�5.3) �6.1 (�5.7) 13.2 (12.5) 18.1 (17.5) 18.2 (17.6)

butoxy 1,5 6pp �3.7 (�3.5) �3.0 (�2.8) �3.4 (�3.0) 8.7 (7.7) 10.8 (9.9) 10.4 (9.5) 8.6,6 9.2,50 9.9,17 11.3,45

11.9,2 13.245,48
7.39

pentoxyE 1,5 6sα
Ep �6.7 (�6.5) �5.7 (�5.4) �6.3 (�5.9) 6.3 (5.5) 8.5 (7.6) 8.3 (7.5) 6.2,6 7.5,17 7.8,17 8.118 5.89

hexoxyE 1,5 6sβ
Ep �7.2 (�7.1) �5.4 (�5.1) �6.0 (�5.6) 4.4 (3.6) 8.2 (7.3) 7.9 (7.1) 7.617

heptoxyE 1,5 6sβ
Ep �8.1 (�7.9) �5.4 (�5.1) �5.9 (�5.6) 2.5 (1.6) 8.0 (7.2) 7.8 (7.1)

pentoxyA 1,5 6sα
Ap �6.7 (�6.5) �5.7 (�5.4) �6.3 (�5.9) 6.7 (5.8) 8.6 (7.8) 8.5 (7.7)

hexoxyA 1,5 6sβ
Ap �7.2 (�7.1) �5.4 (�5.1) �6.0 (�5.6) 4.9 (4.0) 8.1 (7.3) 7.9 (7.1)

heptoxyA 1,5 6sβ
Ap �8.1 (�7.9) �5.4 (�5.1) �5.9 (�5.6) 2.3 (1.4) 8.0 (7.1) 7.8 (7.0)

pentoxy 1,6 7pp �3.7 (�3.5) �3.2 (�2.9) �3.4 (�3.0) 9.6 (8.5) 10.9 (9.8) 10.8 (9.7) 8.96

hexoxyE 1,6 7sα
Ep �7.8 (�7.5) �5.8 (�5.5) �6.4 (�6.0) 5.4 (4.5) 8.2 (7.2) 8.1 (7.3) 6.36

heptoxyE 1,6 7sβ
Ep �7.3 (�7.2) �5.5 (�5.2) �6.1 (�5.7) 3.8 (2.8) 7.8 (6.9) 7.8 (6.9)

hexoxyA 1,6 7sα
Ap �7.8 (�7.5) �5.8 (�5.5) �6.4 (�6.0) 5.9 (4.9) 8.8 (7.8) 8.9 (8.0)

heptoxyA 1,6 7sβ
Ap �7.3 (�7.2) �5.5 (�5.2) �6.1 (�5.7) 4.9 (3.8) 8.3 (7.3) 8.6 (7.6)

hexoxy 1,7 8pp �4.3 (�4.1) �3.2 (�2.9) �3.5 (�3.1) 12.0 (10.8) 14.0 (12.8) 13.9 (12.8) 11.36

heptoxyE 1,7 8sα
Ep �7.4 (�7.2) �5.8 (�5.5) �6.4 (�6.0) 8.3 (7.2) 11.2 (10.2) 11.2 (10.2) 8.66

heptoxyA 1,7 8sα
Ap �7.4 (�7.2) �5.8 (�5.5) �6.4 (�6.0) 8.8 (7.7) 11.8 (10.7) 11.9 (10.8)

heptoxy 1,8 9pp �4.6 (�4.5) �3.4 (�3.2) �3.9 (�3.5) 12.6 (11.2) 14.8 (13.6) 14.8 (13.6) 13.06

aValues in parentheses are at 298 K. Energies are relative to the reactant alkoxy radical for each molecule.
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slightly different trend than either the H-migrations or C�H
bond scission reactions is observed. For these reactions, the
presence of an additional methyl group at the bond scission site
again produces the most stable product, but unlike the previous
two reaction groups, further elongation of the chain yieldsΔHrxn

values that are roughly equivalent to those for the ethoxy radical.
Overall, the reaction enthalpies for the H-migration reactions

are more exothermic than those for the bond scission reactions.
As a result, the H-migration reactions are more thermodynami-
cally favorable, and, if equilibrium is established, the reactions will
favor the transfer of a hydrogen atom along the alkyl chain to the
terminal oxygen. However, for the bond scission reactions,
because the reaction results in the formation of two new
molecules, the forward direction of these reactions is also
expected to be favored. For both sets of unimolecular reactions,
the reactions that result in the formation of a terminal carbon
radical have the least favorableΔHrxn values. Also, for each group
reactions, there is a clear difference in reaction enthalpies
between those reactions that involve a terminal adjacent second-
ary site and those that involve a nonterminal adjacent secondary
site. These trends are consistent with our previous findings on
alkyl and alkylperoxy radicals, which also exhibited a significant
difference between the primary and secondary sites and, to a
lesser extent, between the α- and β-secondary radical sites.27,28

This means that the oversimplification of treating all secondary
sites as having equivalent reaction enthalpies for a given reaction
type could lead to significant errors in the predicted behavior and
relative end product formation of these reactions.
3.3. Activation Energies. On the basis of the cycloalkane

conceptual model that is commonly used to predict the relative
importance of the H-migration reactions, the activation energies
are expected to mirror the ring strain energies of (n+1)-cycloalk-
anes (Figure 2). This means that the activation energies are
expected to decrease with each successive increase in transition-
state ring size between the 1,2 and 1,5 H-migrations, after which
the barrier height will increase with each further expansion of the
ring. As a result, the 1,5H-migration reaction transition states will
have ring strain components roughly equal to that of cyclohex-
ane, and the 1,6 H-migration reaction transition states will have
ring strain components equivalent to that of cycloheptane. The
difference between the activation energies of the 1,5 and 1,6
H-migration reactions is therefore predicted to be approximately
6 kcal mol�1.16,24 However, for both the alkyl and alkylperoxy
radicals, the activation energies for the H-migration reactions do
not follow this trend. In the case of alkylperoxy radicals, early
work by Baldwin and co-workers demonstrated that the 1,6
H-migration reaction has a 4.8 kcal mol�1 lower barrier height
than the 1,5 H-migration.25 Similarly, recent shock tube experi-
ments by Tsang and co-workers suggested the 1,6 H-migrations
in octyl radicals are approximately equal in energy to the 1,5
reactions.26 Our own computational studies confirm the results
Baldwin et al., with the 1,6 H-migration being between 1.0 and
1.2 kcal mol�1 lower in energy than the 1,5 H-migration in
alkylperoxy radicals, using the G2 composite method. However,
for the alkyl radicals, the 1,6 H-migration was found to be
between 0.4 and 0.7 kcal mol�1 lower in energy than the 1,5
H-migration, using either the G2 or G4 methods.27,28 These
lower than expected barrier heights alter the perceived impor-
tance of each of the different reaction pathways. As a result, the
1,5 and 1,6 H-migrations will be co-competitive at high tem-
peratures; at low temperatures, the lower activation energies for
the 1,6 H-migrations lead to an alteration in the dominant

pathway for both systems. A possible cause for this divergence
from the predicted values is the result of inaccuracies in one of the
underlying assumptions to the (n+1)-cycloalkane conceptual
model. It can be argued that, for the smaller transition-state
rings, the ability of cycloalkanes to predict the ring strain
associated with the formation of the transition state is accurate.
Unfortunately, these estimation methods also rely on bimolecu-
lar H-abstraction reactions, involving similar radicals and abstrac-
tion sites, to model the PES of the migrating hydrogen. For
alkoxy radical H-migrations, the bimolecular reaction between an
alkoxy radical and an alkane, leading to the formation of an
alcohol and an alkyl radical, is used as the model system (reaction
19). In the bimolecular reactions, the hydrogen atoms move
along a nearly linear path from one site to the other; however, the
ring structure of the H-migration transition state alters the PES,
causing the migrating hydrogen to move along a different, higher
energy pathway. As transition-state size increases, the ring strain
associated with its formation decreases, enabling the migrating
hydrogen to traverse a PES that is more accurately modeled by
the bimolecular H-abstraction reactions, primarily due to the
broadening of the O�H�C bond angle in the transition state
(Figures 2 and 5). For both the alkyl and alkylperoxy radical
H-migration reactions, the interplay between these energetic
components results in a failure within the model to predict the
most favorable pathway for large hydrocarbon radicals at low
temperatures, where the 1,6 H-migration reaction has a higher
rate constant than the 1,5. However, this is not the case for the
alkoxy radicals. For the computational methods used here, the
1,6 H-migration reactions have either an equivalent barrier, as is
the case for both the G4 and G2 data sets, or a barrier that is
approximately 1.0 kcal mol�1 higher than that of the 1,5
H-migration reactions, as seen in the CBS-Q data (Figure 6,
and Table 2). In each case, the cycloalkane model fails to
accurately predict the relative difference in barrier height be-
tween the 1,5 and 1,6 H-migration reactions. When combined
with the A-factor, as will be discussed in the next section, the
ability of the cycloalkane model to predict the relative impor-
tance of the rate constants fails for both the alkylperoxy and alkyl
radicals, but for the alkoxy radicals, the 1,5 H-migration remains
the dominant pathway, though not by as much as predicted.
These discrepancies between the mechanistically similar

H-migrations in alkyl, alkoxy, and alkylperoxy radicals raise the
question of what differences between the three radical groups
could lead to the observed variations in the reaction pathways.

Figure 5. Graph of the MP2/6-31G(d) angles between the migrating
hydrogen and the bridge head sites for the alkyl, alkoxy, and alkylperoxy
H-migration reactions. Values for the alkyl and alkylperoxy are taken
from our other recent studies.27,28
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One possible explanation can be found by comparing the angles
by which the hydrogen atoms migrate in each H-migration and
the angles by which a hydrogen atom moves from one molecule
to another in a related bimolecular H-abstraction reaction.
Because the bimolecular H-abstraction reactions are not con-
strained by cyclic structures, the angle between the radical,
hydrogen, and abstraction site, the X�H�C angle, should
accurately represent the optimal angle for a migrating hydrogen.
The larger the differences between the two sets of angles are, the
higher the activation energy for the 1,n H-migrations should be.
Although the X�H�C angles for the H-migration reactions in
each of the three radical systems are similar (Figure 5), the same
angles for their respective bimolecular analogues are vastly
different. In the case of the alkyl radical systems, Dybala-
Defratyka et al. reported C�H�C angles of 177.0�, 177.5�,
and 179.2� for the ethane/ethyl bimolecular H-abstraction
reactions using the MP2/6-31G(d†), MP2(full)/6-31G(d),
and B3LYP/6-31G(2df,p) levels of theory, respectively.49 Both
the 1,5 and 1,6 H-migration C�H�C angles differ significantly
from the bimolecular angles, with values of approximately
153� and 166�, respectively.28 Because the angular strain
energies decrease at a lower rate, as the ideal value is approached,
the pathway the 1,5 H-migration traverses along the model PES
will be much higher in energy than for the 1,6. As a result, the 1,6
H-migration has a lower barrier than the 1,5 reaction for alkyl
radicals. On the other hand, for the bimolecular reactions involving
the alkoxy radicals, Lendvay and Viskolcz reported O�H�C
angles of 161.1� and 168.8� for the methoxy/ethanol andmethoxy/
propane, respectively, using MP2/6-31G(d).50 This 9�17� reduc-
tion in angle, compared to the alkyl radical system,means that the
alkoxy 1,5 H-migration O�H�C angle is only 10�17� away from
the ideal value, which is significantly less than the 24�26� difference
in the alkyl radical 1,5 H-migration C�H�C angles. The smaller
deviation in the alkoxy system indicates that the migrating
hydrogen will traverse a lower energy pathway along the model
PES, resulting in a lower barrier height. This would partially
explain why the activation energy for the 1,5 H-migration reaction
remains less than or equal to that for the 1,6 H-migration for the
alkoxy radicals but not the alkyl or alkylperoxy systems. As a result,
the 1,6 H-migration reactions will play a larger role in the overall
oxidation and decomposition pathways of long-chain hydrocar-
bons than has been indicated by previous studies, but not to the
same extent as observed in the alkyl or alkylperoxy radicals.
The remaining unimolecular reactions follow trends similar to

those predicted by an (n+1)-cycloalkane model. The 1,2 and 1,3

H-migration reactions have the highest activation energies and
are therefore not expected to contribute meaningfully to the end
product formation (Figure 6 and Tables 2 and 3). The values
reported here for these reaction groups are in reasonable agree-
ment with those reported by Lendvay and Viskolcz, given the
difference in accuracy between their BAC-MP4 and the compo-
sitemethods used here.50 Increasing the ring size of the transition
state to the 1,4 H-migrations reduces the barrier height by
approximately 8�10 kcal mol�1 in each of the composite methods.
The resulting 17.0�21.4 kcal mol�1 activation energies are lower
than the 19.4�22.8 kcal mol�1 barriers for the C�H bond
scission reactions, in the G2 and G4 data sets. The activation
energies for the 1,4 H-migrations are in good agreement with the
CBS-QB3 values reported by Vereecken and Peeters, but are
∼3 kcal mol�1 larger than those reported by Lendvay and
Viskolcz.6,50 At the same time, the C�H bond scission values
reported here are 2.6 kcal mol�1 lower than those reported by
Lendvay and Viskolcz, but are in good agreement with those
reported by Zhang et al. and Hoyermann et al.51,52 As a result,
the 1,4 H-migration reactions will not play as significant a role in
the overall reaction mechanisms as reported by Lendvay and
Viskolcz. Further expansion of the transition-state ring results in
the previously discussed 1,5 and 1,6 H-migration reactions.
These two reaction groups have the lowest barrier heights and
are therefore expected to contribute the most to the end product
distribution, particularly at low temperatures. The CBS-Q values
for the 1,5 and 1,6 H-migration reactions are in good agreement
with the CBS-QB3 values reported by Vereecken and Peeters,
but the G2 and G4 values are much higher.6 The G2 and G4
values for the 1,5 H-migration reactions are also significantly
higher than the values experimentally derived by Johnson et al.;
however, the resulting rate constant of their study and those
reported here (see discussion below) are in excellent agreement.9

This, when combinedwith the good agreement with other literature
values, suggests that the values reported here are accurate.2,17,18,45,50

The C�C bond scission reactions are also expected to make a
significant contribution to the end product formation. Although
their barrier heights are roughly 6.0 kcal mol�1 higher than those
of either the 1,5 or 1,6 H-migrations, their transition states
require far less rearrangement and will therefore have a higher A-
factor. The activation energies reported here for the C�C bond
scission are in good agreement with the recent CBS-QB3 data of
Vereecken and Peeters.21 The majority of the other theoretical
values are within rms error of the composite methods in this
study (Tables 1 and 3).18,45,48,50 It is interesting to note that the
1,4 H-migration activation energies reported by Lendvay and
Viskolcz are lower than those reported here, and at the same
time, the C�C bond scissions are higher.50 These differences
have a significant impact on the relative importance of each of
these two pathways. Finally, the 1,7 and 1,8 H-migration transi-
tion states both have higher activation energies than those for the
1,5 and 1,6 reactions. As a result, their contributions to the end
product composition are expected to be minimal.
On the basis of the relative barrier height of each of the

unimolecular reactions, the 1,5 H-migrations are expected to be
the dominant pathways, with the 1,6 H-migrations contributing
significantly to the overall mechanism. The C�C bond scission
reactions, which have less restricted transition states, will also
contribute to the end products. Because the 1,4 H-migrations
have both a higher activation energy than the C�Cbond scission
reactions and a lower A-factor, they will not be a competitive
reaction pathway at any temperature. This final point is in direct

Figure 6. Bar graph of the activation energies for the bond scission
reactions and the Npp and NsEp H-migrations reactions for each of the
alkoxy radicals.
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conflict with the predictions of Lendvay and Viskolcz, who stated
that the 1,4 H-migration reactions would compete with the C�C
scission reactions.50 The remaining unimolecular reactions will
not contribute significantly to the overall combustion and atmo-
spheric decomposition mechanisms of hydrocarbons.
3.4. Rates.Although activation energies are a good indicator of

the relative importance of each reaction pathway, other factors,
such as tunneling and the change in entropy required to form the
transition states, can also have a significant impact on the rate
constant. As Figures 7 and 8 suggest, there is a complex interplay
between the various possible pathways that changes with tem-
perature. At high temperatures, tunneling becomes negligible
and the differences between barrier heights play a less significant
role in determining the dominant reaction pathways. Instead, the
amount of rearrangement required to form the transition state,
indicated by the A-factor (Table S3.A,B), has the largest effect on
rate constants. As a result, the unimolecular C�C bond scission
reactions are the dominant reaction pathways at high tempera-
tures, regardless of the method used to determine tunneling. A
comparison of Figures 7C and 8C shows that, at 1000 K, the
C�C bond scission reaction will account for the majority of the
decomposition mechanism of alkoxy radicals. The 6pp and 6sp
reactions will also act as competitive pathways, though the
former, avaliable only to the butoxy radicals, will do so to a
much lesser extent. It is also interesting to note that, even at this
relatively high temperature, the 1,6 H-migration will make a
measurable contribution to the overall mechanism for the hexoxy
and larger alkoxy radicals. As expected, the Npp rate coefficients
are significantly lower than those of the Nsp, which implies that
the selection of the commonly used butoxy or even the less
common pentoxy radical systems will not yield reliable informa-
tion concerning the relative importance of the various alkoxy
radical reactions for the combustion and decomposition path-
ways of larger hydrocarbons. As the temperature decreases, both
tunneling and barrier heights become increasingly important in
determining the dominant reaction pathways.
There is a switch in the dominant reaction pathway from the

C�C bond scission to the 1,5 H-migration at a temperature,
whose predicted value depends on themethod used to determine
the tunneling. Using the S&T tunneling constants with the G4
data, the change occurs between 700 and 800 K for the heptoxy
radical, whereas using the Wigner method the switch happens
between 600 and 700K.The formermethod has been demonstrated
to give results that are in better agreement with themore accurate
SCT and LCT methods down to∼400 K, after which it tends to
overpredict the tunneling transmission coefficient.28,41,46 The
Wigner method, which is dependent only on the imaginary
frequency of the transition state and not the actual shape or
height of the barrier, will underpredict the role of tunneling at all
temperatures, but it is more reliable than the S&T method for
temperatures below 400 K. As the temperature decreases, the
relative importance of the C�C bond scission reactions quickly
diminishes, and the 1,5 H-migration become the dominant
unimolecular reaction pathway. Although it is never the domi-
nant pathway, the 7sEp H-migration reaction has rate coefficients
that are roughly 30% of those of the 6sp, making it a competitive
pathway that makes a significant contribution to the end product
composition.
It is interesting to note that, although the butoxy radical has been

the predominant system used in previous theoretical studies, the
predicted importance of the 6pp reaction relative to the C�C
bond scission is significantly different from those of alkoxy

radicals that undergo a 6sp H-migration, particularly if the more
conservative Wigner tunneling approximation is used (Figure 8B).
Additionally, the use of the pentoxy radical as a model for the
reactions in larger alkoxy radical will lead to significant errors in the
predicted relative importance of the 1,6 H-migration reactions.
As Figures 7B and 8B clearly show, at 500 K, the pentoxy 7pp is

Figure 7. (A) Plot of the G4 rate constants, k(T), for the heptoxy radical,
using the Skodje�Truhlar method for predicting the effect of tunneling.
(B) G4 rate constants at 500 K using the S&T tunneling method. (C) G4
rate constants at 1000 K using the S&T tunneling method.
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less important in the determination of end product formation
than the C�C bond scission reactions. However, for the hexoxy
and heptoxy radicals, the 7sp reaction rate constant is not only
roughly an order of magnitude greater than that of the C�C
bond scission reaction, but it is also competitive with those of the
1,5 H-migration reactions, and as such will contribute signifi-
cantly to the end product composition.

Since the dominant reaction pathway involving alkoxy radicals
changes with temperature, the atmospheric decomposition and
combustion mechanisms of hydrocarbons, under incomplete
oxidation conditions, will produce significantly different end
products. At high temperatures, once formed, alkoxy radicals
will quickly undergo C�C bond scission to form a carbonyl and
an alkyl radical. However, at lower temperatures, below∼700 K,
H-migration reactions become dominant, resulting in the for-
mation of hydroxy-substituted alkyl radicals. This will have
dramatic ramifications for atmospheric processes involving hy-
drocarbons. Since both the 1,5 and 1,6 H-migrations are the
dominant pathways, the atmospheric oxidation mechanism will
branch, yielding two sets of hydroxyalkyl radicals, each with a
different radical site. These species can then react withO2 to form
two distinct hydroxyalkylperoxy radicals. Because both the 1,5
and 1,6 H-migration reactions have significantly higher rates than
the C�C or C�H bond scission reactions, their role in the
atmospheric oxidation mechanism will lead to a greater variety of
longer, more oxidized intermediates and end products. These
species can in turn affect other atmospheric processes, such as the
hydrophilicity of aerosols and tropospheric ozone production.53

’CONCLUSIONS

The present study investigates all unimolecular reactions
involving 1-alkoxy radicals that lead to chain branching in the
oxidation mechanism of unbranched hydrocarbons from meth-
oxy through heptoxy. This work reports on (1) the relative
importance of the 1,6 H-migration compared to the 1,5 H-mi-
gration in determining end product formation; (2) possible
structural differences between alkyl, alkoxy, and alkylperoxy
radicals that may explain the difference in the relative importance
of the 1,5 and 1,6 H-migration reactions; (3) the selection of
smaller chain radicals as models for longer chain molecules; and
(4) the relative importance of each of the alkoxy unimolecular
reactions in the hydrocarbon oxidation mechanism that are
responsible for the relative concentrations of end products.

Unlike the alkyl and alkylperoxy radicals, where the 7sp
reactions have sufficiently lower activation energies than the
6sp reactions to make them the dominant H-migration reaction
at low temperatures, 1,5 H-migration for the alkoxy radical has
the lowest barrier of any of the unimolecular reactions. Thus,
although the 1,6 reaction will play a significant part in the
oxidation mechanism of larger hydrocarbons, the 1,5 is expected
to be the dominant H-migration reaction. The observed dis-
crepancy in the trends of the relative barrier heights between the
6sp and 7sp reactions in the alkoxy radicals, as compared to the
alkyl and alkylperoxy systems, is a result of differences in the PES
of the migrating hydrogen. Although the X�H�C angles by
which the migrating hydrogen atom moves from one site to
another along the chain are very similar among the three radical
systems, the ideal hydrogen-transfer angles, indicated by bimo-
lecular reactions involving an alkane and the corresponding
radical, are significantly different. Of the three radical systems,
the alkoxy O�H�C angles for the bimolecular H-abstraction are
the lowest and hence the closest to the O�H�C angle in the 1,5
H-migration reactions.

The interplay between the various unimolecular reactions is
complex and varies with temperature. At high temperatures, the
C�Cbond scission reactions are the dominant pathway, with the
1,5 H-migration reactions beginning to play a meaningful role in
end product composition around 1000 K. Below this temperature,

Figure 8. (A) Plot of the G4 rate constants, k(T), for the heptoxy
radical, using the Wigner method for predicting the effect of tunneling.
(B) G4 rate constants at 500 K using the Wigner tunneling method.
(C) G4 rate constants at 1000 K using the Wigner tunneling method.
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at roughly 600 and 700 K, the 6pp and 6sp reactions become the
dominant pathways for the butoxy and larger alkoxy radicals,
respectively. Although they never become the dominant reaction,
the 7sEp reactions will be competitive with the 6sp at lower
temperatures. The remaining unimolecular reactions, other than
the C�Hbond scission in the methoxy radical, will not make any
significant contribution to the end product composition. Of
particular interest is the observation that the 1,4 H-migration
will not be competitive with the C�C bond scission reactions for
any alkoxy radical. This result is in direct conflict with previous
computational studies.50

Although the 1,6 H-migration is not the dominant pathway,
future studies need to include it in their analyses. At low
temperatures these reactions may be responsible for as much
as 30% of the unimolecular decomposition reactions in larger
alkoxy radicals. Also, due to the significant differences between
Npp and Nsp reactions, and the lower than expected barrier
heights for the 7sp reactions, the use of smaller radicals as
analogues for hexoxy and larger alkoxy is not recommended.
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