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Reaction pathways leading to HPALD
intermediates in the OH-initiated oxidation of
isoprene†

Péter Szabó, *ab Zhen Liu, c Jean-François Müller,b Jeremy N. Harvey a and
Jozef Peeters *a

In this study, we revisited the mechanism of isoprene oxidation by OH radicals, focusing on the

formation of hydroperoxyaldehydes (HPALDs) in the reactions following O2-addition at the a-position to

Z,Z0-OH-allyl radical products of the 1,6-H shift of the 1st-generation Z-d-OH-isoprenylperoxy radicals.

Utilizing high-level ab initio quantum chemical calculations and a master equation approach, we provide

theoretical confirmation that the formation of d-HPALDs dominates by far and show that production of

b-HPALDs by the mechanism proposed by Wennberg et al. (Chem. Rev., 2018, 118, 3337–3390) is negli-

gible. Besides the dominance of the d-HPALD formation channel, our investigation also reveals a novel

though minor reaction channel resulting in the formation of an allylic d-hydroperoxy acid and OH

radical. Of primary importance for the assessment of the respective channels is the identification of a

chemically activated mechanism driving the d-HPALD formation process under atmospheric conditions.

Different from traditional thermally activated pathways, we found that the rovibrationally hot peroxy

radicals resulting from O2 addition to Z,Z0-OH-allyl radicals undergo prompt rearrangement and

decomposition at a rate faster than their collisional relaxation, predominantly yielding d-HPALDs in a

chemically activated manner with high efficiency under atmospheric conditions.

1 Introduction

Isoprene is a naturally occurring compound synthesized by
plant leaves during photosynthesis and released into the atmo-
sphere. Its global emissions are on par with methane and
substantially exceed the total emissions of man-made volatile
organic compounds (VOCs). Global estimates of isoprene emis-
sions vary widely, ranging from approximately 210 to 990 Tg C
per year.1,2 In addition to its terrestrial emissions, marine
isoprene emissions correlated with phytoplankton productivity
have also been observed, although the annual yield is likely
small3 but very uncertain.4

The atmospheric oxidation of isoprene, primarily by the
hydroxyl (OH) radical, is a rapid process, with a lifetime of
the order of 1 hour at an OH concentration of 1–5 � 106

molecules cm�3. This fast reaction results in a cascade of

oxidation products, influencing factors such as the hydroxyl
radical balance,5 tropospheric ozone production,6 nitrogen
oxide production,7,8 and the formation of secondary organic
aerosols (SOAs).9 Isoprene oxidation is highly dependent on
local atmospheric conditions, particularly the concentration of
nitrogen oxides (NOx). In pristine environments, where NOx

levels are low, the oxidation mechanism follows a different
pathway compared to polluted areas with high NOx concentra-
tions. Understanding these mechanisms is essential for accurate
atmospheric modeling and for predicting the environmental
impacts of isoprene, especially in regions where anthropogenic
influences are minimal.

Extensive theoretical and laboratory studies10–27 have devel-
oped intricate mechanisms for OH-induced isoprene oxidation,
aiming to identify the main oxidation pathways, quantify the
product yields, and explore the potential for OH radical regen-
eration. These studies have identified or confirmed the critical
steps in the isoprene oxidation mechanism, which is initiated
by the addition of OH radicals to the isoprene molecule,
occurring through two distinct pathways: attachment to either
the 1-carbon (HO–CH2–C(CH3)–CHQCH2) or the 4-carbon
atom (H2CQC(CH3)–CH–CH2–OH).20,24 These pathways are
denoted as case I and case II, respectively. The subsequent
addition of an O2 molecule to isoprene-OH radicals leads to the
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formation of the first-generation isoprene hydroxy-peroxy (ISO-
POO) radicals, which according to the LIM1 mechanism of
Peeters et al.11,12 quickly interconvert, even tending to equili-
bration (Fig. 1). In LIM1, subsequent unimolecular isomeriza-
tion reactions of specific peroxy radical isomers by 1,6-H- and
1,5-H-shifts – competing with the bimolecular peroxy reactions
– are considered essential for OH and HOx radical generation
pathways in isoprene oxidation. The role of these isomerization
reactions, particularly the 1,6-H-shift of the Z-d-OH-peroxy
radical leading to the Z,Z0-OH-allyl radical 1, is crucial under
typical atmospheric conditions due to their significant rate
constant, in particular for case II, which makes it the most
favorable reaction pathway for the degradation of isoprene in a
pristine environment.12,17,18,28

The further reactions of the resulting Z,Z0-OH-allyl radical
may result in the formation of either hydroperoxy aldehydes
(HPALDs) following O2 addition at the position a to the HOC1H-
group or dihydroperoxy carbonylperoxy radicals (di-HPCARPs)
following O2 addition at the g-position, both of which have
been proposed to be the main sources of OH radical recycling
in the isoprene oxidation mechanism.12,16,22,29 However, the
various experimental measurements of the relative yields of
HPALDs and di-HPCARPs differ considerably.17,19,21,28,30 In
addition to the 1,6-H shift channel, the 1,5-H shift of b-OH-
peroxy radicals yields either methyl vinyl ketone (MVK) or
methacrolein (MACR), in addition to a hydroperoxy radical
(HO2),11,14 potentially contributing to the OH radical regenera-
tion, although in very low amounts due to its rate being two
orders of magnitude lower than that of the 1,6-H shift.12

Despite several thorough investigations in the past 15 years
resulting in a consensus on the main pathways, significant
differences still exist between currently available chemical
mechanisms, i.e. LIM1,12 the master chemical mechanism
of Jenkin et al.31 (MCM v3.3.1), and the Caltech mechanism of
Wennberg et al.18 Specifically, the assumed relative yields of
HPALD vary between 0.4 and 0.76, and the rate coefficients for
the 1,6-H shift differ by as much as a factor of 5. Furthermore, the
assumed relative contributions of case I and II as well as of the
formed b- and d-HPALD isomers are also different in these models.

In an early experimental study conducted by Berndt et al.,30

the HPALD yield resulting from the 1,6-H shift of the Z-d-OH
peroxy was estimated to be of the order of 0.04 within a factor of 2.

However, in later experiments,17,19,21,28 it became evident that the
HPALD yield is higher and better aligned with the theoretical
predictions of Peeters et al.,11,12 who suggested the di-HPCARP as
the other main product of the follow-up chemistry of the Z,Z0-OH-
allyl radical. The experimental study conducted by Teng et al.17

used GC-MS to separate the different isomeric products and
intermediates formed in the isoprene oxidation process. They
observed six peaks in the GC trace with an m/z ratio of 116 g mol�1

and assigned the two larger peaks to d-HPALD isomers (cases I
and II), while two other lower-abundance peaks were assigned to
b-HPALD isomers. By assuming the same HPALD yield for cases I
and II, the obtained yield for the d-HPALD was 0.25 (within
a factor of 2), while two further peaks with an m/z ratio of
116 g mol�1 remained unidentified with a yield of 0.15 (again
within a factor of 2). Later, Wennberg et al.18 reexamined these
measurements and assigned these two peaks to the b-HPALD,
which gives a total HPALD yield of 0.4 (d: 0.25 and b: 0.15); they
also proposed a mechanism for b-HPALD formation, which will
be duly examined in this work. Subsequently, Berndt et al.19

reported a significantly higher HPALD yield (0.76) without
distinction between the b- and d-isomers. Novelli et al.28 also
conducted chamber experiments under near-atmospheric condi-
tions and provided direct evidence for the efficient OH recycling.
They could not determine the HPALD yield, although a high
HPALD yield of 0.75 was found to be consistent with their
measurements of other compounds. The most recent experiment
of Medeiros et al.21 based on direct time-resolved OH measure-
ments serves as a validation of the theory-based LIM1 mecha-
nism. However, from their experiment, they indirectly determined
a 0.19 HPALD yield with an uncertainty factor of 2.5, where cases I
and II as well as the b- and d-HPALD could not be distinguished.

In the case of such a complex chemical network, where
numerous pathways compete, detailed theoretical analysis can
provide valuable complementary insights that make it possible
to interpret the experimental results and refine the mechanism.
The proposed pathways for HPALD formation might achieve
numerical consistency with kinetic simulations from experi-
ments, but the reasoning does not stem from in-depth quanti-
tative theoretical analysis of each elementary reaction step. As a
result, it may lack the ability to distinguish between different
mechanisms or outcomes in such intricate and subtle chemical
processes. In this study, our goal is to explore the formation

Fig. 1 A simplified reaction schematic of the reaction pathways in the LIM1 model after the addition of O2 to the isoprene-OH radical for case I.
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mechanism of HPALD species in the oxidation of the Z,Z0-OH-
allyl radical using quantum chemical methodology together
with statistical rate theories, thereby aiming also to assess the
validity of the b-HPALD formation mechanism proposed by
Wennberg et al.18

2 Computational details
2.1 Electronic structure calculations

Density functional theory (DFT), along with ab initio methodol-
ogies, has been employed to characterize the potential energy
surface of the system. DFT, using the M06-2X+D3 functional
that includes Grimmes D3 dispersion correction – crucial for
the hydrogen-bonded structures under investigation – and the
aug-cc-pVTZ basis set were utilized for geometry optimization
and frequency analysis of molecular structures. We used the
0.974 scaling factor for the frequencies obtained using the M06-
2X+D3 functional. This approach enabled the determination of
reliable partition functions, zero-point energy (ZPE) corrected
potential energies (at 0 K), and Gibbs free energies within the
harmonic oscillator–rigid rotor approximation. For key rate-
limiting reaction steps, the geometries of the lowest-energy
conformers of reactants and reaction barriers were identified,
and their single-point energies were calculated using the high-
performance UCCSD(T)-F12 method (an explicitly correlated
coupled-cluster method) with the specific cc-pVDZ-F12 basis
set. The spin densities are obtained from the Mulliken

population analysis and the DFT calculations. All DFT calcula-
tions were conducted using the Orca 5.04 program suite,32 and
the coupled-cluster calculations were performed using the
Molpro 2023 program33 ensuring a robust and comprehensive
computational approach. Chemaxon Marvin was used for draw-
ing chemical structures and reactions.34

2.2 Kinetics calculations

To understand how the Z,Z0-OH-allyl radical 1 behaves after O2-
addition under different conditions, we run energy-resolved
master equation (ME) simulations for the elementary reaction
steps depicted in Fig. 2 and 3. ME analysis rather than a
thermal reaction kinetics approach is in order here, since the
nascent peroxy radical 2 formed from Z,Z0-OH-allyl + O2 has ca.
23 kcal internal energy, while the lowest energy barrier of
reactions of 2 is only ca. 11 kcal mol�1. For the ME computa-
tions, we utilized the MESS software35 to compute phenomen-
ological rate coefficients by diagonalization of the global
energy-resolved relaxation matrix. This matrix characterizes
collisional energy relaxation, unimolecular isomerization, and
dissociation processes, as well as the formation of bimolecular
products, as sinks and the capture of reactants as source terms.

To model the energy relaxation, we used the exponential
down collisional energy transfer model with an exponent of
0.85 and Lennard-Jones (LJ) collision frequencies. In the colli-
sion model, the same set of empirical LJ parameters were used
as in the work of Li et al.27 on first-generation isorepene-OH-

Fig. 2 Reaction pathways leading to products (9 (b-HPALD), 11 (d-HPALD) and acid 5) after the addition of O2 to the Z,Z0-OH-allyl radical at the
a-position for case I. The structures of case II are displayed in Fig. 3.
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peroxides that are originally derived for d-pinene chemistry
by Kurten et al.36 The empirical LJ parameters s = 6.5 Å and
e = 417 cm�1 were used for the Z,Z0-OH-allyl radical and s =
3.9 Å and e = 33.4 cm�1 for the bath N2 gas. The average energy
transferred during the downward energy transfer was set to
hDEi = 200 cm�1. The two barrierless reactions, (i) the capture
process of O2 to Z,Z0-OH-allyl radicals and (ii) the dissociation
of peroxy 10 to d-HPALD + HO2, are treated within the phase
space theory model, where the transition state of the barrierless
process was modeled using an attractive V(R) = �C6/R6 long-
range potential and then the number of states at the corres-
ponding transition state on the model potential is estimated
using the phase space theory. Furthermore, the asymmetric
Eckart barrier model37,38 was used to take into account tunneling
in RRKM calculations with an energy grain size of 10 cm�1.

The microcanonical rate constant (RRKM) calculations
needed for the master equation are complicated by the
presence of numerous (at least 7) internal rotors in each peroxy
species. While the high-pressure kinetics of reactions involved
in our mechanism can be effectively estimated using the
accurate multi-conformer method, simulating the pressure-
dependent kinetics with the master equation taking into
account all the hindered rotors becomes cumbersome. Because
of this, only the lowest energy conformers are considered in our
master equation simulations within the rigid rotor–harmonic

oscillator approximation. Nevertheless, the lowest frequencies,
particularly those below 50 cm�1, may introduce uncertainty in
the calculated number of states and rate constants. To mitigate
this error, we adopted Truhlar’s approach.39 Frequencies in the
range of 50–100 cm�1 are uniformly adjusted to 100 cm�1,
while those below 50 cm�1 are adjusted to 50 cm�1.

3 Results and discussion

The product radicals 1 (Fig. 2) resulting from 1,6-H shifts of the
Z-d-OH-peroxy radical HO–CH–C(CH3)–CHQCH2–OOH in case
I and HOO–CH2QC(CH3)–CH–CH2–OH in case II are antici-
pated to primarily form in the Z,Z0 conformations, which
facilitate the formation of the most stable cyclic H-bonded
structures.12 As was shown earlier, the energy barriers for the
various unimolecular isomerization and decomposition pro-
cesses of the Z,Z0-OH-allyl radicals are generally too high for
these steps to play a significant role.12 Therefore, the collisional
stabilization of the radical dominates at atmospheric pressures.
Then, an oxygen molecule may attach without a barrier to either
the allylic 1-carbon in the alpha position or the 3-carbon in the
g position to the HOC1H-group. Adding O2 at the allylic a-
position, which has a spin density of 0.81, is likely slightly more
favorable than adding to the g carbon, where the spin density is

Fig. 3 Potential energy profiles for the Z,Z0-allyl radical + O2 reactions. Zero-point corrected energies are given in kcal mol�1 for case I and in brackets
for case II. The structures of the intermediates and products are displayed only for case II.
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0.55. Moreover, the addition to the a-carbon can subsequently
lead to the formation of HPALDs via HO2 elimination from 8
and 10, whereas addition to the g position is expected to lead to
di-HCARPs. Therefore, in this work, we only consider the
addition of O2 to the allylic a-carbon of the Z,Z0-OH-allyl radical
in both cases I and II. The formed adduct with an additional
peroxy group on the allylic a-carbon is denoted as radical 2
(see Fig. 2 and 3).

3.1 d-HPALD formation channel

Based on the theoretical work of the Leuven group (e.g. Peeters
et al.11,12) confirmed experimentally by the Caltech group
(see Crounse et al.10), it is generally accepted (see e.g. Wennberg
et al.18) that the further isomerization reactions of peroxy 2
result in the formation of hydroperoxy aldehydes (d-HPALDs),
assumed to be some of the main sources of secondary
OH radicals produced in the isoprene oxidation process. The
reaction path for d-HPALD production from peroxy 2 proposed
by Peeters et al.11,12 is the well-known general mechanism of
a-OH-alkylperoxy type radicals (see e.g. Hermans et al.40), i.e. a
concerted 1,4-H shift of the hydroxyl-H to the peroxy function
and C–OO rupture, followed by HO2 elimination from the
resulting complex. In the present work, we could confirm
and kinetically quantify this mechanism, with the concerted
reaction proceeding through a transition state (TS-2-10) over
barriers of 11.4 and 10.7 kcal mol�1 in cases I and II, respec-
tively. This 1,4 H-shift yields a strongly H-bonded complex 10 by
the reaction between HO2 and a newly formed carbonyl func-
tion on the a-carbon. Then, peroxy 10 can rapidly decompose
without significant exit barrier into d-HPALD and a free HO2,
requiring 11.8 and 7.4 kcal mol�1 energy in cases I and II,
respectively.

3.2 b-HPALD formation channel

After the work of Teng et al.17 (see above), Wennberg et al.18

proposed a mechanism for the formation of the b-HPALD
isomer to which one of the GC-MS elution peaks observed by
Teng17 was tentatively assigned. In this mechanism, as imple-
mented in this work (see Fig. 2 or the green reaction path in
Fig. 3), after the addition of a second O2 moiety to the a-carbon
of the Z,Z0-OH-allyl radical, peroxy 2 can transform into peroxy
3 by an intramolecular 1,8-H shift from the preexisting –OOH to
the –O2 group. The barrier of the tight transition state connect-
ing peroxy 2 and species 3 is relatively high with energies of
18.5 and 16.2 kcal mol�1 in cases I and II, respectively. Then,
the newly formed –O2 group may dissociate as an O2 molecule
from peroxy 3 leaving behind an a-hydroperoxy allyl radical
(3 - 6). For case I, this reaction shows a small but real exit
barrier above an endothermic energy of 3.4 kcal mol�1, due to
multiple H-bonding interactions in peroxy 3 (see Fig. S1, ESI†).
Re-addition of an O2 molecule may happen to the allylic
b-carbon to form species 7, which opens the way to a 1,6-H
shift between the –O2 and –OOH groups resulting in peroxy 8.
From this, b-HPALD can form through the expulsion of an HO2

radical that occurs without any potential barrier. According to
our present calculations, the rate-limiting step in case I is the

dissociation of O2 in the reaction 3 - 6 over a 21.3 kcal mol�1

barrier, and in case II is 1,6-H transfer from peroxy 7 - 8
through a tight transition state over a barrier of 20.9 kcal mol�1.
Furthermore, the O2 re-addition to the allylic beta carbon in the
reaction 6 - 7 also has small barriers of 2.6 kcal mol�1 and
0.5 kcal mol�1 in cases I and II, respectively. It is worth noting
that in the dissociation of the O2 from peroxy 3 to form radical 6
and the re-addition of a different O2 molecule to form 7,
intermediate radical 6 is assumed here to be collisionally stabi-
lized. However, even without collisional stabilization of radical 6,
one can still justify this transformation of peroxy 3 - 7 through
radical 6 by assuming the ‘‘somersault’’ of O2 involving its
dissociation from 7 and its prompt re-addition, which implies
a roaming mechanism. Although this reaction pathway can
explain the tentatively proposed b-HPALD formation, the asso-
ciated barriers (TS-3-6 and TS-7-8) are too high to permit a
significant reaction rate.

3.3 d-Hydroperoxy acid formation channel

In addition to the two HPALD formation channels, another
reaction mechanism has been explored here (blue lines in
Fig. 3), which leads to a non-HPALD product. This starts with
the formation of radical 3 from 2, as in the b-HPALD + HO2

reaction. Besides TS-3-6, discussed above, we found another
lower energy barrier (TS-3-4) that involves a 1,6-H shift from the
initial a-carbon (in radical 2) to the –O2 group. The product of
this exothermic reaction is a bis-hydroperoxy allylic radical
(species 4 in Fig. 2 and 3) with one HOO- and one HO-group
on the a-carbon. The unstable a-hydroperoxy radical 4 will
spontaneously undergo a barrierless and highly exothermic
concerted O–O bond homolysis to yield a beta-unsaturated acid
(5) and an OH radical, which lie lower in energy than 4 by
37 kcal mol�1. The discovery of a new reaction pathway that
leads to the formation of acid 5 and OH might have implications
for the interpretation of experimental results. Besides HPALDs, a
C5H8O4 product with a yield of 3.5% has been observed by Teng
et al.,17 though it remained unidentified. Berndt et al.19 mea-
sured the same C5H8O4 product but with a significantly higher
yield of 15% and assigned it as the hydroperoxy-carbonly-
epoxide (HPCE), which may form through another reaction
channel following O2 addition to Z,Z0-OH-allyl in the g-position
(Wennberg 2018). However, unsaturated acid 5 can also be
identified as a C5H8O4 product. The main bottleneck for the
formation of acid 5 is the high-lying TS-3-4, although with a large
imaginary frequency (i1800 cm�1), which makes it prone to rate
enhancement through quantum-mechanical tunneling. Indeed,
in our calculations, the tunneling contributes to making this
pathway nearly 3 orders of magnitude faster than the competing
b-HPALD formation through TS-3-6. Nonetheless, this reaction
channel is still predicted to be negligible under atmospheric
conditions, with the main pathway being predicted to be that
leading through TS-2-10 to the d-HPALD products by far. Based
on our calculations, acid 5 formation may have no significant
contribution to the observed C5H8O4 product with a molecular
weight of 132 g mol�1.17,19
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3.4 Chemical vs. thermal activation kinetics

Based on the energetics (see Fig. 3) as well as the high-pressure
rate coefficients (see Fig. S2, ESI†), the formation of d-HPALD is
predicted to be far more favorable than all competing processes
of peroxy 2. The calculated high-pressure thermal rate coeffi-
cient for 2 - 10 d-HPALD formation is 7 orders of magnitude
larger in case I than that of the 3 - 6 reactions leading to
b-HPALD and 4 orders of magnitude larger than that of the
sequence leading to the non-HPALD compound (acid 5).

Nonetheless, in the case of the nascent hot peroxy inter-
mediate 2 formed from Z,Z0-OH-allyl + O2 in the atmospheric
oxidation of isoprene, one expects a competition between its
prompt rearrangement (2 - 10), followed by decomposition of
10, and collisional stabilization so that thermal high-pressure
rate coefficients provide only part of the story. In the atmo-
spheric process, in which prompt reactivity of the chemically
activated species 2 competes with its stabilization, the relative
rates of 2 - 10 and its competing reactions are expected to
differ appreciably from those of the thermal reactions, though
reaction 2 - 10 should still be predominant. To derive the
relative rates and the product yields of the initially chemically
activated 2 under atmospheric conditions, we have performed
master-equation modelling of the reaction network.

Beyond the treatment of well-to-well and well-to-product
channels, it is crucial to account for the incoming flux of 2
stemming from the bimolecular association of O2 with the Z,Z0-
OH-allyl radical (1). This consideration is especially important
because most of the barriers (TS-2-10 and TS-2-3) are sub-
merged or have slightly positive energy (TS-3-6, TS-6-7, and
TS-7-8) relative to the energy level of the reactants, O2 + Z,Z0-OH-
allyl radical 1, making the entire chemical network susceptible
to chemical activation. In such a case, the thermally equili-
brated reactants (O2 + 1) form a ro-vibrationally hot adduct
(peroxy radical 2). The energy distribution of the reactive
complex immediately after the O2 capture can be given by
P(E) = (2pQR)�1N#(E)exp(�E/kBT), where QR is the product of
the partition functions of the reactants, and N#(E) is the
number of states for the transition state of the capture step.35

This adduct with the energy distribution P(E) may react at a rate
similar to or faster than the timescale for its collisional energy
relaxation. Consequently, the chemically activated (non-
thermalized) fraction of the incoming reactant flux may signifi-
cantly contribute to or even dominate product formation, in
addition to the usual thermal reaction channels.

A similar scenario has been explored by Pfeifele &
Olzmann23 in the study of first-generation isoprene-OH-
peroxys. In their work, alongside the conventional thermal
activation channels, they investigated the effects of both single
and double chemical activation under steady-state conditions.
This was achieved by coupling two master equations for the
bimolecular chemical activation steps: one for isoprene + OH
and another for isoprene-OH + O2 - ISOPOO, after which the
Z,Z0-OH-allyl radical is generated via the 1,6 H-shift of the Z-d-
peroxy radical. Their findings indicated that neither the double
nor the single activation mechanisms substantially affect the
rate coefficients or branching ratios, owing to the rapid

thermalization of both the isoprene-OH and the ISOPOO radi-
cals under atmospheric conditions.

Based on the above considerations, we ran master equation
simulations of the reaction system considering the chemical
activation stemming from the association reaction of O2 + Z,Z0-
OH-allyl radical. The Z,Z0-OH-allyl radicals (1) having achieved
thermal equilibrium within ca. 1 ns following sufficient ran-
dom collisions react fast with O2 molecules to yield 2 upon
O2-addition in the alpha position. Besides the reactants, we
have taken into account in our ME simulation the following
potential wells: 2, 3, 10, and barriers TS-2-3, TS-2-10, and TS-3-6
(see Fig. 3) and also three distinct product channels: acid 5 and
both HPALDs (9 and 11).

When complex 2 forms through the bimolecular association
of thermalized reactants (O2 + Z,Z0-OH-peroxy radical) under
atmospheric conditions, the resulting adduct (2) possesses an
average internal (ro-vibrational) energy of 23 kcal mol�1, 5 kcal
mol�1 of which is inherited from the thermal reactants O2 + 1.
The energy dependence of the phenomenological rate con-
stants, derived from solving the chemical master equation
(ME), can provide insights into the probability of the different
fates of the hot 2 as a function of its energy, which are displayed
in Fig. 4 for case I. At an energy of 23 kcal mol�1, the probability
of prompt d-HPALD formation from radical 2 through the hot
complex 10 is notably high (0.7). This contrasts with the
probabilities for thermal stabilization and decomposition of
radical 2 back to reactants, which are 0.14 and 0.15, respec-
tively, and the probability of isomerization of 2 to 10 and
stabilization of the latter, which is less than 0.01. These
probabilities underscore the prominence of chemically acti-
vated (the prompt decomposition of the energized radical 2 to
d-HPALD + HO2) over conventional thermally activated reaction

Fig. 4 Energy-dependent probabilities of various reaction pathways for the
ro-vibrationally excited adduct peroxy 2 as a function of its internal energy
in case I at T = 298 K and p = 760 Torr: collisional stabilization of radical 2
(black curve), isomerization of radical 2 to stabilized complex 10 (green line),
prompt decomposition to d-HPALD (red curve), and redissociation back to
the reactants 1 + O2 (blue line). The vertical dotted line indicates the average
thermal energy of the reactants (O2 + Z,Z0-OH-peroxy radical) from which
radical 2 is formed under atmospheric conditions.
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pathways. Additionally, it is worth noting that at energies well
below the thermal average for radical 2 (below ca. 19 kcal mol�1),
collisional stabilization of 2 is the dominant process. However,
at higher energies, the reverse reaction (re-decomposition into
reactants 1 and O2) becomes the most favorable. reaction

The energy-dependent probabilities offer valuable insights
into the underlying physicochemical processes. However, quan-
tifying the relative contributions of thermally and chemically
activated processes requires examining the temperature and
pressure dependencies of our chemical system. Fig. 5 displays
the temperature dependence of chemically activated d-HPALD
formation yields at 760 Torr, as well as at two other pressures.
At 760 Torr, 76–90% of the incoming reactant flux instanta-
neously yields quasi-solely d-HPALD + HO2 products via
chemical activation, across the whole considered temperature
range of 250–330 K. The remaining 10–24% of the reactant flux
initially stabilizes through collisions as radical 2, with its sub-
sequent fate determined by the thermal rate constants, such that
it almost entirely undergoes thermal transformation to complex
10, eventually leading to 11, d-HPALD + HO2. At lower pressures,
the thermal relaxation of 2 is less effective; therefore, at p = 500
Torr, the yield from chemically activated 2 increases to 85–95%.
Although the thermal reaction occurs in the fall-off regime at
atmospheric pressures, the thermally activated formation of
d-HPALD from peroxy 2 remains significantly predominant with
99.7% yield of the thermalized flux at 300 K and 760 Torr (see
Fig. S5, ESI†) compared to the other two products (5 and 9).

We conducted additional simulations to investigate the
effects of the energy transfer parameter (DE) and non-
tropospheric pressures and temperatures on chemically activated
product yields, especially on the possible formation of d-acid +
OH. On the other hand, the production calculations above were
based on DE = 200 cm�1; to assess the impact of collisional
energy transfer, we extended the simulations by using DE =

100 cm�1. Additionally, we broadened the temperature range
(250–580 K) and pressure range (100–1400 Torr) in our simula-
tions (see Fig. S4 in the ESI†) to align more closely with the
conditions of the most recent experimental work of Medeiros
et al.21 The chemically activated yields reported in Table S4
(ESI†) are those of the minor products d-acid-5 + OH and
b-HPALD + HO2, as produced from the chemically activated
peroxy 2 while skipping the wells of all intermediates 3 and 4
and for b-HPALD also 7 and 8, i.e. without counting the contribu-
tions after collisional thermalization of these intermediates. Even
at 100 Torr and 580 K, when using DE = 100 cm�1, the so-
calculated chemically activated formation of d-acid remains low,
with a yield of 3.1 � 10�4, indicating that the chemically activated
formation of d-acid (as well as the b-HPALD) remains negligible
across a wide temperature (250–580 K) and pressure range (100–
1400 Torr), regardless of the energy transfer parameter.

Until now, the results of our simulations were based on the
assumption of thermalized reactants Z,Z0-OH-allyl + O2. In
order to explore the impact of a possibly not fully thermalized
Z,Z0-OH-allyl radical upon reaction with O2, we performed
additional master equation simulations over an extended tem-
perature (250–580 K) and pressure range (100–1400 Torr). In
these simulations, we artificially increased the energy level of the
reactants by +5 kcal mol�1 to mimic a residual excess energy
content of the Z,Z0-OH-allyl radicals from their formation. Our
simulations (see Table S4 in the ESI†) indicate that, even with
non-thermalized hot reactants, the chemically activated for-
mation of d-acid + OH remains negligible, with a yield of 5 �
10�4 at low pressures (100 Torr) and high temperatures (580 K).

Note that at tropospheric temperatures and pressures, the total
yield of d-acid + OH (5) is substantially higher than the chemically
activated yields (for example, 1.4 � 10�6 in case 2 at 300 K and 760
Torr), as shown in Table S4 (ESI†). This is due to the more
significant production of 5 from thermalized peroxy 2, owing to
the high tunneling factors at 300 K of ca. 220 for 2 - 3 and ca. 100
for 3 - 4, versus only ca. 2 for 2 - 10, on account of the very high
imaginary frequencies (see Table S2, ESI†) of ca. i2200 cm�1 for TS-
2-3 and ca. i1800 cm�1 for TS-3-4, while that of TS-2-10 is only ca.
i830 cm�1. Nevertheless, the thermal yield of d-acid + OH remains
below 2.5�10�4 overall under atmospheric conditions (see Fig. S5
and S6, ESI† for the fraction d-acid in the total thermal flux). At
500 K, the thermal contribution to d-acid + OH is much smaller,
because of the lower fraction of thermalized peroxy 2 among others.

These results imply that under atmospheric conditions, as
well as in the extended pressure and temperature range
explored in the experiments by Medeiros et al.,21 the addition
of O2 to 1 in the a-position predominantly leads to the for-
mation of d-HPALD and HO2. The formation of other products,
such as d-acid + OH and b-HPALD + HO2, is negligible in both
thermally and chemically activated pathways.

4 Conclusion

In this study, we re-examined the HPALD formation pathways
in the reaction of Z,Z0-OH-allyl radical + O2, using high-level

Fig. 5 Thermally and chemically activated yields of d-HPALD in the Z,Z0-
OH-allyl radical + O2 reactions at different pressures for case I.
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ab initio quantum chemical calculations combined with energy-
dependent master equation modeling of the reactive chemical
network. Our calculations strongly suggest that the earlier
proposed pathway leading to d-HPALD + HO2 is by far the most
dominant fate peroxy 2 resulting from O2 addition to Z,Z0-OH-
allyl in the a-position. We confirmed that the peroxy radical 2
can isomerize into a doubly H-bonded product (10), which
eventually dissociates in a barrier-free process to d-HPALD +
HO2. We have shown that the previously suggested multi-step
mechanism for b-HPALD formation (Wennberg et al.18) is
negligibly slow, both in the high-pressure limit and under
atmospheric conditions. In addition to the two HPALD for-
mation channels, we also discovered another reaction route
leading to an allylic d-hydroperoxy acid (5) and OH radical. This
reaction is more favorable than the b-HPALD formation; how-
ever, it is still negligible compared to the d-HPALD formation.

Another important result of our work is that we demon-
strated that the d-HPALD formation occurs for the most part
(ca. 85%) promptly by reaction of the initially formed, chemi-
cally activated adduct peroxy radicals (2) as the rate of HPALD
formation through the instantaneous rearrangement and
decomposition of 2 is faster than the nanosecond timescale
for its collisional relaxation. Reaction of the thermalized adduct
2 contributes additionally by ca. 15% to d-HPALD + HO2

production, with an overall d-HPALD yield very close to 100%.
The reaction channels confirmed and energetically as well as

kinetically quantified in this work may significantly impact the
isoprene oxidation mechanism by predicting quasi 100%
d-HPALD production from the Z,Z0-OH-allyl radical upon O2

addition at the a-position, given also the proposed OH radical
recycling through the subsequent photolysis of d-HPALD.16,18,29

Another significant finding is that in our proposed mechanism,
while the production of b-HPALD by the mechanism proposed
by Wennberg et al.18 is found to be negligible, the only HPALD
product is the d-isomer, formed mainly through a chemically
activated mechanism. In experiments, it is difficult to distin-
guish between the b and d-isomers of HPALD, though this
aspect could be revisited in light of the current predictions.
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