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Hydrotrioxide (ROOOH) formation in the atmosphere
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Organic hydrotrioxides (ROOOH) are known to be strong oxidants used in organic synthesis. Previously,
it has been speculated that they are formed in the atmosphere through the gas-phase reaction of
organic peroxy radicals (RO2) with hydroxyl radicals (OH). Here, we report direct observation of ROOOH
formation from several atmospherically relevant RO2 radicals. Kinetic analysis confirmed rapid RO2 + OH
reactions forming ROOOH, with rate coefficients close to the collision limit. For the OH-initiated
degradation of isoprene, global modeling predicts molar hydrotrioxide formation yields of up to 1%,
which represents an annual ROOOH formation of about 10 million metric tons. The atmospheric lifetime
of ROOOH is estimated to be minutes to hours. Hydrotrioxides represent a previously omitted substance
class in the atmosphere, the impact of which needs to be examined.

H
ydrotrioxides (ROOOH) are known, ther-
mally unstable products formed in the
low-temperature ozonolysis of saturated
organic compounds in organic solvents.
They are a chemical source of the pow-

erful oxidant singlet molecular oxygen (1O2)
released during their decomposition (1, 2).
Accordingly, hydrotrioxides are used in pre-
parative chemistry to form the corresponding
oxetane and carbonyl products in the reac-
tion with alkenes mostly carried out at dry-ice
temperature (3).
In atmospheric gas-phase chemistry, theo-

retical calculations have proposed the for-
mation of hydrotrioxides as intermediates
in the reaction of RO2 radicals with OH, as
shown in pathway 1 below (4, 5). The rapid
radical recombination reaction is exother-
mic by ~130 kJ mol−1, nearly independent of
the RO2 radical, initially forming the energy-
rich ROOOH*. This chemically excited species
can decompose, leading to the corresponding
alkoxy radical RO andHO2 (pathway 2) or, to a
lesser extent, to an alcohol andO2 (pathway 3).
In competition with decomposition, collisions
with bath gas molecules, M, result in thermal-
ized ROOOH (pathway 4) (4–6).

RO2 + OH → ROOOH* (1)

ROOOH* → RO + HO2 (2)

ROOOH* → ROH + O2 (3)

ROOOH* + M → ROOOH + M (4)

Previous experimental investigations of the
RO2 + OH reaction at 298 K and 50 torr He
found a decreasing HO2 yield, with the RO2

radical size increasing from C1 to C4. For
CH3O2, the HO2 yield was 0.90 ± 0.10, which
decreased to 0.15 ± 0.03 for n-C4H9O2 (6).
Calculations supported by these experimen-
tal findings suggested that at 298 K and
1 bar of N2, pathway 4 was the dominant fate
of ROOOH* in the case of C2H5O2 (78%) and
larger RO2 radicals (>95%). For CH3O2 rad-
icals, decomposition into CH3O and HO2 via
pathway 2 still dominates (6). Thus, with the
exception of CH3O2 radicals, formation of the
thermalized ROOOH is the expected domi-
nant product from RO2 + OH reactions in the
atmosphere.
There has been a lot of speculation in the

literature about the physical chemistry of the
reactions of RO2 radicals with OH in the at-
mosphere. All evidence that hydrotrioxides are
formed has, to date, been indirect, and an
experimental proof of hydrotrioxides has been
missing up to now (4–7).

In this work, we conclusively demonstrate,
through their direct detection, that hydro-
trioxide formation takes place from RO2 + OH
reactions under atmospheric conditions. The
investigations were conducted in a free-jet
flow system at 295 ± 2 K, a pressure of 1 bar of
air, and a reaction time of 7.5 s using product
monitoring by chemical ionizationmass spec-
trometry (8, 9). Quantum chemical calculations
(10–12) were carried out in support of the re-
action mechanisms as well as the thermal
stability and photostability of hydrotrioxides
(supplementary materials, section S4).

ROOOH from trimethylamine oxidation

We observed a strong signal consistent with
ROOOH formation in the reaction of OH rad-
icalswith trimethylamine [N(CH3)3] using iodide
for product ionization in the mass spectrometric
detection (fig. S1). In this reaction system, an
efficient autoxidationmechanism (13) (repeated
RO2 isomerization and O2 addition) rapidly
formed the RO2 radical (HOOCH2)2NCH2O2 (I)
as a main product (10, 14). The RO2 radical (I)
can react with OH to form the hydrotrioxide
(III); however, this is in competition with
unimolecular RO2 isomerization forming the
dihydroperoxy amide (II) and with the RO2

self-reaction (I + I) forming the accretion
product (IV), as illustrated in Fig. 1.
The signal with themass of the hydrotrioxide

(HOOCH2)2NCH2OOOH (III) steeply increased
with increasing concentrations of the OH pre-
cursor, isopropyl nitrite (IPN), i.e., for rising
OH and RO2 radical concentrations in the
experiment (Fig. 2A). The signal of III behaved
similarly to that of the accretion product IV
formed in the self-reaction of the RO2 radical I.
Both followed second-order kinetics, in clear
contrast to the first-order kinetics of amide
(HOOCH2)2NCHO (II) formation, arising from
the RO2 isomerization of I (10). Because OH
and RO2 radical concentrations increased in a
similar way with increasing IPN concentra-
tions, the product of the RO2 + OH reaction
increased almost parallel to the accretion
product IV (Fig. 2A).
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DK-1350 Copenhagen, Denmark. Fig. 1. Product formation starting from the (HOOCH2)2NCH2O2 radical (I).



For furthermechanistic validation ofROOOH
formation, we increased the OH level in the
experiment by lowering the trimethylamine
concentration for a constant OH production
rate using unchanged IPN and nitric oxide
(NO) in the photolysis (Fig. 2B). The OH level
grew as a result of the decreasing OH loss rate
with the lowering of the main OH consumer
trimethylamine. At sufficiently small trimethyl-
amine concentrations, OH started to react sub-
stantially with CO, methane, and other trace
gases in the air, resulting in clear weakening of
theRO2 radical I production (Fig. 2B). Simulta-
neously, the signals of the RO2 isomerization
product II and the accretion product IV de-
clined. By contrast, the signal attributed to the
hydrotrioxide III showed a clear increase with
increasing OH levels, which emphasizes that
III has to be formed in a second OH reaction
subsequent to the initial OH+ trimethylamine
reaction that forms I. Additional tests revealed
that the hydrotrioxide formation was not influ-
enced by interfering processes during product
ionization and photolysis (fig. S2), or by the
presence of water vapor (fig. S3), or by elevated
NO concentrations (fig. S4). Using modeled
OH concentrations (supplementary materials,
section S1.5), we found a linear dependence of
signal(ROOOH) versus signal(RO2) × [OH]model

in accord with the expected formation mech-
anismof ROOOH (fig. S5). OH radicalmeasure-
ments in amine systemswere not possible with
our technique.
The same product formation from OH +

trimethylamine, including hydrotrioxide pro-
duction, was alsomeasured using nitrate as the
reagent ion (fig. S6). H/D exchange experi-
ments in the presence of heavy water (8, 15)
(to determine the number of weakly bound,
exchangeable H atoms) showed a signal shift
by 3mass units in themass spectrum, in accord
with the presence of twoOOHgroups and the
OOOH group further supporting the structure
of III (fig. S7). All experimental findings were
consistent with the formation of the hydro-
trioxide III through a RO2 + OH reaction.
In Fig. 3, we show the calculated energy

diagram of reactions 1 and 2 for the observed
hydrotrioxide (HOOCH2)2NCH2OOOH. The
decomposition of the hydrotrioxide leading to
the alkoxy radical and HO2 was ~20 kJ mol−1

lower in energy than that leading to the RO2

radical and OH, which is in overall agree-
ment with previous calculations performed
on small C1 to C4 hydrotrioxides (4, 6). For-
mation of three strong internal hydrogen
bonds in (HOOCH2)2NCH2OOOH increased its
thermostability compared with that of less-
functionalized hydrotrioxides (supplementary
materials, section S4.2).

ROOOH from isoprene oxidation

ROOOH formation was also probed in the re-
action of OH radicals with isoprene (C5H8), one
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Fig. 2. Product formation
from OH + trimethylamine
for increasing OH levels.
(A) Rising OH and RO2

radical levels were the result
of increasing IPN for other-
wise constant reactant con-
centrations, [NO] = 1.0 × 1010

and [trimethylamine] = 5.2 ×
1011 molecules cm−3.
(B) Rising OH levels
resulted from constant OH
production, i.e., constant
IPN and NO concentrations
([IPN] = 1.5 × 1011 and
[NO] = 1.0 × 1010 molecules
cm−3), and lowering of the
main OH consumer
trimethylamine. In both
experiments, OH radicals
were produced from IPN
photolysis in air whereby the
OH generation finally pro-
ceeded via NO + HO2 → OH +
NO2. Product signals were
measured with a standard
deviation of <20%. Stated OH
concentrations were taken
from modeling with an
assumed uncertainty of a
factor of 2.

Fig. 3. Energy diagram for the formation of hydrotrioxide (HOOCH2)2NCH2OOOH (III). Its formation
from (HOOCH2)2NCH2OO (I) + OH was exothermic by 146 kJ mol−1, and its decomposition into the
corresponding alkoxy radical + HO2 was endothermic by 126 kJ mol−1. The lowest-energy conformer
of the hydrotrioxide is shown, and dashed lines illustrate the three hydrogen bonds. The zero-point
vibrational energy–corrected electronic energies were calculated at the UCCSD(T)-F12a/cc-pVDZ-F12//
M06-2X/aug-cc-pVTZ level.
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of the most important nonmethane hydro-
carbons in the atmosphere (fig. S8) (16). In
this case, different isomeric RO2 radicals were
formed as a result of isoprene’s structure and
the different positions of OH and O2 addition
as well as the RO2 interconversion in this
system (17, 18). Moreover, RO2 autoxidation
led to a suite of different oxidized RO2 rad-
icals HO-C5H8(O2)xO2, where x = 0, 1, and 2
(9, 12, 17–19). In Fig. 4A, we show the results
from an experiment with rising OH level re-
sulting from the lowering of isoprene in the
reaction gas for constant photolysis condi-
tions. The OH concentration was determined
indirectly by monitoring SO3 formation from
OH + SO2. The small SO2 addition did not
disturb the OH + isoprene reaction (fig. S9).
Signals consistent with hydrotrioxides HO-
C5H8(O2)xOOOH, where x = 0 and 1, emerged
beside those from the corresponding RO2

radicals. Both substance classes showed the
expected behavior, i.e., the RO2 radical con-
centrations decreased with the lowering of
the isoprene concentration, and the ROOOH
compounds increased proportional to the
product [RO2] × [OH]. Experiments with
rising OH and RO2 radical concentrations,

as a result of increasing IPN concentrations,
confirmed these findings (fig. S10).
The ROOOH formation kinetics were as-

sessed on the basis of the measured ROOOH,
RO2, and OH radical concentrations (Fig. 4B).
Fromthe linear dependenceof [ROOOH]versus
[RO2] × [OH] in the case of HO-C5H8OOOH,
a rate coefficient of k(HO-C5H8O2 + OH) =
5.1 × 10−11 cm3 molecule−1 s−1 follows. For
the higher oxidized HO-C5H8(O2)OOOH, the
analysis yields k(HO-C5H8(O2)O2 + OH) =
1.1 × 10−10 cm3 molecule−1 s−1, assuming a
regression line through zero (Fig. 4B, inset).
These rate coefficients have an uncertainty
of a factor of 3 to 4. Previously, high rate co-
efficients of RO2 +OH reactionswere reported
for C1 to C4 RO2 radicals through detection of
the OH decay, e.g., k(C4H9O2 + OH) = (1.5 ±
0.3) × 10−10 cm3 molecule−1 s−1 at 298 K (20),
which supports our findings.

Universal ROOOH formation

We tested the general validity of hydrotrioxide
formation fromRO2 +OH reactions, especially
for RO2 radicals with atmospheric relevance.
In the OH radical–initiated oxidation of di-
methyl sulfide (DMS), a-pinene, toluene, and

1-butene, the corresponding hydrotrioxide
formation from the principal RO2 radicals in
the respective reaction system was clearly de-
tectable in the flowexperiment (figs. S11 to S18).
Data analysis revealed a linear dependence of
signal(ROOOH) versus signal(RO2) × [OH] for
each system (figs. S19 to S22). In the cases
where RO2 radicals and ROOOH could be
detected with close-to-maximum sensitivity,
the rate coefficients k(RO2 + OH) were esti-
mated (figs. S5 and S20), further supporting
that RO2 + OH reactions proceed with rate
coefficients close to the collision limit. Table S2
summarizes the rate coefficients determined
in this study. Moreover, signals consistent
with hydrotrioxide formation from the reac-
tion of OH radicals with 2-methylpropene
were observed in separate experiments con-
ducted in a 1-m3 Teflon (fluorinated ethylene
propylene) chamber in air using CF3O

− chem-
ical ionization mass spectrometry (supple-
mentary materials, section S1.7, and fig. S23).
Consequently, it could be inferred that RO2 +
OH reactions represent a universal pathway
of hydrotrioxide formation under atmospheric
conditions.

Atmospheric perspective of ROOOH

The hydroxy hydrotrioxide formed in the OH+
2-methylpropene reaction, as observed in the
environmental chamber experiment (fig. S23),
suggested an experimental ROOOH lifetime of
~20 min at 296 K including thermal gas-phase
decomposition and losses on the chamberwall.
Thus, 20min can be regarded as a lower bound
of its thermal lifetime. Theoretical calculations
on the thermal decomposition energies (Fig. 3)
for several hydrotrioxides pointed to similar or
longer thermal lifetimes (supplementarymate-
rials, section S4.2). In addition, the calculations
did not indicate any fast photolysis pathways
for ROOOH (supplementary materials, sec-
tion S4.3).
We estimated the atmospheric lifetime of

hydrotrioxides against the OH reaction to be
~2 hours to a few days assuming [OH] = (5 to
20)× 105molecules cm−3 andk(OH+ROOOH)=
(1 to 7.5) × 10−11 cm3 molecule−1 s−1, relevant
for saturated and unsaturated hydrotrioxides
assuming an OH reactivity similar to that of
the corresponding hydroperoxides (21, 22).
Thus, hydrotrioxides, once formed, would be
present in the atmosphere for minutes to
hours before further processing. Theoret-
ical calculations favored the formation of
alkoxy radicals RO from the reaction of OH
radicals with saturated ROOOH. In the iso-
prene system, however, OH+HO-C5H8OOOH
mainly forms the dihydroxy epoxide IEPOX
(18) and HO2 (supplementary materials, sec-
tion S4.5).
Global simulations with the chemistry cli-

mate model ECHAM-HAMMOZ (23) permitted
an assessment of ROOOH production from
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Fig. 4. Product formation
and ROOOH formation
kinetics in the OH +
isoprene reaction. (A) Product
concentrations were
obtained using calibration
factors from former investiga-
tions (supplementary
materials, section S1.3).
Corresponding error bars have
been determined from the
uncertainty in the calibration
factors. OH concentrations
were derived from detection
of SO3 formed via OH + SO2.
Increasing OH concentrations
(blue stars) for constant
OH production in the IPN
photolysis ([IPN] = 2.15 × 1011

and [NO] = 1.0 × 1010 mole-
cules cm−3) were the result of
lowering of the OH loss rate
by reducing the main
consumer isoprene. Iodide
was used as the reagent ion.
The uncertainty of OH con-
centrations has been esti-
mated to be ~30%
considering the uncertainties
of the SO3 calibration and
in k(OH + SO2). (B) Data were
taken from the experiments
depicted in (A). Deduced rate
coefficients of HO-C5H8OOOH and HO-C5H8(O2)OOOH formation from RO2 + OH were 5.1 × 10−11 and
1.1 × 10−10 cm3 molecule−1 s−1, respectively. Error bars are not shown for clarity.
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the OH radical–initiated oxidation of isoprene
(figs. S24 and S25). We lumped all isoprene-
derived RO2 radicals and calculated that up
to 1% of these could react with OH, forming
ROOOH. Given the large emission of iso-
prene (16), an annual ROOOH production of
up to ~10 million metric tons is calculated.
Furthermore, the modeling revealed that
isoprene-derived hydrotrioxides can reach at-
mospheric concentrations of ~107 molecules
cm−3 (fig. S24).
From the knowledge in preparative chem-

istry (1–3), we deduced that hydrotrioxides
could act as oxidants. In the atmosphere, this
reactivity could manifest itself in surface
reactions after lung inhalation and reac-
tions on and within aerosol particles forming
1O2. Hydrotrioxides generated from highly
oxidized RO2 radicals represent highly oxy-
genated organic molecules (HOMs) (24)
with a very large oxygen content, e.g., HO-
C10H16(O2)2OOOH (fig. S14). These ROOOH-
HOMs would be relevant for atmospheric
aerosol formation and thus for Earth’s ra-
diation budget. Further research is needed
to ascertain the role of hydrotrioxides for
health and the environment. We illustrated
the direct observation of hydrotrioxides using
mass spectrometry, which should open up
opportunities to measure these compounds
in different systems, including in the atmo-
sphere, after further optimization of the ana-
lytical techniques.
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Powerful oxidants in the atmosphere
Hydrotrioxides (ROOOHs) have intrigued the atmospheric chemistry community because of their strong oxidizing
properties and theoretical predictions that they could form in atmospherically relevant RO

2

 + OH reactions. Much of the
work to date has focused on CH

3

O
2

, but this chemistry has been found to play a minor role. Using a mass spectrometry–
based scheme for direct detection and ab initio calculations supplemented by global modeling, Berndt et al. showed
that ROOOHs could form routinely for heavier RO

2

 and have appreciable lifetimes. Potentially detectable steady-state
concentrations in the atmosphere were established. This work draws attention to an important class of strong oxidizing
agents previously disregarded in atmospheric kinetics models. —YS
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