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ABSTRACT: In the atmosphere, most biogenic terpenes undergo ozonolysis in the presence of
water to form reactive α-hydroxyalkyl-hydroperoxides (α-HHs), and the lifetimes of these α-HHs
are a key parameter for understanding the processes that occur during the aging of atmospheric
particles. We previously reported that α-HHs generated by ozonolysis of terpenes decompose in
water to give H2O2 and the corresponding aldehydes, which undergo hydration to form gem-diols.
Herein, we report that this decomposition process was dramatically accelerated by acidification of
the water with oxalic, acetic, hexanoic, cis-pinonic, or hydrochloric acid. In acidic solution, the
temporal profiles of the α-HHs, detected as their chloride adducts by electrospray mass
spectrometry, showed single-exponential decays in the pH range from 4.1 to 6.1, and the first-order
rate coefficients (k) for the decays increased with decreasing pH. The lifetime of the α-HH derived
from α-terpineol was 128 min (k = (1.3 ± 0.4) × 10−4 s−1) at pH 6.1 but only 8 min (k = (2.1 ±
0.1) × 10−3 s−1) at pH 4.1. Because the rate coefficients increased as the pH decreased and the
increase depended on pH rather than on the properties of the acid, we propose that the
decomposition of the α-HHs in water was specifically catalyzed by H+. Fast H+-catalyzed
decomposition of α-HHs could be an important source of H2O2 and multifunctionalized compounds found in ambient atmospheric
particles.

■ INTRODUCTION

Atmospheric particles, which affect the climate and are
detrimental to human health, consist of a variety of organic
compounds including hydroperoxides (ROOH), a class of
highly reactive oxygen species.1,2 Some ROOH originate from
carbonyl oxides, known as Criegee intermediates, which are
generated by ozonolysis of organic species containing one or
more CC bonds. Criegee intermediates can isomerize,
fragment, and react with hydroxyl-group-containing species
such as carboxylic acids, alcohols, and water to produce
ROOH.3−9 In the gas phase under relatively humid conditions
or in condensed phases such as secondary organic aerosols and
cloud/fog droplets, Criegee intermediates react preferentially
with water (the predominant species under typical environ-
mental conditions) to form α-hydroxyalkyl-hydroperoxides
(R−(H)C(−OOH)(−OH), α-HHs), which are among the
most reactive ROOH.6,10 It should be noted, however, that the
reactivity of Criegee intermediates toward water strongly
depends on their structure.11 Because of their low vapor
pressure or high water solubility, α-HHs formed in the gas
phase can be expected to be transferred to condensed phases.
α-HHs are also produced at the air−water interfaces by
ozonolysis of amphiphilic organic species bearing CC
bonds,6,12 and α-HHs generated by this route would diffuse
into the bulk liquid phase before undergoing decomposition or
other reactions. Thus, α-HHs are expected to reside mostly in
condensed phases in the atmosphere.

Because α-HHs and other ROOH are generally reactive and
unstable,13−18 they are thought to trigger aging processes in
secondary organic aerosols and cloud/fog droplets. Recently,
we found that α-HHs generated by ozonolysis of aqueous
terpenes decompose into hydrogen peroxide (H2O2) and
functionalized aldehydes; decomposition occurs over the
course of tens of minutes to hours, with lifetimes (τ1/e) that
depend sensitively on the water content of the medium and the
chemical structure of the α-HH.19,20 The α-HHs and the gem-
diols formed by hydration of the functionalized aldehydes were
detected as the corresponding chloride (Cl−) adducts by
electrospray mass spectrometry (ESMS).20,21

In the atmosphere, α-HHs reside in particles that have been
acidified by organic and inorganic acids,22−25 a fact that was
not considered in previous studies of α-HH decomposition.
Tsai and Kuo reported that C1 and C2 organic acids (acetic
acid, oxalic acid, and formic acid) are the most prevalent
carboxylic acids in aerosols and wet deposits collected in a
forest of central Taiwan, accounting for 72.2% of the carboxylic
acids in fogwater, 86.7% in rainwater, 77.2% in PM2.5, and
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88.3% in PM2.5−10.
26 The concentrations of these acids are as

high as several hundred ng m−3. In another study, Vestenius et
al.27 reported that in atmospheric fine particles, the
concentration of cis-pinonic acid, a key transient species
generated by oxidation of biogenic terpenes, is as high as ∼80
ng m−3. The results of a laboratory study by Marklund
suggested that the decomposition of aqueous hydroxymethyl-
hydroperoxide, the smallest α-HH, is catalyzed by both H+ and
OH−.28 Interestingly, calculations have predicted that undis-
sociated formic acid HC(O)OH can catalyze α-HH decom-
position in the gas phase.29 Whether α-HH decomposition
involves specific proton (H+) catalysis or general acid catalysis
remains to be determined by direct experiment.
Herein, we report that the decomposition of aqueous α-HHs

prepared by ozonolysis of aqueous α-terpineol (α-Tp) and
terpinen-4-ol (Figure 1) was dramatically accelerated when the
solution pH was decreased from 6.1 to 3.0. Adding an organic
acid (oxalic, acetic, hexanoic, or cis-pinonic acid) or hydro-
chloric acid (HCl) increased the rate coefficients for
decomposition of the α-HHs by 2 orders of magnitude
relative to the value for nonacidified solutions.

■ MATERIALS AND METHODS

The α-HHs were prepared in water by means of the following
procedure (Figure S1 of the Supporting Information, SI). α-Tp
(C10H17OH, MW 154.25, 2 mM) or terpinen-4-ol (an isomer
of α-Tp, 2 mM), 0.4 mM NaCl, and 0.01−100 mM organic
acid were dissolved in 10 mL of water in a glass vial (20 mL).
The high solubility of α-Tp and terpen-4-ol in water (∼15
mM), cf. 0.018 mM for α-pinene,30 enabled us to study the pH
effects of α-HH decomposition in neat water rather than
water/organic solvent mixtures.19 The organic acids used were
as follows: oxalic acid (pKa1,2 ≈ 1.2 and 4.2), acetic acid (pKa
≈ 4.8), hexanoic acid (pKa ≈ 4.9), and pinonic acid (pKa ≈
4.8).31,32 Aqueous O3 solutions were prepared by sparging 10
mL of water in a 20 mL vial for 10−20 s with O3(g) generated
by means of a commercial ozonizer (KSQ-050, Kotohira,
Japan) fed with ultrahigh-purity O2(g) (>99.999%). The
output gases from the ozonizer were carried to the vial by
means of Teflon tubing (3 mm i.d.) at a flow rate of 1 L min−1

(regulated by a digital mass flow controller). The O3
concentrations in the solutions, [O3(aq)], were determined
with a UV−vis spectrometer (Agilent 8453) on the basis of the
reported O3 molar extinction coefficient at 258 nm (ε258 nm =
3840 M−1 cm−1 in water33). The initial O3 concentrations,
[O3(aq)]0, ranged from 0.02 to 0.06 mM.
Ozonolysis reactions were initiated by mixing the α-Tp

+NaCl+organic acid solution and the ozone solution (2.0 or
2.5 mL each) in a 5 mL glass syringe covered with aluminum
foil to prevent photodegradation. To minimize unwanted

secondary reactions, the [α-Tp]0/[O3(aq)]0 ratio was kept at
>15. The reaction mixtures were immediately injected at 100
μL min−1 by a syringe pump (Pump 11 Elite, Harvard
apparatus) into an electrospray mass spectrometer (ESMS,
Agilent 6130 Quadrupole LC/MS Electrospray System housed
at NIES). The pH of the α-Tp+NaCl+organic acid solution
was measured with a calibrated pH meter (LAQUA F-74,
Horiba) before each experiment (see Figure S1). The temporal
profiles of mass spectral signals for α-HHs and other species
were measured by ESMS with a digital stopwatch.
The key feature of our experiments was that adding

submillimolar NaCl to the sample solutions allowed us to
detect Cl− adducts of α-HHs and other chemical species with
multiple functional groups by online mass spectrometry.6,19,20

Previously, we confirmed that species bearing at least three
functional groups containing a −OOH, −OH, or −CO
moiety can be detected as Cl− adducts by means of negative-
ion ESMS.19 For example, α-Tp, which contains only one
−OH group is MS-silent,34 whereas polyols such as
levoglucosan, which has three −OH groups, can be detected
as Cl− adducts.9 Cl− adducts characteristically appear as 3:1
doublets at m/z = M + 35/37 in mass spectra.6−9,35,36 Notably,
O3 does not react with Cl− ([Cl−]0 = 0.2 mM, k ≈ 1 × 10−2

M−1 s−1)37 under the experimental conditions used in this
study, it was instead consumed mainly by α-Tp ([α-Tp]0 = 1
mM, k = 9.9 × 106 M−1 s−1).38

The mass spectrometer was operated under the following
conditions: drying gas (N2) flow rate, 12 L min−1; drying gas
temperature, 340 °C; inlet voltage, + 3.5 kV relative to ground;
fragmentor voltage, 60 V. All solutions were prepared in
ultrapure water (resistivity ≥18.2 MΩ cm at 298 K) obtained
with a Millipore Milli-Q water purification system and used
within a day of preparation. α-Tp (>97%, Tokyo Chemical
Industry), terpinen-4-ol (>95%, Tokyo Chemical Industry),
oxalic acid (≥99.0%, Sigma-Aldrich), acetic acid (≥99.5%,
Wako), hexanoic acid (≥99.0%, Sigma-Aldrich), cis-pinonic
acid (≥98%, Sigma-Aldrich), H2O2 (30 wt %, Wako), D2O
(≥99.9 atom % D, Sigma-Aldrich), NaCl (≥99.999%, Sigma-
Aldrich), and HCl (37%, ACS reagent-grade, Sigma-Aldrich)
were used as-received.

■ RESULTS AND DISCUSSION

Formation and Decomposition of α-Terpineol α-HHs
in Water. The negative-ion mass spectrum of a solution
obtained by bulk ozonolysis of α-Tp and NaCl in water in the
absence of an organic acid is shown in Figure 2A.
Because the reported value for k(α-Tp + O3)aq in aqueous

solution is ∼9.9 × 106 M−1 s−138 and the [α-Tp]0/[O3]0 ratio
in this study was >15, O3 was consumed exclusively by α-Tp.
The lifetime of O3 (τ1/e) was calculated to be ∼0.1 ms in a 1

Figure 1. Chemical structures of the terpene alcohols and organic acids used in the present study.
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mM α-Tp solution, which is much shorter than the present
time scale of minutes or longer. O3 adds to the CC double
bond of α-Tp to produce a primary ozonide,6,39 which
isomerizes to a stabilized Criegee intermediate (Scheme 1).
The Criegee intermediate can rapidly isomerize to a function-
alized carboxylic acid or other products;34,38,40,41 or the
Criegee intermediate can react with water to produce the
corresponding α-HH, which is detected as the Cl− adduct, α-
HH-Cl− (m/z 255/257).19,20,34

Unlike in the gas-phase or at the air−water interface, in bulk
water ([H2O] = 55.6 M), the Criegee intermediate hydration
pathway to produce the α-HH is expected to predominate.15,33

We recently proposed that α-HHs react with bulk water to
form H2O2 and the corresponding functionalized aldehydes,
which undergo hydration to form gem-diols.19,20 The intense
doublet peaks at m/z 255/257 in Figure 2 were assigned to the
α-HH-Cl− derived from α-Tp: 255/257 = 154 (α-Tp) + 48
(O3) + 18 (H2O) + 35/37 (Cl−).19 The ion signals for a
reaction in D2O solution were shifted relative to the signals in
H2O in a manner that was consistent with the proposed
mechanism of α-HH formation (Figure S2). The ion signals at
m/z 239/241 in Figure 2 were attributed to the Cl− adducts of
the gem-diol formed by decomposition of the α-HH and
hydration of the resulting functionalized aldehyde (Scheme
2).19 The m/z 239/241 signals were shifted by +3 Da in D2O
solvent (Figure S2), a result that is consistent with the
proposed gem-diol structure, which contains three −OH(D)
groups. The intensity of the α-HH signals decreased as a
function of time, whereas the intensity of the gem-diol signals
remained relatively constant (Figure 2A). The α-HH may
partly cyclize into a cyclic peroxyhemiacetal (Scheme 2), as
previously reported for a C13 α-alkoxy hydroperoxyaldehyde in
secondary organic aerosol.42 The functionalized aldehyde
(MW 186) was MS-silent; no peaks for its Cl− adducts were
observed at m/z 221/223. In addition to reacting with water to
form a gem-diol, this functionalized aldehyde can also cyclize
into a lactol and a cyclic hemiacetal (Scheme 2).38,43

We also measured negative-ion mass spectra of mixtures
obtained by ozonolysis of α-Tp in water acidified by 0.01 mM
oxalic acid (pH 4.9, Figure 2B) and acetic acid (pH 5.2, Figure
2C). Like the spectra obtained in the absence of an acid, these
spectra showed peaks at m/z 255/257 (α-HH-Cl−) and 239/
241 (gem-diol-Cl−), but the decay of the m/z 255/257 signals
was much faster in acidified water. We note that the Criegee
intermediate did not react with the organic acids, mainly
because the H2O concentration was substantially higher than
the organic acid concentration ([H2O]/[organic acid] ≫ 103).
If these reactions had occurred, then mass signals for Cl−

adducts of acyloxyl-hydroperoxides (e.g., m/z 297/299 [= 154
+ 48 + 60 + 35/37] for acetic acid) would have been detected
by our ESMS, as previously reported.6,7,35,36 As a reference, α-
acyloxyalkyl hydroperoxides generated by the reaction of α-
pinene Criegee intermediates with pinonic/adipic acids
decomposed in water at pH 4.4 with the first order rate
coefficients 10−4 to 10−3 s−1,44 values close to k1 for the
decomposition of α-Tp α-HHs reported in this study. In
addition, because the α-HH concentration was low relative to
that of H2O, the Criegee intermediate did not react with the α-
HH.5,45 We also observed no reaction between the α-HH and
the functionalized aldehyde to give a peroxyhemiacetal,46

which would have appeared as Cl− adducts at m/z = 441/443
(= 220 + 186 + 35/37).

Kinetics on the Decomposition of α-Terpineol α-HHs
in Water. Temporal profiles of the α-HH signals at m/z 255/
257 in pure water and water acidified by oxalic acid are shown
in Figure 3. The exponential decay of the α-HH signals became
faster as the pH was decreased.
From fits of the plots of the α-HH signals (m/z 255/257) to

the single-exponential equation S = S0 exp(−k1t), we obtained
the following first-order decay rate coefficients (k1) for
reactions in the presence of 0 (pH 6.1), 0.005 (pH 5.1), and
0.01 mM (pH 4.9) oxalic acid: (1.3 ± 0.4) × 10−4, (4.8 ± 0.2)

Figure 2. Temporal dependence of negative-ion mass spectra of
mixtures obtained by ozonolysis ([O3]0 ≈ 0.06 mM) of aqueous
solutions of α-terpineol (1 mM) and NaCl (0.2 mM) (A) in the
absence of an organic acid and in the presence of (B) oxalic acid (0.01
mM) or (C) acetic acid (0.01 mM). The ion signals at m/z 255/257
and 239/241 correspond to the Cl− adducts of an α-HH and a gem-
diol, respectively. See the text for details.
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× 10−4, and (1.2 ± 0.1) × 10−3 s−1, respectively (Table 1;
values are means ± SDs for three independent experiments).
The corresponding lifetimes (τ1/e = 1/k1) were 128, 35, and 14
min. We observed similar accelerations in the decay of the α-
HH in water acidified by acetic acid, hexanoic acid, or cis-
pinonic acid (Figures S3−S5 and Table 1). We also performed
ozonolyses of aqueous α-Tp solutions acidified by HCl (pKa =
−5.9)47 in the absence of NaCl (Table 2; values are means ±
SDs for three independent experiments). Because k1 increased
with decreasing pH under these conditions, we propose that it
was H+ rather than the undissociated carboxylic acids that
accelerated α-HH decomposition.

The fact that k1 was unaffected by a change in [O3(aq)]0
from 0.02 to 0.06 mM (Table 1) confirmed that O3 was
consumed by α-Tp within 0.1 ms and that O3 did not
participate in α-HH decay. The observation that adding 0.05
mM H2O2 to the solution did not change the α-HH decay
profile (Figure S6) suggests that the contribution of the
backward reaction between H2O2 and the functionalized
aldehyde to regenerate the α-HH48,49 was negligible.
Plots of k1 as a function of pH (Figure 4) showed that k1

increased as pH decreased and that the increase depended on
pH rather than on the properties of the acid (e.g., pKa).
Therefore, we concluded that pH was the key determinant of
the lifetime of the α-HH derived from α-Tp.

Scheme 1. Mechanism of Aqueous α-Terpineol Ozonolysisa

aThe most likely structural isomers are shown.

Scheme 2. Mechanism of Proton-Catalyzed Decomposition of the α-HH of α-Terpineol in Watera

aThe most likely isomers are shown.
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Notably, the decay profile of the α-HH (m/z 255/257) at
pH < 4 (Figure 3, purple) differed from the profiles at the
other pH values. Specifically, the α-HH decay profile for
ozonolysis in water acidified by 0.1 mM oxalic acid (pH 3.8)
was well-fitted by the biexponential function S = S1 exp(−k1t)
+ S2 exp(−k2t) rather than by a single-exponential function.
From the fitting, we derived a fast decay component with a k1
value of (7.8 ± 1.1) × 10−3 s−1 and a slow component with a k2
value of (5.4 ± 0.5) × 10−4 s−1, for the decay at pH 3.8 (Table
1). Similar biexponential decay kinetics were observed for
solutions acidified by acetic acid and HCl (pH < 4, Tables 1
and 2). Because the α-HH decay profile was unaffected by the
addition of H2O2 (Figure S6), we ruled out the possibility that

Figure 3. Decay profiles of the Cl− adducts of the α-HH (m/z 255/
257) generated by ozonolysis of α-terpineol (1 mM α-terpineol, 0.2
mM NaCl) at [O3]0 = 0.06 mM in water in the absence and 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). See the text for details.

Table 1. Rate Coefficients for Decay of the α-HH of α-Terpineol at 298 ± 3 K in Water Acidified by Organic Acidsa

added acid [acid] (mM) pH k1 (10
−3 s−1) k2 (10

−3 s−1)d τ1/e (min)

0 6.1 0.13 ± 0.04 128
oxalic acid 0.005 5.1 0.48 ± 0.02 35

0.01 4.9 1.2 ± 0.1 14
0.02 4.5 1.6 ± 0.2 10
0.05 4.1 2.1 ± 0.1 8
0.05b 4.1 2.3 ± 0.8 7
0.1 3.8 7.8 ± 1.1 0.54 ± 0.05 2
0.2 3.6 11 ± 3 0.34 ± 0.03 1.5

acetic acid 0.01 5.2 0.52 ± 0.20 32
0.1 4.4 1.7 ± 0.1 10
0.1c 4.4 1.6 ± 0.1 10
1 3.9 8.1 ± 2.6 0.54 ± 0.07 2
10 3.4 11 ± 3 0.24 ± 0.02 1.5
50 3.0 17 ± 2 0.23 ± 0.01 1

hexanoic acid 0.01 5.3 0.29 ± 0.01 57
0.1 4.5 1.2 ± 0.1 14

cis-pinonic acid 0.01 5.2 0.40 ± 0.01 42
0.05 4.6 1.3 ± 0.1 13
0.1 4.4 1.4 ± 0.1 12

aExperimental conditions: [α-terpineol]0 = 1 mM, [NaCl]0 = 0.2 mM, [O3]0 = 0.06 mM. bExperiment was performed at [O3]0 = 0.02 mM. cH2O2
(0.05 mM) was added to the α-Tp+NaCl+acetic acid+O3 solution.

dThe decay was fitted with a biexponential equation: S = S1 exp(−k1t) + S2
exp(−k2t). See the text for details.

Table 2. Rate Coefficients for Decay of the α-HH of α-
Terpineol at 298 ± 3 K in Water Acidified by HCla

added acid pH k1 (10
−3 s−1) k2 (10

−3 s−1)b τ1/e(min)

HCl 5.7 0.29 ± 0.05 57
5.3 0.43 ± 0.13 39
5.0 0.50 ± 0.04 33
4.5 1.4 ± 0.2 12
3.6 11 ± 4 0.34 ± 0.03 1.5
3.3 12 ± 3 0.22 ± 0.01 1.4

aExperimental conditions: [α-terpineol]0 = 1 mM, [O3]0 = 0.06 mM.
bThe decay was fitted with a biexponential equation: S = S1 exp(−k1t)
+ S2 exp(−k2t).

Figure 4. Semilog plot of the pH dependence of the rate coefficients
(k1) for decay of the α-HH generated by ozonolysis of aqueous α-
terpineol in the presence of oxalic acid, acetic acid, hexanoic acid, cis-
pinonic acid, and HCl. The error bars (= SDs) are obscured by the
symbols in some cases.
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the slow component observed at pH < 4 originated from the
H+-catalyzed reverse reaction of H2O2 with the functionalized
aldehyde. Instead, the slow component may have been due to
relatively slow decay of a cyclic peroxyhemiacetal, an isomer of
α-HH, in acidic water (Scheme 2). The implication is that the
decomposition of this species in water is not H+-catalyzed and
hence it appears as a slow component at pH < 4. However, we
could not rule out the possibility of secondary production of
the α-HH (or the isomers) by means of H+-catalyzed reaction
of MS-silent products. Future studies using positive-ion mass
spectrometry and proton nuclear magnetic resonance spec-
troscopy (1H NMR) would be helpful for developing a further
understanding of the reaction mechanisms.
The kinetics of the formation and decay of the gem-diol, as

indicated by the variation in the signals at m/z 239/241, were
investigated in water and in water acidified by oxalic acid
(Figure S7). In the absence of oxalic acid (pH 6.1), the m/z
239/241 signals decayed slowly; even at 180 min, the signal
intensity was still >1/2 of the initial value. In the presence of
oxalic acid, the gem-diol signals peaked within 10 min and then
decreased. The decay profile of the gem-diol was similar to that
of the α-HH (Figure 3), which is consistent with gem-diol
formation via α-HH decomposition (Scheme 2). The signals at
m/z 239/241 decayed faster as the pH of the solution
decreased, implying that the backward reaction rate for the
gem-diol to the aldehyde was enhanced at lower pH,50 resulting
in the formation of lactol and/or cyclic hemiacetal (Scheme 2).
In separate experiments, we confirmed that the pH of the

reaction mixtures remained unchanged during the measure-
ment period (Figure S8), which implies that H+ was neither
generated nor consumed during decomposition of the α-HH
and instead acted as a catalyst. This result is also consistent
with the fact that formation of a carboxylic acid (MW 202) via
isomerization of the Criegee intermediate in the bulk water
was negligible, as indicated by the absence of a signal at m/z
201 for a carboxylate ion (Figure 2). The unchanged pH and
the absence of signal at m/z 201 also indicate that the
formation of carboxylic acid via a loss of H2O from α-HHs is
negligible under the present experimental conditions. We also
confirmed that the intensity of the hexanoate signals at m/z
115 remained constant throughout the reaction of a mixture of
1 mM α-Tp, 0.2 mM NaCl, 0.1 mM hexanoic acid, and 0.06
mM O3 in water at pH 4.5 (Figure S9), a result that provides
additional evidence for the stability of the pH during the
measurement and for the catalytic role of H+.

Previously reported calculations predicted that in the gas
phase, decomposition of α-HH is catalyzed by undissociated
acids (Scheme 3).29 These calculations suggested that both
HC(O)OH- and water-catalyzed decomposition pathways that
produce carbonyl species and H2O2 are favored over a radical-
formation pathway involving RO−OH cleavage. The effective
rate constants for the undissociated acid−catalyzed carbonyl-
forming α-HH decomposition pathways are 2 to 3 orders of
magnitude higher than the rate constant for the water-
catalyzed reaction.29 Our results suggest that H+ rather than
RC(O)OH catalyzed the decomposition in acidic bulk water
when [H2O]/[RC(O)OH] ≫ 103. When [H2O] ≤ [RC(O)-
OH] (e.g., in dry organic aerosol), undissociated organic acid−
catalyzed decomposition of α-HHs may occur even in
condensed phases.
We recently reported that the decay rate of the α-HH

derived from α-Tp increased as pH decreased at 2.3 ≤ pH ≤
3.3.19 Our current results indicate that the decay of the α-Tp
α-HH at pH < 4.0 likely had both fast and slow components.
Notably, the fast component at a pH of <3.0 may have been
too fast (k1 > 1.7 × 10−2 s−1, τ1/e < 1 min) to be measured by
the method described herein. To address this issue, we will
need to develop an alternative approach that can be used to
monitor α-HH decay that occurs from within seconds to a
minute.

Kinetics on the Decomposition of Terpinen-4-ol α-
HHs in Water. Finally, the kinetics of ozonolysis of terpinen-
4-ol (an isomer of α-Tp, Figure 1) were analyzed. Because the
signals at m/z 255/257 (α-HH) decayed very slowly, we
derived only an upper limit for k (≤3 × 10−5 s−1) for the α-HH
of terpinen-4-ol in water at pH 6.3. The slow decay of
terpinen-4-ol’s α-HH is attributable to an intramolecular
hydrogen-bonding between the alcohol −OH and the −OH,
−OOH moiety, that may preclude the complex formation with
water leading to the decomposition. The signal for the α-HH
derived from terpinen-4-ol decayed at least 5 times as fast in
water acidified by 0.1 mM acetic acid (pH 4.5) than in
unacidified water, which is consistent with the results for α-Tp
(Figure S10). Thus, we infer that H+-catalyzed decomposition
of aqueous α-HHs is a general phenomenon for α-HHs
derived from terpene-alcohols and possibly also for hydro-
carbon terpenes such as α-pinene. A change in the decay
profile of the α-HH of terpinen-4-ol from single- to
biexponential at a pH of ∼4 was also consistent with the
results for α-Tp (Figure S10). The rate coefficients for the
decay of the α-HH derived from terpinen-4-ol in water

Scheme 3. Possible Mechanism of Carboxylic Acid−Catalyzed Decomposition of α-Hydroxyalkyl-hydroperoxide, Which Does
Not Occur in Bulk Water
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acidified by acetic acid are listed in Table 3 (values are means
± SDs for three independent experiments).
Atmospheric Implications. Previously, we found that the

lifetimes of α-HHs generated by ozonolysis of terpenes in
water/acetonitrile mixtures decrease with increasing water
content,19,20 which suggests that water content is a major
determinant of the fate of α-HHs in atmospheric particles.
Here, we revealed that the lifetimes of α-HHs generated by
ozonolysis of two terpene alcohols in aqueous media were very
sensitive to pH. Atmospheric particles are generally acidic, with
pH values that depend on location and environmental
conditions.3,51−54 Recent simulations showed that the pH
values of aqueous aerosols containing organic acids are in the
1−2 range in Baltimore (U.S.) and in the 2.5−4.5 range in
Beijing (China).25 By extrapolating the plot of Figure 4 (k1 vs
pH), we estimate the lifetime of α-HHs in aqueous aerosols at
pH = 1−2 to be a few seconds (k1 ≈ 0.15−0.5 s−1). Our data
suggest that a decrease in pH induces rapid decomposition of
α-HHs and that the distribution of decomposition products is
also affected by pH. Therefore, we conclude that the lifetimes
and fates of α-HHs will be largely determined by the water
content and pH of the media in which they reside.
A recently reported nontargeted tandem mass spectrometry

analysis revealed that −OH and −C(O)OH groups make up a
large fraction of the functional groups in organic aerosols
collected across multiple sites, seasons, and times of day.55 A
relatively small fraction of hydroperoxide ROOH group in
organic aerosols may mean the decomposition during the
sampling and measurement processes. Our results suggest that
a substantial fraction of α-HHs can be expected to decompose
into functionalized aldehydes and gem-diols in ambient
aerosols and that these decomposition products will be
oxidized to form multifunctionalized species. Thus, we infer
that the yields of α-HHs and other ROOH species in
atmospheric particles estimated by field measurements and
chamber experiments will be significantly lower than the actual
values.
In addition, the present findings would be linked to a recent

field measurement that revealed that the decomposition/
hydrolysis of organic peroxides predominantly produced the
elevated aerosol-phase H2O2, while the heterogeneous uptake
of gaseous HO2 and H2O2 only played a minor role in
increasing the H2O2 level in the aerosol phase.56 The presence
of H2O2 would trigger further oxidation in the presence of
metal ions, which would result in the formation of additional
multifunctionalized species.57,58 Accumulated H2O2 in atmos-
pheric particles during severe haze episodes observed in
megacities would also enhance the formation of sulfate.59,60

We also note that the adverse health effects of secondary
organic aerosols may be linked to accumulation of H2O2

61 that
is formed by the decomposition of α-HHs via the mechanism
proposed herein. H2O2 is completely miscible with water and
thus easily penetrates the epithelium-lining fluid of human
lungs.62 If atmospheric particles also provided metal ions to the
fluid, then H2O2 would be converted to more-reactive

species,57,58 which would in turn result in the transformation
of glutathione (the most abundant water-soluble antioxidant in
the fluid) to the corresponding sulfenic acid.63 Thus, we infer
that aging time and the concentrations of H+, H2O, and metal
ions in atmospheric particles synergistically contribute to the
adverse effects of the particles on human respiratory systems.
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