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ABSTRACT: Organic peroxy radicals (RO2) are key intermediates in the oxidation of
organic compounds in both combustion systems and the atmosphere. While many
studies have focused on reactions of RO2 in specific applications, spanning a relatively
limited range of reaction conditions, the generalized behavior of RO2 radicals across the
full range of reaction conditions (temperatures, pressures, and NO levels) has, to our
knowledge, never been explored. In this work, two simple model systems, n-propyl
peroxy radical and γ-isobutanol peroxy radical, are used to evaluate RO2 fate using
pressure-dependent kinetics. The fate of these radicals was modeled based on literature
data over 250−1250 K, 0.01−100 bar, and 1 ppt to 100 ppm of NO, which spans the
typical range of atmospheric and combustion conditions. Covering this entire range provides a broad overview of the reactivity of
these species under both atmospheric and combustion conditions, as well as under conditions intermediate to the two. A particular
focus is on the importance of reactions that were traditionally considered to occur in only one of the two sets of conditions: RO2
unimolecular isomerization reactions (long known to occur in combustion systems but only recently appreciated in atmospheric
systems) and RO2 bimolecular reactions of RO2 with NO (thought to occur mainly in atmospheric systems and rarely considered in
combustion chemistry).

1. INTRODUCTION

Oxidation of organic molecules drives metabolism, precipitates
food spoilage,1 provides for most of the world’s electricity and
transportation,2 and controls the formation and degradation of
atmospheric pollutants.3 Since the most abundant atmospheric
oxidant, molecular oxygen, is a biradical, oxidation occursmostly
through radical intermediates. An important and ubiquitous
class of organic radical intermediates is the organic peroxy
radical (RO2), formed when a carbon-centered radical (R)
combines with molecular oxygen. Due to their relative stability,
RO2 radicals can accumulate to high concentrations in oxidation
systems and react via a number of competing degradation
pathways. Macroscopic phenomena like engine performance,4

flame propagation,5 food stability,1 and atmospheric visibility,3

all depend on which of themany competing reactions dominates
the fate of these transient intermediates.
Figure 1 shows the major pathways by which RO2 radicals

may react, including unimolecular transformations (gray
arrows) and bimolecular reactions (red arrows). Bimolecular
reaction partners include nitrogen oxides, other peroxy radicals,
hydroxyl radicals, and, when concentrations are high, organic
molecules. Reaction with NO will form either an alkoxy radical
(RO) or an organic nitrate (RONO2).

6 Reaction with other RO2
radicals forms either two alkoxy radicals, an alcohol and carbonyl
(labeled as alkoxy formation and RO2 recombination in Figure
1, respectively), or a stabilized alkyl peroxide (ROOR).7,8 RO2
can also react with NO2, forming peroxynitrates (ROONO2),

but such species are typically thermally unstable except at very
low temperatures or when the RO2 is an acylperoxy radical.6

RO2 radicals abstract hydrogen atoms from HO2 (and at high
temperatures, from organic molecules) to form alkyl hydro-
peroxides (ROOH).9,10 For particularly stable RO2 in clean
environments, a reaction with OH radicals may also occur.11

Due to the vast diversity of organic molecules, Figure 1 does not
show all pathways, and many other reactions exist for
compounds with specific functional groups, such as when
alkenes react with RO2.

12

In addition to these bimolecular pathways, RO2 radicals can
undergo unimolecular reactions (gray arrows in Figure 1).
Intramolecular hydrogen abstraction by the peroxy radical
center forms a key oxidation intermediate, the hydroperoxyalkyl
radical (QOOH).13 Other unimolecular pathways include
decomposition back to R + O2

14 and the elimination of HO2
to form an alkene.15 If the peroxy radical also has an alkene
group, cyclic peroxy alkyl radicals can be formed.16−19

QOOH compounds can also undergo a number of
subsequent unimolecular reactions. Since QOOH formation
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from RO2 isomerization is often endothermic,20 QOOH can
isomerize back to RO2. Other competing unimolecular pathways
include the formation of a cyclic ether and OH21 or, in the case
where the radical center is adjacent to the hydroperoxide group,
an alkene and HO2.

22 Other pathways, which can occur for
specific QOOH structures, are not shown in Figure 1, including
the formation of a carbonyl and HO2,

23 an alkoxy radical and
H2O,

24 and two carbonyl fragments and an OH.25

The bimolecular reaction of QOOH with O2 forms a new
peroxy species, the O2QOOH radical. This can undergo a
second intramolecular abstraction of the hydrogen in the
hydroperoxide group, which allows for rapid interconversion, or
it can abstract the hydrogen on the α-carbon at the base of the
hydroperoxide group.26 If the latter occurs, the hydroperoxide
group will often split to form an OH radical and a molecule with
both a carbonyl and a hydroperoxide functional group, called a
ketohydroperoxide (KHP).27 The KHP can decompose
thermally27 or photolytically,28 producing additional OH
radicals in the process. Because KHP degradation produces
multiple reactive radicals, leading to chain branching, the
formation and degradation of KHP play an important role in
oxidative environments; this is discussed in detail in the Results
section. Its formation has domain-specific names like autox-
idation in atmospheric chemistry29 (which has taken on a
somewhat different meaning than in the liquid-phase oxidation
literature7) and the KHP pathway in the combustion
literature.30 In this work, we refer to the formation of QOOH
followed by O2 addition simply as “isomerization”.
Traditionally, RO2 in the atmosphere has been assumed to

react primarily via bimolecular pathways (i.e., withNOx, HO2, or
RO2), with unimolecular reactions assumed to be too slow at
ambient temperatures to compete. This assumption was based
on extrapolating early calculations of the isomerization rates of
simple alkylperoxy radicals31 to more complex alkylperoxy
radicals. In contrast, RO2 chemistry in combustion is usually
assumed to be dominated by unimolecular chemistry. However,
recent work has shown that this clear bifurcation by regime does
not always provide an accurate description of RO2 chem-
istry.15,32−40 Several RO2 pathways can occur in multiple
regimes and are also dependent on the structure of the radicals,
suggesting that the RO2 chemistry known to occur in one regime
cannot be discounted in the other.15,32,34 Here, we discuss two
such “crossover” cases: RO2 isomerization in the atmosphere
and bimolecular reactions with NO in combustion systems.

An atmospheric isomerization pathway for isoprene-derived
RO2 radicals was first postulated in 2009 and 2010 to explain an
unknown source of OH in forested regions.41,42 Such pathways
were verified experimentally33 and shown to occur for a wider
range of atmospheric RO2 reactions.29 Further work showed
that alkanes, oxygenates, and alkenes can undergo this pathway
in the atmosphere to create highly oxidized molecules that can
condense into atmospheric particles,43−45 which can influence
both cloud formation and human health.
Similarly, in combustion systems, the role of RO2 + NO has

been included in only a small fraction of models,34−37 despite its
potential to impact ignition. In particular, the adoption of
exhaust gas recycling (EGR), an engine technology that mixes
combustion products back into the cylinder inlet to decrease
NOx emissions, has the potential to impact RO2 chemistry
through high concentrations of preignition NO.37

Both the combustion chemistry community and the
atmospheric chemistry community have benefited, and we
conjecture will continue to benefit, from exchanging knowledge
of RO2 chemistry. Though most work is still domain-specific,
recent papers have started to bridge the gap by describing the
impact of a specific RO2 pathway in different applica-
tions.15,46−49 In particular, a recent study49 has experimentally
examined RO2 chemistry over temperatures ranging from 300 to
545 K (atmospheric temperatures up to low-temperature
combustion). Other work has evaluated how additional
functional groups impact RO2 fate in specific applica-
tions.20,22,50−53 Here, we take an even more general approach,
examining RO2 branching among a large number of channels
(eight in total) and across a wider range of reaction conditions
than has been studied previously.
In this study, we investigate the effects of three key parameters

on RO2 reactivity: temperature (which largely affects rates of
unimolecular reactions due to their high barrier heights),
pressure (which controls collision rates), and NO mixing ratio
(which affects bimolecular lifetimes). While the full exploration
of the role of RO2 structure is beyond the scope of this work
(due to the very large chemical space involved), we also explore
how the addition of a single functional group affects RO2
chemistry as a function of these conditions. We start with a
simple alkylperoxy radical, n-propyl peroxy radical (nPPR), and
then move to a functionalized one, γ-isobutanol peroxy radical
(γBPR). These two peroxy radicals were chosen as model
systems based on their relatively simple structures (3−4 carbon
atoms, 0−1 functional groups) and the fact that their pressure-

Figure 1. Common unimolecular (gray) and bimolecular (red) reactions of RO2.
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dependent kinetics have already been explored in detail.27,54 By
considering the full chemistry of these RO2 radicals across a wide
range of conditions (temperature, pressure, and NO mixing
ratio), we are able to explore how these parameters control RO2
branching, and hence how they control the formation of various
products and the extent of radical cycling.

2. METHODOLOGY

Figure 2 shows the peroxy reactions for nPPR and γBPR
evaluated in this paper. To examine the behavior of RO2 over a
wide range of conditions, we combined kinetic data from a range
of sources. The unimolecular reactions for nPPR and γBPR
originate from recently published pressure-dependent reaction
networks based on quantum chemical calculations27,54 and are

compared in Figure 3. Additional details of the kinetic models
and simulation scripts are also available in the Supporting
Information (SI).
We note that modeling reactivity over such a wide range of

reaction conditions necessitates using kinetic parameters that
have not been fully validated at all conditions, leading to
uncertainties in the simulated kinetics. This work also uses rates
from a variety of sources and methods (experiments, quantum
calculations, and estimates), which does introduce potential for
model error; however, such a combined approach is often
employed in detailed kinetic mechanisms.55,56 We do not expect
nor aim for a complete quantitative agreement. Rather, the
objective of these simulations is to elucidate the overall
dependence of RO2 reactivity on reaction conditions and

Figure 2.Competing pathways considered in this work, showing unimolecular (gray) and bimolecular (red) reactions. Pathways are labeled with blue
text and intermediates are labeled with black text.

Figure 3. Comparison of potential energy surfaces of nPPR54 (dotted lines) and γBPR27 (solid lines). Blue-colored pathways involve the γ-QOOH
radical and red-colored pathways involve the β-QOOH radical.
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structure; these broad trends are unlikely to be dramatically
affected by such uncertainties.
2.1. n-Propyl Peroxy Model. All of the reactions in Figure

2a originate from a low-temperature propane combustion
model,30 with the exception of the reactions with NO. This
previously published mechanism includes oxidation pathways
connecting all of its species to the final oxidation products CO2
and H2O. For RO2 created from the first and second oxygen
additions, pressure-dependent rates are obtained from Gold-
smith et al., which uses a master equation that was solved using
the chemically significant eigenvalue method with quantum
calculations at the QCISD(T) level of theory with basis set
extrapolation.27 This combustion model has been validated with
experiments at 800−1000 K and 30 bar.30,57

The chemistry of NO,NO2, andHONO is included by adding
a combustion NO submechanism that has been validated with
experiments from 550 to 1100 K, 1−60 atm, and 0−500 ppm
NO.36 Some additional low-temperature pathways, which were
not available in this submechanism, were taken from Atkinson58

and Jenkin et al.53 for hydrogen abstraction from an alkoxy
radical by O2 and nitrate formation, respectively.
2.2. γ-Isobutanol Peroxy Model. The γBPR, with one

hydroxyl group, is treated as a model system for investigating the
impact of functional groups on RO2 chemistry. This particular
species was chosen because of the availability of an extensive
pressure-dependent network for its peroxy radical.54 The
pressure-dependent rates originate from solving a master
equation with the modified strong collision approximation in
the Arkane software package;59,60 quantum chemical calcu-
lations are done using CCSD(T)-F12a/VTZ-F12//B3LYP/
CBSB7.
To make the γBPR model complete, bimolecular reactions

and subsequent chemistry of their products are added. Kinetics
of peroxy reactions with NO and HO2 are from Jenkin et al.,53

and hydrogen abstractions by O2 from alkoxy radicals are from
Atkinson.58 The oxygen addition to the QOOH radical uses
kinetics from Miyoshi at the high-pressure limit.61 Theoretical
calculations and experimental data indicate that the oxygen
addition to γ-QOOH followed byHO2 elimination is likely to be
faster than the direct hydrogen abstraction reaction to form
HO2;

62 therefore, the latter pathway was not included in this
study. The isomerization of O2QOOH to form a ketohydroper-
oxide with an additional hydroxy group (not shown in Figure 2)
is from analogous reactions reported in a study by Yao et al.,20

and the isomerization to form the ketohydroperoxide is from the
analogous reaction reported in a study by Goldman et al.,54 both

at the high-pressure-limit. (This contrasts with the treatment of
unimolecular reactions of γBPR, which uses pressure-dependent
kinetics). The kinetics for the decomposition of the γ-isobutanol
radical, termed “R decomposition”, is from a study by Sarathy et
al.63

2.3. Other Compounds. In addition to nPPR and γBPR,
this paper also uses model RO2 radicals originating from other
molecules to give a broader perspective of how structure impacts
peroxy fate. For these systems, RO2 branching was either
obtained based on modifications to isomerization rates at
atmospheric conditions (butane, isopentane, and 2-butanol)50

or from published mechanisms without pressure-dependent
kinetics.56 Details are given in Section S1 of the SI. While such
results are not as accurate as those from the full network, they
still enable insights into how RO2 structure controls branching
and radical cycling, as discussed at the end of Section 3.

2.4. Simulations. All simulations were conducted using the
kinetic solver Cantera package.64 Starting mixtures were
simulated at constant pressure and temperature unless otherwise
noted. Simulations involve starting with the parent alkyl radical
(R), following the subsequent chemistry, and determining the
pathway from the product distribution. An initial alkyl radical
mole fraction (mixing ratio) of 10−17 was used to minimize the
effect of organic+organic (e.g., RO2 + RO2) reactions since RO2
concentrations can vary significantly across the range of
temperatures evaluated. A consequence of this low concen-
tration is that RO2 + RO2 reactions are not examined in this
work. Such reactions can be important under some conditions,
but they introduce substantial complexity to the reaction system,
as product formation becomes highly dependent on starting
conditions. For this reason, the bimolecular reactions of RO2
other than with HO2 andNO are beyond the scope of this study;
such reactions (and the consequent dependencies on starting
concentrations) are important topics for future work in this area.
Unless otherwise noted, the mole fraction of HO2 was set as
10−11 to approximate atmospheric mixing ratios (note that this is
lower than the HO2 concentration in typical combustion
systems). The remaining gas is a mixture of oxygen and nitrogen
in a 21:79 ratio.
The simulation is run until the concentration of the alkyl

radical, and its corresponding peroxy radical are <1% of the
initial alkyl radical concentration. The final product concen-
trations are mapped to their formation pathway to determine the
branching ratio of RO2. Which products correspond to which
pathways are described in Table S1 of the SI. Some reactions in

Figure 4. Branching fraction at 0.5 bar and 1 ppb NO over the range of temperatures relevant to atmospheric and combustion conditions. Labels
correspond to pathways in Figure 2.
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the nPPR network were removed to allow proper tracing of
radicals; these are listed in Table S3 of the SI.
Starting the simulation with the alkyl radical and presenting

the final product composition allows this work to account for
pressure-dependent effects (in which an excited RO2 can react to
form QOOH, R + O2, or other products before losing energy
through deactivating collisions). This gives a more complete
picture of the products than would be obtained from looking at
the reaction rates from a thermally equilibrated RO2, which gives
only instantaneous branching ratios.
This work also seeks to understand how these pathways

influence the formation of OH and HO2. To do this,
characteristic decomposition pathways are outlined for each
pathway (shown in Figures S2−S12 of the SI), and the number
of radicals produced in each pathway is shown in Table S5 of the
SI. Radical production is determined by multiplying the fraction
of RO2 proceeding via each pathway by the radical yield from
that pathway.

3. RESULTS
3.1. Temperature Dependence. Figure 4a shows the

product distribution of nPPR across a range of temperatures,
from low temperatures found near Earth’s surface (250−325 K)
to relatively high combustion temperatures where RO2 radicals
no longer play an important role. The simulations included 1
ppb of NO at 0.5 bar. (The role of NO and pressure will be
examined in later sections.) At the lower end, nPPR reacts
bimolecularly with abundant NO forming mostly alkoxy radicals
and some alkyl nitrates.
At higher temperatures, unimolecular transformations start to

dominate. The dominant pathway at 600 K is the isomerization
pathway shown in Figure 2a, which involves two H-migration
reactions followed by decomposition to form a KHP and an OH
radical. The KHP can further break down and release two
additional OH radicals.30 At higher temperatures, around 750 K,
nPPR predominately decomposes to propene and HO2. This
HO2 elimination occurs either directly from RO2 or through a β-
QOOH intermediate (which is also the intermediate that forms
an epoxide).
The transition between isomerization and HO2 elimination

channels is a competition between two unimolecular reactions: a
six-membered cyclic transition state that forms a γ-QOOH
(which is more competitive at lower temperatures) and a five-
membered transition state that can either lead directly to HO2
and alkene or form a β-QOOH. With higher temperatures, the
impact of the activation energy decreases, making entropic
differences more important. Since the five-membered ring
involves a smaller entropy penalty and a higher activation
energy, it more readily competes at higher temperatures.
Determination of how much HO2 and alkene are formed
directly from RO2, as opposed to indirectly through a β-QOOH
intermediate, is made difficult because the pressure-dependent
reaction of excited β-QOOH* (RO2 → β-QOOH* → HO2 +
alkene) appears in the kinetic mechanism as direct formation
from RO2. The reactions are also complicated by the reverse
reaction, QOOH → RO2, which can also occur in an excited
state. The competition between these pathways is discussed in
depth in a study by Merchant et al.30

The transition from isomerization toHO2 elimination leads to
an overall decrease in reactivity with increasing temperature
because the latter does not produce the more reactive OH
radical. This particular transition is important in combustion
since it means that an increase in the initial temperature of

combustion increases the time necessary for autoignition. This
temperature range, known as the negative temperature
coefficient regime, results from the fact that the products of
HO2 elimination (HO2 + alkene) are significantly less reactive
than the OH radicals formed from the isomerization pathway.65

Such an effect is slightly dampened by the epoxide formation,
which also releases OH and occurs in the same temperature
range as HO2 elimination, but its effect is secondary because it is
not a dominant pathway and the breakdown of the epoxide does
not release as many OH as the decomposition of the KHP.
At the highest temperatures (>1000 K), the n-propyl

decomposes into ethene and methyl radical before even reacting
with O2 to formRO2; thus, RO2 chemistry does not play a role in
oxidation at such high temperatures. The extension of the HO2
elimination and epoxide formation in Figure 4a above 1000 K is
an artifact of how the rate constants were fit (see Section S4 of
the SI for more information).

3.2. Effect of the −OH Group. Figure 4b shows branching
ratios as a function of temperature for the γBPR, revealing the
effect of the OH moiety on the product branching of RO2. This
radical’s reactivity has the same overall features as the
unsubstituted peroxy radical (Figure 4a), namely, the domi-
nance of bimolecular reactions at low temperatures, unim-
olecular reactions at higher temperatures, and decomposition at
the highest temperatures.
However, the presence of the OH group leads to a number of

key differences as well. First, the OH group weakens the nearest
C−H bond, which is reflected in the lower barrier height of
γBPR in forming γ-QOOH in Figure 3. This decreases the
activation energy needed to isomerize, allowing for the
isomerization involving a six-membered transition state to
occur at lower temperatures, and increases the stability of
QOOH, reducing the reverse reaction rate.29 After forming γ-
QOOH, isomerization proceeds differently in nPPR and γBPR.
For γBPR,O2 abstracts theH from the hydroxy group (top left of
Figure 2b), forming the KHP plus an HO2 instead of an OH.
This pathway is significantly faster than the standard isomer-
ization channel, which forms an OH instead (Figure 2a). Both
pathways form a KHP, which can produce two additional OH
radicals upon further degradation.
The presence of the OH functional group also introduces

additional reaction pathways. The intramolecular hydrogen
abstraction to form QOOH can be followed by another
hydrogen abstraction in which the radical oxygen on the
hydroperoxy group abstracts the hydrogen on the alcohol while
simultaneously breaking the O−O bond, forming water and a
ketoalkoxy radical (water-loss pathway in Figure 2b).24 This
reaction has a lower barrier than any other unimolecular
pathway in Figure 3, allowing it to compete at lower
temperatures with the O2 addition necessary for isomerization.
Previous work showed that inclusion of this pathway was
necessary to describe the high yield of acetaldehyde in
isobutanol oxidation.24,66

This additional fast water formation pathway also pushes up
the temperature at which HO2 elimination can become
competitive. Since HO2 elimination has a smaller five-
membered cyclic transition state, its entropy of activation is
lower, and so it becomesmore dominant at higher temperatures;
however, R decomposition takes over before HO2 elimination
becomes competitive with water formation. Thus, HO2
elimination is never the dominant channel for γBPR.
As shown in Figure 3, the barrier to epoxide formation on the

γBPR surface is substantially lower than that of nPPR. This can

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.1c07203
J. Phys. Chem. A 2021, 125, 10303−10314

10307

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c07203/suppl_file/jp1c07203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c07203/suppl_file/jp1c07203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c07203/suppl_file/jp1c07203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c07203/suppl_file/jp1c07203_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c07203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


be partially attributed to the presence of a hydrogen bond from
the hydroxyl group stabilizing the transition state’s epoxide-
forming oxygen. The additional alkyl groups, such as the CH3

group in β-QOOH, may also aid in decreasing the ring strain
relative to the open structure. With this lower barrier, epoxide
formation in γBPR more effectively competes with water
formation than HO2 elimination.
In summary, the addition of functional groups can lead to

dramatic changes in RO2 reactivity and radical cycling. This
arises from different effects: changes in bond strengths,
formation of hydrogen bonds, and introduction of new reaction
pathways. The addition of other functional groups (such as
peroxides, carbonyls, alkenes, etc.) will likely have similar effects
on RO2 reactivity, as they also weaken C−H bonds and thus will
promote isomerization;50 they may also introduce new unique
reaction channels.67

3.3. Pressure Dependence. While Figure 4 shows that
temperature variation strongly impacts product formation, it
masks the interplay between the temperature and other key
physical parameters, such as pressure and bimolecular reactant
concentrations.
Figure 5 highlights the impact of two key reaction parameters

(pressure and NO level) on branching ratios. Colors denote the
expected product mixture at a given set of conditions; the color
at any location in Figure 5 results from a linear combination of
colors representing a single RO2 reaction channel (used in
Figure 4) weighted by the branching ratio of each. As in Figure 4,
under most conditions, a single pathway dominates. Across the
full range of pressures, the mixing ratio is held constant. Because
of this, the concentrations of bimolecular reactants, namely
HO2, NO, and O2, increase proportionally with pressure. Figure

5a,c focus on the temperature and pressure dependence of nPPR
and γBPR, respectively.
For an adiabatic system, a change in pressure has a smaller

effect on branching ratios than the corresponding change in
temperature. At any given pressure, across the factor-of-five
temperature range (250−1250 K), the system passes through
four sets of dominant reaction products. But fewer shifts in the
chemical regime are seen when the temperature is held constant
and pressure is changed by a much larger amount (four orders of
magnitude). Using the example of nPPR at 300 K with a fixed
NO mixing ratio, the dominant reaction product does not
change across the entire 0.01−100 bar pressure range shown in
Figure 5a.
The impact of pressure on branching ratios in Figure 5a,c

arises from two effects: change in pressure-dependent rate
coefficients and change in bimolecular reactant concentration.
For both compounds, the latter effect dominates the former. For
example, at 1000 K, the rate coefficient for nPPR to propene and
HO2 increases by a factor of 250 over the range 0.01−100 bar;
this change is small compared to the corresponding 104 increase
in O2 concentration, which would dramatically enhance some
competing bimolecular reaction rates.
Competition between pathways that differ in the extent of

bimolecular reactions is dominated by this concentration effect.
This happens to be the case for three transitions in Figure 5a,c,
corresponding to the three branching points in Figure 1 that
involve unimolecular and bimolecular pathways: bimolecular
reactions with RO2, O2 addition to QOOH, and O2 addition to
R. In each case, the bimolecular reaction benefits from the higher
molecular density at higher pressures, leading to a similar slope
at all three transitions for both nPPR and γBPR. At lower
temperatures, the effect of pressure is largely due to an increase

Figure 5.Major products from R + O2 after 99% conversion. Panels (a) and (c) show the branching ratios of nPPR and γBPR at various temperatures
and pressures, with the NO mixing ratio fixed at 1 ppb. Panels (b) and (d) show the branching ratios of nPPR and γBPR at various temperatures and
NOmixing ratios at 0.5 bar pressure. Names correspond to reactions in Figure 2. Colors are linear combinations of those used in Figure 4 to designate
individual pathways. The abrupt transition in panel (a) between 800 and 1000 K is an artifact of fitting pressure-dependent parameters and is discussed
in Section S4 of the SI.
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in the number density of bimolecular reactants, which defines
the boundary between RO2 bimolecular reactions and isomer-
ization. In the next transition, the unimolecular HO2 elimination
competes with the isomerization sequence leading to KHP since
the critical bimolecular QOOH + O2 step in that sequence
depends on O2 concentration. At the highest temperatures, the
bimolecular formation of RO2 competes with the unimolecular
decomposition of the alkyl radical, also leading to a competition
that depends on O2 density.
While the dominant pressure effect in Figure 5a,c comes from

concentration, pressure-dependent rate coefficients can still
impact critical transition points. This can be assessed by finding
the branching fraction when we use the rate coefficients
corresponding to the actual pressure of a system and compare
that to the branching fraction obtained using rate coefficients
near the high-pressure limit. For nPPR at 600 K, which is near an
important transition in combustion chemistry, isomerization has
a branching ratio of 5%. If one were to apply the rate coefficients
at 100 bar to this system, which approximates the high-pressure
limit, the branching ratio of isomerization would increase to
77%. This is a substantial change, and it indicates that pressure-
dependent kinetics are important in this regime, even if they
affect the system properties less than concentration and
temperature. For more details about the specific pressure-
dependent effects for these two systems, see Goldsmith et al. and
Goldman et al.27,54

3.4. NO Dependence. Reactions of RO2 with NO, which
primarily form alkoxy radicals, can also have a significant effect
on oxidative processes. The alkoxy radical has a higher
propensity to break C−C bonds and to undergo intramolecular
H-abstraction than the analogous peroxy radicals, leading NO to
influence the final product distribution. The reaction with NO

can also form an organic nitrate that can sequester NOx (and
HOx) in the atmosphere. Figure 5b,d show the effect of NO and
temperature on the branching of nPPR and γBPR, respectively.
At low temperatures and low NOmixing ratios, the dominant

fate of RO2 is the reaction with HO2, forming organic
hydroperoxides (ROOH). As NO mole fraction increases, the
bimolecular reactant shifts from HO2 to NO, leading to the
formation of an alkoxy radical instead of ROOH. Increasing NO
concentration also increases the temperature necessary for
isomerization to compete with RO2 + NO. Figure 5a,c are based
on an NO concentration of 1 ppb; a lower NO concentration,
which is typical of most of the atmosphere, would result in
isomerization occurring at lower temperatures than shown.
For nPPR (Figure 5b), when NO is greater than 1 ppm,

isomerization ceases to dominate at any temperature, which
could impact combustion engines run under initially high NO
concentrations.68,69 The isomerization cutoff for γBPR in Figure
5d requires more NO since its isomerization pathway is faster.
Above 800 K for both compounds, unimolecular reactions
always dominate, preventing even high concentrations of NO
from affecting branching ratios.

3.5. RO2 + NO Impact on Engine Preignition. In most
treatments of low-temperature combustion, preignition (the
time before the fuel-air mixture ignites) is influenced by the
competition between two unimolecular RO2 pathways: isomer-
ization and HO2 elimination pathways.30 Figure 5 suggests that,
with enough NO, bimolecular reactions may overtake these
unimolecular pathways, which has the potential to change the
product distribution and ignition characteristics of the reaction
system.
As shown in Figure 5a,c, at high temperatures and pressures

(650 K and 1 bar), reaction with NO cannot compete with

Figure 6. Properties of propane preignition at various initial NOmixing ratios: (a) 1 ppt and (b) 100 ppm. The top panels show the fraction of NOy (=
NO + NO2 + HONO) as NO (solid lines), the fraction of propane reacted (dashed lines), and the system’s temperature (dot-dashed lines). The
bottom graphs show instantaneous peroxy branching ratio over the course of the simulation, which was calculated based on the rate of various RO2-
consuming reactions and is listed in Table S2 of the SI. Simulations involved an adiabatic, constant-volume system starting at 650 K and 10 bar in air
with a fuel/oxygen equivalence ratio of 1.
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isomerization at ppb levels of NO. Thus, for NO to affect RO2

branching ratio in preignition chemistry, there must be an
additional source of NO. NO and NO2 are typically produced
during and after ignition through various high-temperature
pathways, with the dominant pathway requiring the thermal
breakdown of O2 above 2000 K.70 EGR engines, which
intentionally recycle postcombustion gas back into the engine,
can obtain higher preignition NO concentrations in the ppm
range, allowing reactions with NO to compete with isomer-
ization.
However, elevated levels of NO will affect ignition only if they

remain high during the entire ignition process. If NO is instead
converted to other forms of oxidized nitrogen (e.g., NO2,
HONO), the system’s position in Figure 5b,d would shift
downward, decreasing the impact of RO2 + NO chemistry on
combustion. To investigate this effect, we carry out adiabatic,
constant-volume simulations of propane in air, with amolar ratio
of propane to O2 of 1:4.5 (stoichiometric ratio of 1) and either 1
ppt or 100 ppm of initial NO to emulate non-EGR and EGR
engines, respectively. Unlike the previous simulations of RO2

branching, where HO2 concentrations did not vary (Figures 4
and 5), HO2 levels are explicitly calculated in this simulation to
more accurately capture combustion phenomena.
Simulation results (key concentrations, temperatures, and

RO2 branching ratios) are shown in Figure 6. During preignition
under both conditions, the concentration of NO drops rapidly as

it gets converted to NO2, thereby dampening its effect on peroxy
radical fate. During this process, NO increases the initial
reactivity of the system, which is shown by the steeper propane
consumption slope in the 100 ppm NO case. However, once
most of the NO is converted into NO2, the consumption of
propane slows significantly. This period of inactivity from 0.15
to 0.4 s is driven by the reaction HO2 + NO2 → HONO + O2,
which consumes radicals and slows ignition. (The termolecular
reaction of HO2 and NO2 to form HO2NO2, which is important
in atmospheric HOx-NOx chemistry, is not significant at
elevated temperatures and so was not included in the
mechanism.) After 0.4 s, most NO2 and NO have been
consumed and the RO2 chemistry of the high-initial-NO case
(Figure 6b) resembles that of the low-initial-NO case (Figure
6a), with low-temperature isomerization initially dominating
followed by HO2 elimination. Overall, the ignition timing
(defined as the time the system takes to reach a temperature of
1000 K) in the two cases differs by less than 20%; this minor
difference is predominantly due to the decrease in reactivity
from HONO formation balancing out the highly reactive alkoxy
radicals formed fromNO+RO2. Thus, while NO from EGR can
increase the system’s initial reactivity via the bimolecular
reaction of RO2 + NO, NO is rapidly consumed. The NO2

then sequesters HO2 to form HONO, largely canceling out
much of the reactivity increase from the RO2 + NO reaction.
The chemistry then reverts to low-NO conditions, with

Figure 7. Dependence of RO2 reaction pathways and radical cycling on key reaction conditions and RO2 substitution. Panels (a) and (b): the
isomerization fraction and number of OH radicals produced from various RO2 radicals as a function of temperature (noNO, 1 bar pressure). Panels (c)
and (d): the isomerization fraction and number of HOx (OH + HO2) radicals produced from various RO2 radicals as a function of NO mixing ratio
(298 K, 1 bar). Each curve is labeled by the identity of the R’ (H, CH3, OH) group shown on the gray transition state structures; in panels (a) and (b),
the “OH” calculation is for isobutanol, which also has a methyl group on the β-carbon.
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subsequent RO2 chemistry dominated by unimolecular
reactions.
3.6. RO2 Isomerization and Radical Cycling. In addition

to representing key branch points in oxidation processes, RO2
radicals play a key role in radical cycling for both atmospheric
and combustion systems. A given RO2 pathway may lead to
chain termination, chain propagation, or chain branching, and
this competition can have a major influence on the subsequent
reactivity of the system. This interplay between RO2 chemistry
and radical cycling, which is affected by the reaction conditions
and the presence of functional groups, is examined in Figure 7.
Figure 7a shows the role of temperature and structure in

controlling the fate of RO2 radicals, specifically the fraction that
undergoes isomerization (intramolecular H-atom transfer).
Calculations are for 1 bar pressure, no NO, and an HO2 mixing
ratio of 10 ppt. For unsubstituted and OH-substituted radicals,
results are the same as in Figure 4; isomerization occurs only at
high temperatures for the unsubstituted RO2 but dominates
even at room temperature for the OH-substituted RO2. The
methyl-substituted RO2 represents the intermediate case, with a
barrier and hence an isomerization rate in between the two. At
higher temperatures (>400 K), the isomerization fraction drops
with temperature due to the increasing importance of competing
unimolecular channels. This occurs first for the OH-substituted
RO2 due to the increasing importance of the water-loss channel,
and then for the other RO2 species, which at high temperatures
undergo HO2 elimination.
In low-temperature combustion, the number of OH radicals

formed from a single RO2 radical is a critical driver of the overall
reactivity of the system. Figure 7b shows this OH production
from RO2 radicals as a function of temperature, based on the
branching ratio to various pathways and their corresponding
OH yields (given in Table S5 of the SI). The formation of exactly
one OH radical propagates the oxidation chain (shown as a
dotted line in Figure 7b); the formation of more than one OH
contributes to chain branching, accelerating the oxidation
process and thus increasing the temperature of the system,
bringing combustion systems closer to ignition (this temper-
ature change is immeasurably small under atmospheric
conditions due to low concentrations and slow reaction rates);
and the formation of less than one OH contributes to chain
termination, slowing down the ignition process. RO2 isomer-
ization reactions are critical to this branching: the isomerization
of an alkylperoxy radical, followed by a second isomerization of
the resulting O2QOOH radical, leads to the formation of an OH
(Figures 1 and 2a), and the thermal degradation of the resulting
KHP can form two more.30 However, this OH formation drops
rapidly at higher temperatures, as other reaction channels
outcompete isomerization, causing a decrease in reactivity in the
negative temperature coefficient region. In the case of the OH-
substituted RO2, isomerization initially forms HO2 rather than
OH, so only 2 OH radicals are formed; this lower OH
production also drops off rapidly with temperature as the water-
loss channel begins to dominate. Thus, even for the very simple
RO2 radicals considered here, radical formation, and hence the
timing of ignition in combustion systems, is a strong function of
the structure of the RO2 radical.
The role of functional groups in RO2 fate is explored for

conditions relevant to the atmosphere in Figure 7c,d; these are
similar to Figure 7a,b, except that they show the dependence on
NO rather than temperature, and focus on overall HOx (OH +
HO2) production rather than just OH production. Figure 7c
shows the fraction of RO2 undergoing isomerization as a

function of NO (300 K, 1 bar, and an HO2 mixing ratio of 10
ppt). The results for unsubstituted and OH-substituted RO2 are
consistent with Figure 4: at very low NO, the isomerization
fraction depends on the isomerization rate (since it competes
with RO2 + HO2, whose rate is assumed to be fixed) and drops
with increasing NO. As in Figure 7a, the CH3-substituted RO2 is
an intermediate case.
As in combustion systems, RO2 chemistry is critical to the

cycling of radical species in the atmosphere. In particular, it can
control the levels of HOx radicals, which play a central role in
tropospheric oxidation rates and ozone production. Figure 7d
shows the number of HOx radicals produced from a given RO2
molecule as a function of NO level, as determined from RO2
branching ratios and HOx yields (see Figures S2−S12).
Two curves are shown for each RO2 radical; these denote the

range of possible HOx cycling, depending on the assumed fate of
the organic reaction products. Solid lines denote the HOx co-
produced with the organic reaction products, which are assumed
not to degrade further. At high NO, the RO2 + NO reaction
dominates, usually forming a single HOx radical, and the system
is chain-propagating. (For the small RO2 species here, organic
nitrate formation, which produces no HOx radicals, is a minor
channel.) At the other extreme, at low NO, there is a
competition between RO2 + HO2 to form ROOH (chain
termination) and RO2 isomerization (chain propagation); this
competition, and the ultimate change to HOx at low NO,
depends on the isomerization rate.
Dashed lines in Figure 7d denote HOx produced if any

hydroperoxide products are assumed to decompose (either
photolytically or thermally), forming an alkoxy radical and an
OH. This typically produces two more HOx than produced
without peroxide decomposition and represents a rough upper
limit to HOx production. In this case, the low-NO chemistry of
some RO2 can serve as a source of HOx radicals via
decomposition of the KHP produced in chain-propagating
isomerization reactions. This is similar to radical cycling from
RO2 in low-temperature combustion (Figure 7b), except that it
involves photolytic rather than thermal degradation of the
peroxide species. Such HOx production from low-NO RO2
chemistry has been proposed previously in the case of isoprene
oxidation.41,71 It may occur for RO2 radicals formed from other
volatile organic compounds as well, but this depends critically on
the extent to which the peroxide products undergo photolysis.
Unfortunately, the atmospheric fate of functionalized organic
peroxide species is poorly constrained at present; due to its
importance in atmospheric radical cycling, this is an important
area for future research.

4. CONCLUSIONS
This study maps out the reactivity of small RO2 radicals of
various structures, covering the full range of temperature,
pressure, and NO mixing ratio found across both atmospheric
and combustion conditions. For the simple systems examined
here, results show a complex interplay between the structure and
reaction conditions in determining reaction pathways followed.
The temperature has a controlling influence on RO2 branching,
with bimolecular reactions dominating at lower temperatures. At
higher temperatures, unimolecular channels become increas-
ingly important: first are isomerization reactions (forming KHP
species), then fragmentation reactions (such as HO2 elimination
or water-loss channels), and finally, at temperatures approaching
ignition, decomposition back to R + O2. NO mixing ratios and
system pressures also play a major role in determining RO2
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branching by controlling the rates of bimolecular reactions, but
these effects, while often important, are generally not as dramatic
as the temperature dependence. RO2 + NO reactions are
unlikely to play a major role in most combustion systems since
NO (and NO2) levels will quickly be depleted in fuel
combustion processes.
Moreover, the RO2 structure plays a dominant role in product

branching: the addition of even one functional group can have a
dramatic influence on energetics (e.g., weakening adjacent C−H
bonds to promote isomerization reactions), as well as introduce
new reaction channels. These effects can have a governing
influence on the organic product distribution, which controls
processes such as organic aerosol formation in the atmosphere,
as well as on subsequent radical cycling, which is central to
virtually all oxidation systems. The degree of radical cycling
(whether the system is chain branching, propagating, or
terminating) depends critically on the RO2 structure, reaction
conditions (temperature and NO level), and the fate of the RO2
reaction products.
While this work covers key aspects of the branching of a few

simple RO2 radicals over a wide range of conditions, additional
work is needed to understand the fate of organic peroxy radicals
generally. Specific to the models in this work, the fate of radical
products, such as those from the alkoxy formation, water
formation, and R decomposition pathways, should be evaluated
to better understand the impact of each pathway on the system-
wide behavior. Furthermore, larger and more structurally
complex RO2 (with rings, branches, and multiple functional
groups) will generally exhibit reactivity that is substantially more
complex than the simple model systems examined here.
Improved descriptions of the chemistry of bimolecular
coreactants (e.g., RO2 + RO2 reactions, the detailed NOx
mechanism) will also lead to more complete descriptions of
RO2 chemistry under a wide range of conditions. Peroxy radicals
in other phases (such as in liquid organic matrices, aqueous
solutions, and at interfaces) may also exhibit substantially
different reactivities. Experiments will continue to be critical not
only for validating pathways but also for finding new pathways.
Leveraging experiments and calculations to further validate
branching in transition regions will provide a more quantitative
understanding of products for use in models, and may lead to a
general methodology to evaluate RO2 fate across domains. This
would enable the evaluation of peroxy fate for more complex
compounds found in the atmosphere, in fuels, and in other
organic oxidation systems.
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