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ABSTRACT: The fates of organic hydroperoxides (ROOHs) in atmospheric condensed phases are key to
understanding the oxidative and toxicological potentials of particulate matter. Recently, mass spectrometric
detection of ROOHs as chloride anion adducts has revealed that liquid-phase α-hydroxyalkyl
hydroperoxides, derived from hydration of carbonyl oxides (Criegee intermediates), decompose to
geminal diols and H2O2 over a time frame that is sensitively dependent on the water content, pH, and
temperature of the reaction solution. Based on these findings, it has been proposed that H+-catalyzed
conversion of ROOHs to ROHs + H2O2 is a key process for the decomposition of ROOHs that bypasses
radical formation. In this perspective, we discuss our current understanding of the aqueous-phase
decomposition of atmospherically relevant ROOHs, including ROOHs derived from reaction between Criegee intermediates and
alcohols or carboxylic acids, and of highly oxygenated molecules (HOMs). Implications and future challenges are also discussed.

1. INTRODUCTION
Organic hydroperoxides (ROOHs; organic compounds pos-
sessing the hydroperoxide group) are reactive oxygen species
that play key roles in many atmospheric, environmental,
advanced oxidation, and biological processes.1−10 ROOHs are
utilized for organic chemistry due to their high and unique
reactivity.11,12 ROOHs are typically labile and unstable in the
liquid phase. In most cases, the bond dissociation energy of
RO−OH is in the range of 40.0−44.0 kcal mol−1 (cf., 119 kcal
mol−1 for O−O of O2).

12 In condensed phases, ROOHs
decompose into products:

→ROOH products (R1)

The physicochemical properties of ROOHs and other peroxides
are summarized elsewhere.12

A major component of secondary organic aerosol (SOA) in
the atmosphere is peroxide species. For example, laboratory
studies have shown that organic peroxides account for 20%−
60% of isoprene- or monoterpene-derived SOA.13−15 Atmos-
pheric model simulations have predicted that ROOHs account
for up to 60% of global SOA.16 These ROOHs are thought to
trigger the aging process in SOA and increase the toxicity of
SOA.17 Air quality regulations that reduce the concentration of
nitrogen oxides would enhance atmospheric reaction pathways
that lead to more ROOH formation.
Atmospheric ROOHs originate via a variety of reactions. One

well-known source of ROOH in the atmosphere is the reaction
of RO2 with HO2:

18

+ → +RO HO ROOH O2 2 2 (R2)

A considerable proportion of RO2 is converted to ROOH by
HO2 under relevant conditions.

19 Less volatile ROOHs can be
taken up into atmospheric condensed phases. The reaction of
RO2 with HO2 (R2) also occurs at the air−water interface

during gaseous OH-radical oxidation of aqueous amphiphilic
organic compounds.20−22

ROOHs are also formed as a major product of ozonolysis.
Unsaturated hydrocarbons possessingCCdouble bonds (e.g.,
biogenic volatile organic compounds) react with ozone to form
diradical/zwitterion carbonyl oxides known as Criegee inter-
mediates (CIs). These CIs then undergo isomerization23,24 or
react with hydroxy species (OH species) such as water, alcohols,
or carboxylic acids, resulting in the generation of ROOHs.25

ROOHs are estimated to account for approximately 21% of the
SOA mass formed from the gas-phase ozonolysis of α-pinene.3

ROOHs may also be formed from the reactions of CIs with
ammonia/amines.26,27 CIs can isomerize into vinyl ROOHs,
secondary ozonides (1,2,4-trioxolanes), and other products.28

Given the tremendous amount of biogenic volatile organic
compounds emitted into the atmosphere, which accounts for
approximately 90% of total volatile organic compound
emissions,29 the reactions of CIs originating from biogenic
volatile organic compounds could be a major source of ROOHs
in the atmosphere.
CIs are expected to preferentially react with atmospheric

water to form α-hydroxyalkyl hydroperoxides (α-HHs), which
are compounds that possess both a −OOH group and a −OH
group (Figure 1).12 Due to their hydrophilic nature and large
Henry’s law constant (e.g., Henry’s law constant for
hydroxymethyl hydroperoxide, the smallest α-HH, is 5.0 × 105

M atm−1 at 295 K),30 α-HHs are expected to reside mostly in
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condensed phases such as fog/cloud droplets, aqueous aerosols,
and SOA in the atmosphere.
Autoxidation of volatile organic compounds via sequential H-

shifts and O2 additions in RO2 species31,32 produces highly
oxygenated molecules (HOMs) possessing multiple −OOH
groups, which could be an important source of atmospheric
SOA, especially in clean air (i.e., air with a low NOx
concentration).2 Once RO2 species are formed, the intra-
molecular reactions continue until termination reactions occur.
A recent study has shown that even in polluted air this
autoxidation can compete with bimolecular reaction reactions
(e.g., RO2 + NO), contributing to the formation of SOA.33

Because of their extremely low volatility, HOMs can easily
become SOA or condense onto particles.
In this perspective, we discuss our current understanding of

the aqueous-phase decomposition of atmospherically relevant
ROOHs, including ROOHs derived from reaction between
Criegee intermediates and water, alcohols, or carboxylic acids,
and of HOMs. Implications and future challenges are also
discussed. Because of the labile and reactive nature of ROOHs,
their quantitative measurement in the condensed phase has been
a challenge. In the next section, we discuss methods for the
detection of ROOHs.

2. METHODS FOR DETECTING ROOHS
2.1. Chemical Assays for the Quantification of ROOHs.

Several different chemical assays can be used to quantify the total
amount of ROOHs in a condensed phase. For example,
iodometry, which measures the UV absorption of I3

− in the
liquid phase formed by oxidation of I− by ROOH when [I−]≫
[ROOH], can be used to determine the total amount of ROOHs
in SOA extracts.5,34−36

′ + + → + ′ +− +ROOR 2I 2H ROH R OH I2 (R3)

+ →− −I I I2 3 (R4)

Other reducing agents such as xylenol orange, triphenylphos-
phine, and horseradish peroxidase can also be used to determine
the total quantity of ROOHs in a condensed phase.37−39 The
major disadvantages of approaches using these agents are that
they cannot be used to determine the concentrations of specific
ROOHs, and that they do not distinguish between ROOR′,
ROOH, and HOOH species. However, a recent study has
shown that combination of iodometry together with liquid
chromatography−electrospray ionization−mass spectrometry is
a promising approach to distinguish the various organic
peroxides present in a complex chemical matrix.40

2.2. Mass Spectrometry for the Detection of ROOHs.
Mass spectrometry is becoming a powerful tool for the detection
of ROOHs. For example, thermal desorption particle beammass

spectrometry7 and Fourier-transform ion cyclotron resonance
electrospray ionization mass spectrometry8 approaches have
been developed for the detection of organic peroxides. A high-
resolution time-of-flight chemical-ionization mass spectrometer
using iodide adducts has been widely used for the detection of
atmospheric organic compounds including peroxides.41 Re-
cently, Zhou et al. have reported that positive-ion atmospheric
pressure chemical ionization−tandem mass spectrometry using
collisional-induced dissociation can be used for the identi-
fication of ROOHs.6 In their study, ammonium salts were added
to ROOHs, and cationic species produced via collisional-
induced dissociation of ammonium-hydroperoxide adducts
(ROOH-NH4

+) were detected with a unique neutral loss of
H2O2 + NH3 (34 + 17 = 51 Da). Thus, a characteristic fragment
pattern attributable to ROOH-NH4

+ was observed for four
commercially available ROOH standards (cumene hydro-
peroxide, tert-butyl hydroperoxide, 2-butanone peroxide, and
peracetic acid), for laboratory-synthesized isoprene-4-hydroxy-
3-hydroperoxide (known as ISOPOOH), and for ROOHs
formed from the reaction of H2O2 with various aldehydes. The
utility of this method was further demonstrated by detecting
ROOHs in SOA generated from ozonolysis of α-pinene.
For the detection of ROOHs in gas phases or in laboratory-

generated particle phases, negative-ion chemical ionization mass
spectrometry using Cl− or SO2Cl

− as the reagent ion can be
used.42,43 In this approach, Cl− is generated by the impact of
electrons emitted from a resistively heated filament onto a
CH3Cl/Ar gas mixture, and SO2Cl

− is produced by the addition
of SO2 gas to Cl−. Species with a high affinity for Cl− (e.g.,
ROOH) easily form Cl− adducts that can then be detected by
negative-ion mass spectrometry.44,45 Because chlorine has two
stable isotopes, 35Cl and 37Cl, which exist at around a 3:1 ratio,
the Cl− adduct ions are detected as doublet peaks in the mass
spectrum.

+ → −− −ROOH Cl ROOH Cl (R5)

+ → − +− −ROOH SO Cl ROOH Cl SO2 2 (R6)

By combining a Teflon-bag chamber with chemical ionization
mass spectrometry, Sakamoto et al. successfully detected
oligomeric ROOH species in SOA formed from the ozonolysis
of ethylene or isoprene.42,43

Online negative-ion electrospray mass spectrometry (ESMS)
of solutions containing submillimolar amounts of NaCl can also
be used to detect Cl− adducts of specific ROOHs.46 This
method was first utilized for the detection of ROOHs formed by
reaction of monoterpene or sesquiterpene CIs and OH species
at the air−water interface of microjets over a short time period
(≤10 μs),46−54 and was subsequently used to examine the fates
and lifetimes of the same ROOHs in bulk aqueous phases over a
longer time scale (a few minutes to days).55−59 With respect to

Figure 1. Reaction scheme for the formation of the α-hydroxyalkyl hydroperoxide (α-HH) from ozonolysis of α-pinene in the presence of water.
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detection by ESMS, it has been shown that compounds
possessing at least three functional groups including a peroxide

(−OOH or −OOR), an alcohol (−OH), and a carbonyl
(−RCO)moiety formCl− adducts and are detectable as [M+

Figure 2. (A) Time-dependent negative-ion mass spectra of 1 mM β-caryophyllene + 0.2 mMNaCl + [O3]0 = 0.04 mM in a water:acetonitrile (50:50
vol:vol; [H2O] = 27.8 M) mixture. The signals at m/z 305/307 and 289/291 correspond to the Cl− adduct of the α-HHs and geminal diols,
respectively. Representative structures among isomers are shown in the inset. (B) Enlargement ofm/z 240−330 in the spectrum shown in part A. The
signals atm/z 251 and 269 correspond to functionalized carboxylates, and that atm/z 323/325 corresponds to 1,2-dioxane and/or dioxirane. Adapted
with permission from ref 59. Copyright 2019 American Chemical Society.
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Cl]− without further manipulation.57,59 In contrast, the
monofunctional tert-butyl hydroperoxide, cumene hydroper-
oxide and the difunctional 1,6-hexanediol do not produce
detectable Cl− adducts.57 The implications here are that, for
species to be detectable by ESMS, they should contain at least
three functional groups and that the Cl− affinity of a species44,45

is not the only factor controlling adduct formation; the H-
bonding ability between the species and solvent also likely play
key roles. α-HHs formed via ozonolysis of cyclic alkenes (e.g.,
mono- or sesquiterpenes) in the presence of water naturally
possess−OOH,−OH, and−RCO groups (see Figure 1) and
hence areMS-detectable. BecauseNaCl is inert (e.g., kCl−+O3≈ 1
× 10−2 M−1 s−1), the ESMS + NaCl method can be widely used
to detect ROOHs derived from the reactions of terpene CIs with
OH species both at the air−water interface and in bulk water.

3. FATES OF ROOHS IN AQUEOUS PHASES

3.1. α-Hydroxyalkyl Hydroperoxides (α-HHs). As
discussed in introduction, ozonolysis of biogenic volatile organic
compounds is a major source of CIs in the atmosphere. In the
gas-phase under relatively humid conditions or in condensed-
phases such as SOA, cloud/fog droplets, and wet films on plants,
CIs react with (H2O)n≥1 to form α-HHs, which are very reactive
ROOHs.46,60 In the gas-phase, CIs generally react with the water
dimer (H2O)2 faster than they do with the monomer H2O; for
example, at room temperature, the rate constant for the reaction
CH2O2 + (H2O)2 is (4.0 ± 1.2) × 10−12 cm3 molecule−1 s−1,
whereas that for the reaction CH2O2 + H2O is (3.2 ± 1.2) ×
10−16 cm3 molecule−1 s−1.61 This difference in reactivity largely
stems from the CH2OO-(H2O)2 complex being more stabilized
than the CH2OO-(H2O) complex by hydrogen bonding.
Although the reactivity of CIs strongly depends on their
structure,28,61 the abundance of water vapor in the atmosphere

Figure 3. (A) Temporal profiles of the signal intensity for the negative-ion mass spectra peaks corresponding to the α-hydroxyalkyl hydroperoxides
(m/z 305/307) and (B) geminal diol product (m/z 289/291) of 1 mM β-caryophyllene + 0.2 mM NaCl + [O3]0 = 0.04 mM in a water:acetonitrile
(50:50 vol:vol, [H2O] = 27.8M)mixture. The lines in parts A and B are regressions showing single exponential decay and single exponential growth to
a maximum: S = S0 exp(−kt) and S∞ [1−exp(−kt)], respectively. Adapted with permission from ref 59. Copyright 2019 American Chemical Society.
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may overcome other bimolecular reaction pathways (e.g., CIs +
SO2).
As mentioned above, a large proportion of the α-HHs formed

in the gas-phase are expected to be transferred to atmospheric
condensed phases because of their low vapor pressure or high
water solubility.3 For example, hydroxymethyl hydroperoxide,
the smallest α-HH, has a large Henry’s law constant of 5.0 × 105

M atm−1 at 295 K.30 Monoterpene- or sesquiterpene-derived α-
HHs are even less volatile. α-HHs are also produced at air−
water interfaces by ozonolysis of terpenes or of oxidized-
terpenes taken up into acidic water surfaces,46,62,63 and α-HHs
generated by this route diffuse into the bulk liquid before
undergoing decomposition or other reactions. Thus, α-HHs, as
well as other ROOHs, are considered to reside mostly in
condensed phases in the atmosphere.
By using the ESMS + NaCl method discussed in Section 2.2,

our group has investigated the fates of aqueous-phase α-HHs
derived from ozonolysis of β-caryophyllene, α-pinene, D-
limonene, γ-terpinene, α-terpineol, or terpine-4-ol in solu-
tions.56−59 The α-HHs and their decomposition products were
detected as Cl− adducts in aqueous solutions in the presence of
NaCl. The temporal profiles of these species enabled us to
determine the first-order decomposition rate constants for theα-
HHs. Subsequent experiments using isotope-labeled solvents
(D2O and H2

18O) revealed that these α-HHs decompose to the
corresponding geminal diol and H2O2. Figures 2 and 3 show the
time-dependent mass spectra and mass spectral signals of the
Cl− adducts of the α-HHs and geminal diol product of β-
caryophyllene (1 mM β-caryophyllene + 0.2 mM NaCl + [O3]0
= 0.04 mM) in a water:acetonitrile (50:50 = vol:vol; [H2O] =
27.8 M) mixture.
The α-HH signal (m/z 305/307) was fitted with a single

exponential decay function: S = S0 exp(−kdecay t), which yielded a
rate constant (kdecay) of (3.2 ± 0.7) × 10−4 s−1 (standard
deviation derived from five independent experiments).59 The
geminal diol signal (m/z 289/291) was fitted with a single
exponential growth to a maximum: S = S∞[1−exp(−krise t)],
which yielded a rate constant (krise) of (2.7 ± 0.6) × 10−4 s−1. It
is clear that the two rate constants are identical within the
experimental error, as expected from the geminal diol’s being the
product of α-HH decomposition. Note that the decay of the α-
HH signal to zero implied that the equilibrium between the α-
HH and the product was completely shifted to the product side
under the experiential conditions.
We have also found that the decomposition of α-HHs occurs

over the course of minutes to hours, with lifetimes (τ1/e) that are
dramatically affected by the water content,57,59 pH,56 and
temperature58 of the reaction solution, as well as the structure of
the α-HH.57,59 For example, α-HHs derived from ozonolysis of
α-pinene with water were found to decay with τ1/e = 62 min in a
20:80 (vol:vol) water:acetonitrile solution, but with τ1/e = 14
min in a 60:40 solution.57 Interestingly, the observed single-
exponential decays of α-HHs became biexponential when the
water content was changed from 20 to 10 vol %.57,59 The very
slow decay component of the α-HHs in 10:90 solution yielded a
τ1/e of 11 h, implying a strong nonlinear response to the water
content of the reaction medium, which will have an impact on
SOA in situations where the relative humidity controls the water
content.
Under ambient conditions, α-HHs reside in particles that

have been acidified by organic and inorganic acids.64 It is now
evident that atmospheric condensed phases are generally acidic,
with pH values that depend on location and environmental

conditions.65 Recent simulations have shown that the pH of
aqueous aerosols containing organic acids are in the 1−2 range
in Baltimore (United States) and in the 2.5−4.5 range in Beijing
(China).64 Interestingly, a laboratory study by Marklund has
shown that the decomposition of aqueous hydroxymethyl
hydroperoxide is catalyzed by both H+ and OH−.66 Our group
has reported that the lifetimes of α-HHs generated by ozonolysis
of α-terpineol in aqueous media are dramatically shortened in
the presence of a submillimolar amount of oxalic acid (Figure 4).

Plots of the rate constant for decay (k1) as a function of pH
(Figure 5) showed that k1 increased as pH decreased, and that
the increase in k1 depended on pH rather than on the properties
of the acid (e.g., pKa). Therefore, we concluded that pH (or
[H+]) was the critical determinant of the lifetime of α-HHs
derived from ozonolysis of α-terpineol with water. Extrapolating
the plot of Figure 5 leads to the lifetime of α-HHs in aqueous
aerosols at pH = 1−2 to be estimated to be a few seconds (k1 ≈
0.15−0.5 s−1).
With the help of theoretically calculated Gibbs free-energy

profiles, our group has proposed mechanisms for the H2O-
catalyzed and H+-catalyzed decomposition of α-terpineol’s α-
HHs (Figure 6).
The water-catalyzed mechanisms show Gibbs free-energy

barriers 24.0−29.6 kcal mol−1 (Figure 6A,B), whereas the
proton-catalyzed mechanisms have much lower energy barriers
(1.5−7.1 kcal mol−1, Figure 6C,D). These results suggest that
the presence of H+ dramatically enhances aqueous-phase α-HH
decomposition. H2O2 is formed as a byproduct. The formed
aldehyde species are hydrated into geminal diols or isomerize
into functionalized lactols in acidic aqueous media, consistent
with experimental results:56,58



− − − + +

→ − + + +

+

+

RC( H)( OOH)( OH) H O H

RC( H)( O) H O H O H
2

2 2 2 (R7)

− + → − − −RC( H)( O) H O RC( H)( OH)( OH)2
(R8)

Figure 4. Temporal profiles of the Cl− adduct of the α-hydroxyalkyl
hydroperoxides (α-HHs) (m/z 255/257) formed by ozonation of α-
terpineol (1 mM α-terpineol, 0.2 mMNaCl, and 0.06 mMO3) in water
in the absence or presence of oxalic acid. Lines indicate fittings of signal
intensities (S) to S = S0 exp(−k1t) (blue, green, red) or S = S1 exp(−k1t)
+ S2 exp(−k2t) (purple). Adapted with permission from ref 56.
Copyright 2019 American Chemical Society.
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Next, we measured the rate constant for the decomposition of
α-HHs derived from ozonolysis of α-terpineol or terpinene-4-ol
in water at different temperatures.58 Arrhenius plot analysis
yielded activation energies (Ea) of 17.9± 0.7 (pH 6.1, Figure 7)
and 17.1 ± 0.2 kcal mol−1 (pH 6.2) for the decomposition of α-
terpineol and terpinen-4-ol α-HHs, respectively.58 The
uncertainty was obtained from linear-regression fitting. Values
of Ea of 18.6 ± 0.2 and 19.2 ± 0.5 kcal mol−1 were also obtained

for the decomposition of α-terpineol α-HH in acidified water at
pH 5.3 and 4.5, respectively. The relatively strong temperature
dependence of k1 suggests that the lifetime of the α-HHs in
aqueous phases is also controlled by the temperature of the
media.
The experimentally determined Ea values for the aqueous-

phase decomposition of several α-HHs are summarized in Table
1.

Figure 5. Semilog plot of the pH dependence of the rate constant (k1) for decay of α-hydroxyalkyl hydroperoxides (α-HHs) generated by ozonolysis of
aqueous α-terpineol in the presence of oxalic acid, acetic acid, hexanoic acid, cis-pinonic acid, or HCl. The error bars (=SDs) are obscured by the
symbols in some cases. Adapted with permission from ref 56. Copyright 2019 American Chemical Society.

Figure 6. Theoretically calculated Gibbs free-energy profiles for water-catalyzed (A and B) and proton-catalyzed (C and D) decomposition of α-
terpineol α-HHs. Because the reacting part of α-HHs has chirality, we included both chiral isomers in our calculations. Reprinted with permission from
ref 58. Copyright 2020 American Chemical Society.
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A recent experimental study by Zhou and Abbatt has shown
that gaseous O3 oxidation of liquid-phase lipids produced α-
HHs that led to emission of gaseous H2O2.

67 Because the H2O2
emission was dramatically enhanced by the presence of water
vapor, H2O-catalyzed (likely alsoH

+-catalyzed) conversion of α-
HHs to H2O2 (and to the corresponding geminal diol, which
would have remained in the liquid phase) likely occurred. Thus,
H2O- (H

+-) catalyzed α-HH decomposition could be a hitherto
unidentified, yet important, source of H2O2 in the atmosphere.
The proposed H2O2 formation from α-HHs would also play the
role in indoor air pollution.68

3.2. α-Alkoxyalkyl Hydroperoxides. α-Alkoxyalkyl hy-
droperoxides, which possess both hydroperoxide (−OOH) and
ether (−OR′) groups, are the primary product of the reactions of
CIs with alcohols.7,51,52,69,70 Alcohols react with CIs with
moderately large rate constants (k) in the gas-phase71 and at the
air−water interface.52 Besides water, alcohols could be an
important alternative reaction partner of CIs.51,52,69−74

It has been reported that α-alkoxyalkyl hydroperoxides
produced by ozonolysis of cyclodecene in SOA in the presence
of 1-propanol transform into multiple products, including cyclic
peroxyhemiacetals.7 This implies that α-alkoxyalkyl hydro-
peroxides undergo both unimolecular and bimolecular reactions
in SOA. Using the ESMS + NaCl method, our group has
examined the aqueous-phase fates of α-alkoxyalkyl hydro-
peroxides produced from ozonolysis of α-terpineol in the
presence of C1−C3 alcohols. Mass spectrometric detection of
the α-terpineol α-alkoxyalkyl hydroperoxides and their decom-
position products as Cl− adducts allowed us to find that the rate
of decomposition of the α-alkoxyalkyl hydroperoxides increased

as the pH decreased from 5.9 to 3.8. This result is consistent with
an H+-catalyzed decomposition mechanism. Subsequent experi-
ments using isotope-labeled solvents unveiled that the primary
decomposition product of the α-alkoxyalkyl hydroperoxides in
acidic water was a hemiacetal species possessing −OH and
−OR′. Based on these findings, we proposed a mechanism in
which the−OOH is replaced by−OH from a water molecule.55

We infer that the H+-catalyzed conversion of ROOHs to ROHs
(+H2O2), as observed for both α-alkoxyalkyl hydroperoxides
and α-HHs, may be a general process for the decomposition of
ROOHs in acidic aqueous media.

3.3. α-Acyloxyalkyl Hydroperoxides. α-Acyloxyalkyl
hydroperoxides, which possess both hydroperoxide (−OOH)
and ester (−O−C(O)−R′) groups, are formed by the
reaction of CIs with carboxylic acids. Generally, the reaction
rate constant for CI + carboxylic acid is faster than that for CI +
(H2O)2 or CI + alcohol.25 α-Acyloxyalkyl hydroperoxides were
found to be a major component of SOA sampled at the Nordic
boreal forest site of Hyytia ̈la ̈, Finland.75 Using liquid
chromatography−electrospray ionization−mass spectrometry,
Zhao et al. studied the lifetimes of α-acyloxyalkyl hydro-
peroxides generated from the reaction of α-pinene CIs with
carboxylic acids in the liquid phase.76 They found that the α-
acyloxyalkyl hydroperoxides survived much longer in a solution
of acetonitrile or methanol than in water. They also found that
the decomposition rate was dependent on the temperature and
pH of the reaction solution, with the observed τ1/e of α-
acyloxyalkyl hydroperoxides ranging from 10 min (at 308 K or
pH 5) to over 100 min (at 280 K or pH 3.5). They observed
H2O2 as the key decomposition product. Interestingly, the
decomposition rate of α-acyloxyalkyl hydroperoxides increased
as pH increased from 3.5 to 5.1, which implies anOH−-catalyzed
mechanism, which is in sharp contrast to the H+-catalyzed
mechanisms found for α-HHs and α-alkoxyalkyl hydroper-
oxides.55,56,58

3.4. Highly Oxygenated Molecules (HOMs). HOMs are
formed via autoxidation of volatile organic compounds involving
sequential H-shifts and O2 additions of RO2 species. Because of
the molecular complexity and lack of appropriate surrogate
standards, the fate of HOMs in aqueous phases remains largely
unexplored.2,77 The peroxide functionalities of HOMs produced
by ozonolysis of α-pinene decompose into unidentified products
within tens of minutes at ambient temperature.5 By possessing
multiple −OOH groups in their structure, HOMs are expected
to interact with water molecules and/or inter/intramolecular
−OOH by forming multiple hydrogen bonds. It is likely, as
discussed above for other ROOHs, that the decomposition of
HOMs produces H2O2 in the aqueous phase, although the
decomposition mechanism is completely unknown. In a highly
concentrated medium, bimolecular reactions such as the
Baeyer−Villiger reaction (ROOH + carbonyl) also occur.77 As
discussed in the next section, the fate of HOMs in condensed-
phases is one of the most important issues to be resolved by the
atmospheric aerosol community.

4. ATMOSPHERIC IMPLICATIONS AND CHALLENGES
As discussed in this Perspective, recent research has revealed
that ROOHs formed from CIs + (H2O)n≥1 and alcohols rapidly
decompose to ROHs + H2O2 in acidic water solutions. We
estimated the lifetime of the α-terpineol α-HHs and the α-
alkoxyalkyl hydroperoxides derived by the reaction of α-
terpineol CIs + 1-propanol in aqueous aerosols at pH = 1−2
to be just a few seconds. This decomposition in acidic aqueous

Figure 7. Arrhenius plot of the rate coefficients (k1) for the decay of the
α-hydroxyalkyl hydroperoxides (α-HHs) generated by ozonolysis of
aqueous α-terpineol at pH 6.1. Ea, activation energy. Reprinted with
permission from ref 58. Copyright 2020 American Chemical Society.

Table 1. Activation Energies (Ea) for the Decay of α-
Hydroxyalkyl Hydroperoxides (α-HHs) in Water

Species Ea (kcal mol−1)

α-terpineol α-HHs at pH 6.1 17.9 ± 0.7
pH 5.3 18.6 ± 0.2
pH 5.0a 17.8 ± 0.9
pH 4.5 19.2 ± 0.5
terpinen-4-ol α-HHs at pH 6.2 17.1 ± 0.2
hydroxymethyl hydroperoxide at pH 7.1b 22.9

aAcidified by oxalic acid rather than acetic acid. bTaken from ref 30.
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media is faster than that by other atmospheric degradation
processes such as photodegradation and metal-catalyzed
decomposition.
We found that the UV−vis absorption spectrum of ozonated

solution containing α-terpineol + NaCl in 1-propanol:water at
pH 4.5 did not show any peaks at >230 nm within ∼2 h.55 This
implies that the α-terpineol α-HHs and the α-alkoxyalkyl
hydroperoxides do not prominently absorb light in this
wavelength region. The same conclusion was drawn for β-
caryophyllene α-HHs.57 This result is consistent with the finding
that peroxide groups are not themain photolabile groups in SOA
generated via α-pinene ozonolysis.5 The implication is that the
peroxide moiety does not contribute to solar photolytic aging of
SOA.78,79

An experimental investigation has revealed that ROOH (R =
CH3 or C2H5) + Fe2+ produces Fe3+ + RO• + OH− in water at
279 K and at pH 2 with k = 16 ± 5 and 24 ± 9 M−1 s−1,
respectively.80 Given that [Fe2+] ≈ 10−6 M, that [ROOH] ≈
10−6 M in atmospheric aqueous aerosol, and that kROOH+Fe2+ ≈
20 M−1 s−1,80 the lifetime of ROOH decomposed by Fe2+ is
estimated to be 14 h, which is much longer than the lifetime
associated with the H+-catalyzed decomposition (i.e., a few
seconds).
Our group has reported that the −OOH moiety is preserved

before and after decomposition of α-HHs and α-alkoxyalkyl
hydroperoxides.56,57,59 Another group has reported that H2O2 is
produced by decomposition of α-acyloxy-hydroperoxides
formed by reaction of α-pinene CIs with carboxylic acids in
the aqueous phase.76 Remarkably, in these cases, the conversion
of ROOHs to H2O2 occurs by R-OOH cleavage instead of RO−
OH cleavage resulting in bypassing OH-radical formation.
Because adding an excess amount of OH-radical scavenger to
the reaction system did not alter the kinetics or product
distribution,59 the implication is that the majority of the ROOH
produced from the reactions of CIs with OH-species is
decomposed to ROH and H2O2 without producing radicals in
aqueous acidic phases at ambient temperatures. However, it
cannot be ruled out that the decomposition of ROOH produces
a very limited yield of radicals. Indeed, it is possible that some
ROOHs and HOMs in aqueous media thermally decompose to
produce radicals.17,81,82

A nontargeted tandem mass spectrometry analysis has
revealed that the −OOH group makes up a small fraction of
the functional groups in organic aerosols.83 This observation
may mean that a substantial fraction of ROOHs decompose into
functionalized ROHs in ambient aerosols or on filters during the
sampling process of aerosols. Thus, it is possible that the yields
of ROOHs in atmospheric particles determined by field
measurements and chamber experiments have been significantly
underestimated. Rapid storage of aerosol samples in a dry
solvent (e.g., neat acetonitrile) at low temperature may be a
suitable approach to extend the lifetimes of ROOHs in samples
before analysis.
The recent laboratory findings that α-HHs, α-alkoxyalkyl

hydroperoxides, and α-acyloxy hydroperoxides produce H2O2
confirm recent field measurements that revealed that the
decomposition of organic peroxides elevates aerosol-phase
H2O2 concentrations.

10,84 Because H2O2 is completely miscible
with water, if such an aerosol is inhaled, the H2O2 it contains
could easily enter the epithelium-lining fluid of the pulmonary
alveoli and cause oxidations of antioxidants.85

Based on our current knowledge, there are three issues that
should be addressed in the near future.

(I) What are the fates of HOMs in aqueous media? As in the
case of ROOHs from CIs + water/alcohols, an H+-catalyzed
decomposition of HOMs may be expected. However, it is likely
that multiple −OOH groups interact with inter/intramolecular
−OOH and/or water molecules by forming multiple hydrogen
bonds, that may differentiate from ROOHs possessing a single
−OOH. A smog chamber experiment revealed that the peroxide
functionalities of HOMs derived from ozonolysis of α-pinene
decomposed into unidentified products within tens of minutes.5

Bimolecular reactions such as the Baeyer−Villiger reaction
would be expected in a water-poor media (e.g., dry SOAs).77

Therefore, we infer that the products and rates of HOMs
decomposition depend not only on their structures but also on
the water content and pH of the media. To determine the
condensed-phase fates of HOMs, surrogate standards will need
to be developed in collaboration with organic chemists.
Theoretical calculations will also be helpful to predict the fates
of HOMs in aqueous phases.
(II) What are the products of transition metal-catalyzed

decomposition of inert peroxides? Recent studies have shown
that some peroxides (e.g., cyclic peroxyhemiacetals) can survive
much longer than others in an aqueous solution.55 Even reactive
α-HHs can survive more than a day under certain conditions
(e.g., neutral pH, low water content, low temperature).56−59 In
that case, transition metals in the condensed phase will be a
species that can react with peroxides. The key issue is that the
mechanisms of the Fenton (Fe2+ + H2O2) and Fenton-like
reactions (Fe2+ + ROOH/ROOR′) are still not fully under-
stood.86−89 Recent experiments have revealed that the
formation of reactive intermediate species depends on the pH,
coreactants, and water content of the reaction medium.86,90−93

For example, in a water-poor medium, the reaction of Fe2+ with
H2O2 produces oxo−ferryl (FeIVO2+) species and other
products rather than OH radicals.90,91,94−96 It has been reported
that in a dry acetonitrile solution, the Fenton reaction exclusively
produces FeIVO2+, while the reaction in the presence of >10%
water in the solution produces OH-radicals.94 Furthermore, the
decomposition of methyl hydroperoxide CH3OOH and ethyl
hydroperoxide C2H5OOH in the presence of Fe2+ in water at pH
2 produces corresponding alkoxy radicals RO•, rather than OH-
radicals.80 It has been known that the reaction of tert-alkyl
hydroperoxides with Fe2+ produces RO• via a one-electron
transfer mechanism.12 Whether the same mechanism occurs for
terpene-derived ROOHs remains to be investigated. Thus,
identification of the products of the reaction of Fe2+ with
atmospherically relevant peroxides in complex, ambient particles
is a highly challenging but key issue to be resolved.
(III) How does the molecular-level inhomogeneity of

condensed phases influence the fate of ROOHs? Molecular-
level inhomogeneity, which is commonly observed for mixtures
of water with an organic solvent (e.g., C1−C3 alcohol,
acetonitrile, tetrahydrofuran, dimethyl sulfoxide),97−99 may
influence atmospheric aerosol chemistry.100 Previously, our
group has shown that such inhomogeneity indeed affects the
decomposition process of terpene α-HHs in acetonitrile:water
mixtures at different molar compositions.57,59 The decay of α-
HH signals changed from being single exponential to being
biexponential when the water molar fraction was decreased to
≤0.3.57,59 We inferred from this that the biexponential behaviors
are correlated with accessibility of water molecules andH+ to the
ROOHs in domains of (ROOH)x(H2O)y(solvent)z of a certain
size in water:solvent mixtures.97 Importantly, such domains exist
not only in laboratory-made solutions but also, very likely, in
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atmospheric condensed phases. Identification of the domains in
atmospherically relevant solutions is needed.
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