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ABSTRACT: Acidity changes the physical properties of atmospheric aerosol particles and
the mechanisms of reactions that occur therein and on the surface. Here, we used surface-
sensitive pneumatic ionization mass spectrometry to investigate the effects of pH on the
heterogeneous reactions of aqueous α-terpineol (C10H17OH), a representative
monoterpene alcohol, with gaseous ozone. Rapid (≤10 μs) ozonolysis of α-terpineol
produced Criegee intermediates (CIs, zwitterionic/diradical carbonyl oxides) on the
surface of water microjets. We studied the effects of microjet bulk pH (1−11) on the
formation of functionalized carboxylate and α-hydroxy-hydroperoxide chloride adduct
(HH−Cl−) products generated by isomerization and hydration of α-terpineol CIs,
respectively. Compared with the signal at pH ≈ 6, the mass spectral signal of HH−Cl− was
less intense under both basic and more acidic conditions, whereas the intensity of the
functionalized carboxylate signal increased with increasing pH up to 4 and then remained
constant. The decrease of HH−Cl− signals at bulk pH values of >6 is attributable to the
accumulation of OH− at the air−water interface that suppresses the relative abundance of
hydrophilic HH and Cl−. The present study suggests that α-terpineol in ambient aqueous organic aerosols will be converted
into much lower volatile and potentially toxic organic hydroperoxides during the heterogeneous ozonolysis.

■ INTRODUCTION

The acidity (pH) of atmospheric aerosol particles affects their
chemistry in the troposphere and on human lung surfaces.1−3

Changes in the pH of aerosol particles induce phase transitions
and phase separations and alter the reactivity and reaction
mechanisms of particle constituents.1 Recent field measure-
ments and modeling studies revealed that the typical bulk pH
of atmospheric particles ranges from 0 to 4, which is more
acidic than previously thought.4−7 For example, the pH of
PM2.5 collected in the southeastern United States was found to
be 0.5−2 in the summer and 1−3 in the winter.8 This level of
acidity may be sufficient to trigger acid-catalyzed uptake and
subsequent oligomerization of volatile organic compounds.9−15

It has also been found that emission of reactive iodine species
over the ocean can be enhanced or suppressed depending on
pH.16−18

Recent studies have suggested that acidic particles interfere
with the activity of antioxidants (e.g., ascorbic acid) in the
human body and that when inhaled in combination with
gaseous ozone (O3(g)), the particles generate toxic products in
the epithelial lining fluid of human lungs.3,19,20 When this fluid
is neutral (pH ≈ 7), ascorbate anions can convert O3(g) to
innocuous dehydrated ascorbate,3 but when the fluid is acidic
owing to the inhalation of acidic particles (or to respiratory
diseases such as asthma and chronic obstructive pulmonary
disease),21−23 ascorbic acid reacts with O3(g) to generate
reactive ascorbic ozonide and other potentially toxic products.3

Therefore, inhalation of acidic particles in the presence of
O3(g) can be expected to adversely affect human health.2,24

Because terpenes are among the most predominant volatile
organic compounds in the atmosphere, where they contribute
to HOx cycles and the formation of new particles,25,26 the
effect of the acidity of aerosol particles on the mechanism of
terpene ozonolysis at the air−water interface is an important
issue. Recent studies have suggested that terpenes can be
directly taken up on acidic water surfaces such as liquid films
on leaves and aerosol particles.11−15,27 After uptake, terpenes
are heterogeneously oxidized by O3(g) at the gas−liquid
interface to form zwitterionic/diradical carbonyl oxides
referred to as Criegee intermediates (CIs), which then undergo
various interfacial chemical reactions.28 Owing to their
amphiphilicity, oxygenated terpenes such as terpene alcohols
and acids are more readily taken up onto aqueous
surfaces.29−38

In previous work, using surface-sensitive pneumatic
ionization mass spectrometry,39−41 we investigated the
intermediates and products generated by very fast (≤10 μs)
heterogeneous reactions of terpenes with O3(g) at the air−
water interface of microjets. Reactions of sesquiterpenes (α-
humulene, β-caryophyllene, and nerolidol) and monoterpenes
(α-terpinene, γ-terpinene, terpinolene, D-limonene, and α-
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pinene) with O3(g) were found to show interface-specific
mechanisms, that is, mechanisms that differed from those in
the gas phase or in homogeneous liquid phases.42−49 Our mass
spectrometric method has a unique advantage in that unstable
neutral α-hydroxy-hydroperoxide (HH) intermediates gener-
ated by hydration of CIs can be directly detected as their
chloride adducts (HH−Cl−) upon doping with NaCl at
submillimolar concentrations.43−48 This allows the adducts to
be clearly identified by the characteristic ∼3:1M/(M + 2) ratio
arising from the natural abundances of 35Cl and 37Cl. However,
how pH influences the reactions of terpene-derived CIs at the
air−water interface has not been investigated because terpenes
are generally insoluble in pure water.
Here, we report the mass spectrometric detection of HH−

Cl− and functionalized carboxylate (FC) products formed by
hydration and isomerization of CIs, respectively, of α-terpineol
(Scheme 1) on the fresh surfaces of water microjets or water/

acetonitrile microjets upon exposure to O3(g) for ∼10 μs at
bulk pH values ranging from 1 to 11. We chose α-terpineol, a
representative monoterpene alcohol emitted by plants50,51 and
household products,52−54 because of its high reactivity with
O3(g)

55−57 and exceptionally high water solubility (2.4 g L−1)
relative to that of other terpenoids. Direct detection of the
HHs of α-terpineol at various bulk pH values enabled us to
elucidate the effects of pH on the mechanisms of ozonolysis of
α-terpineol at the air−water interface for the first time,
information that may be relevant to interfacial ozonolyses of
other olefins. The formation of HH is found to be a major
reaction pathway over a wide pH range (pH 1−11), verifying
the importance of CI hydration in heterogeneous ozonolysis
processes.

■ EXPERIMENTAL SECTION
The analytical technique and validation experiments have been
described elsewhere.40,48,58,59 Briefly, microjets consisting of a
mixture of α-terpineol and NaCl (at a submillimolar
concentration) in water or 1:4 (v/v) water/acetonitrile are
exposed to an orthogonal stream of gaseous O3/O2 flowing at a

rate of 1 L min−1 in the reaction chamber of a mass
spectrometer (Agilent 6130 Quadrupole LC/MS electrospray
system at NIES, Tsukuba) flushed with N2(g) at a pressure of
1 atm and a temperature of 298 K (Figure S1). The
submillimolar NaCl is added to the aqueous α-terpineol
solution to permit detection of neutral HHs as their chloride
adducts (HH−Cl−).43−48 Note that Cl− does not react with
O3(g) under the present condition.60,61 Prior to the injection
of the solution into the reaction chamber, the pH was
measured with a calibrated pH meter (LAQUA F-74, Horiba).
An essential feature of our analytical system is that the

microjet issuing from the grounded nozzle source is orthogonal
to the polarized inlet of the mass spectrometer (Figure S1). In
this configuration, the ions deflected toward the mass
spectrometer preferentially originate from the interfacial layers
of the microjet, whereas the core of the microjet maintains its
forward trajectory. Therefore, the observed mass spectra
correspond to products in the outermost interfacial layers of
the microjet within a few nanometers’ thickness, as validated
by previous experiments.40,59,62,63 For example, in experiments
involving hexanoic acid (PC(O)OH) dissolved in H2O/D2O
microjets exposed to HNO3(g) or DNO3(g), we found that
the proportions of the productsPC(O)OH2+, PC(O)OHD+,
and PC(O)OD2+detected by mass spectrometry were
determined by isotope scrambling in the outermost interfacial
layers (∼1 nm thick) of the microjets rather than in the bulk
phase.64 Importantly, independent experiments reached similar
interfacial depths (≤1−3 nm).59,65 Thus, the fast ozonolysis in
the present study is expected to have proceeded in the thin
interfacial nanolayers.
The ozone exposure (E = [O3(g)] × τR, where τR is the

reaction time) was kept low enough (≤6.0 × 1011 molecules
cm−3 s) to minimize unwanted secondary reactions. The value
of τR was determined from the lifetime of the microjets66 and
by means of an independent experiment.65 Aqueous solutions
containing α-terpineol and 0.2 mM NaCl were pumped (100
μL min−1) into the reaction chamber through a grounded
stainless-steel needle (100 μm bore) equipped with a sheath-
flow nebulizer that feeds N2(g) at a high velocity (∼160 m
s−1).41,67 In our pneumatic ionization mass spectrometry
system, both the absolute mass spectral signal intensities of
ions and the relative ion surface affinities increase with
increasing nebulizer gas velocity (vg), and both values
extrapolate to zero as vg → 0.24,25 This unique feature
differentiates our system from conventional electrospray
ionization mass spectrometry systems.59 We previously
demonstrated that neither the capillary voltage used to capture
the gas-phase ions in the mass spectrometer inlet nor the
drying-gas temperature in the heated capillary section of the
mass analyzer influences the kinetics of the heterogeneous
reaction or the distribution of the products.9,58,59 Thus, net
charge is created predominantly by pneumatic nebulization
rather than by the applied electric field, and solvent
evaporation from initial microjets has a negligible influence
on the observed reactions.59

Ozone was generated by passing ultra-high-purity O2(g)
(>99.999%) through a silent-discharge ozonizer (KSQ-050,
Kotohira, Japan) at a flow rate of 1 L min−1. Exposure values
were determined from the O3(g) concentration (measured
with an Agilent 8453 UV−vis spectrometer with a 10 cm cell),
a dilution factor (∼1/12) to account for the N2 gas, and the
lifetime of the microjets (τ ≈ 10 μs): E = [O3(g)] ×
time.40,58,65

Scheme 1. Ozonolysis of α-Terpineol at the Air−Water
Interfacea

aHere, we show representative isomers, but other isomers are
possible.
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The experimental conditions were as follows: N2 flow rate,
12 L min−1; N2 gas temperature, 340 °C; inlet voltage, +3.5 kV
relative to ground; fragmentor voltage, 60 V. All solutions were
made up in purified water (resistivity ≥ 18.2 MΩ cm at 298 K)
prepared with a Millipore Milli-Q water purification system
and were used within a couple of days of preparation. α-
Terpineol (>97.0%, Tokyo Chemical Industries), levoglucosan
(≥99%, Sigma-Aldrich), D-mannitol (≥98%, Sigma-Aldrich),
D2O (>99.9 atom % D, Sigma-Aldrich), acetonitrile (>99.8%,
Wako), NaCl (≥99.999%, Sigma-Aldrich), HCl (1 N solution,
Wako; or 37 wt %, Sigma-Aldrich), and NaOH (1 N solution,
Wako) were used as received from the suppliers.

■ RESULTS AND DISCUSSION
We measured the negative-ion mass spectra of microjets
containing 1 mM α-terpineol and 0.2 mM NaCl in 1:4 (v/v)
water/acetonitrile and 1:4 D2O/acetonitrile in the absence and
presence of O3(g) (Figure 1).

In the spectrum shown in Figure 1A, intense mass signals at
m/z 255; 257 appeared within ∼10 μs after the start of
interfacial ozonolysis of α-terpineol. This signal was assigned to
the HH−Cl− adduct generated by attack of O3 on the CC
bond of α-terpineol and the subsequent addition of water to
the resulting CIs at the air−liquid interface (Scheme 1). We
assumed that the heterogeneous reaction with O3 proceeded
via a Langmuir−Hinshelwood mechanism; that is, surface-
adsorbed O3 reacted with α-terpineol at the air−liquid
interface.68

When the solvent was D2O/acetonitrile, the signals at m/z
255; 257 shifted to 258; 260 (Figure 1B), which is consistent
with the incorporation of a water molecule to the CIs and

holding original alcohol −OH(D). Note that although a
mechanism involving the formation of HHs as key
intermediates in multiphase ozonolysis of α-terpineol has
previously been proposed,55−57 this is, to our knowledge, the
first detection of α-terpineol HHs in any medium. The mass
signal at m/z 201 observed in the spectrum in H2O/
acetonitrile shifted to m/z 202 in D2O/acetonitrile, which is
consistent with the mechanism in which the CIs isomerize to
form FCs and then undergo deprotonation to form detectable
carboxylate anions retaining a single −OH(OD) (Scheme 1).
These results are in excellent agreement with the results of a
series of studies on interfacial ozonolysis of terpenes in our
laboratory.43−49

We plotted the mass spectral signal intensities of HH−Cl−
(m/z 255) obtained from microjets containing 1 mM α-
terpineol and 0.2 mM NaCl in pure water at pH 6.1 as a
function of O3(g) exposure (Figure 2).

The resulting plot did not show a plateau, even at the
highest O3 exposure (6.0 × 1011 molecules cm−3 s), implying
that the α-terpineol at the air−water interface was not fully
consumed by O3 under the conditions of this experiment. This
result is consistent with the results observed for heterogeneous
ozonolyses of moderately reactive terpenes (γ-terpinene,
terpinolene, D-limonene, and α-pinene) but differs from the
results observed for extremely reactive terpenes (α-terpinene,
α-humulene, β-caryophyllene, and nerolidol).44,48,49 Note that
the reported gas-phase rate constants for reactions of the latter
terpenes with O3 are >10−14 cm3 molecule−1 s−1, which
correspond to atmospheric lifetimes of ≤2 min.69,70 For these
terpenes, we observed clear plateaus in the corresponding plots
of HH−Cl− signal intensity versus O3 exposure under similar
ozonolysis conditions.44,48 Thus, the reactivity of α-terpineol
toward O3 at the air−water interface appears to have been
comparable to the reactivities of the moderately reactive
monoterpenes. By using the reported aqueous-phase rate
constant for the reaction of α-terpineol with O3 (k ≈ 1 × 107

M−1 s−1)55 and assuming that [α-terpineol] ≫ [O3], we
estimated the lifetime of O3 with respect to consumption by 1
mM α-terpineol to be ∼100 μs, which is 10 times longer than
the lifetime of the microjets (∼10 μs) and is consistent with
the plot shown in Figure 2.

Figure 1. Negative-ion mass spectra of microjets containing 1 mM α-
terpineol and 0.2 mM NaCl in (A) 1:4 (v/v) water/acetonitrile or
(B) 1:4 (v/v) D2O/acetonitrile in the absence (blue) or presence
(red) of O3(g) (E ≈ 5.2 × 1011 molecules cm−3 s) at 1 atm and 298 K.

Figure 2.Mass spectral signal intensities of the HH−Cl− adduct (m/z
255) obtained from microjets containing 1 mM α-terpineol and 0.2
mM NaCl in water at pH 6.1 as a function of O3(g) exposure. The
solid line is a regression curve fitted to y = a[1 − exp(−bx)].
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An alternative explanation can be developed by considering
the difference between the surface availabilities of the HHs of
various terpenes. Because the α-terpineol HHs are more
hydrophilic than the HHs of other terpenes, owing to the
presence of an additional −OH group, the former may be
readily diffused to the bulk water just after they form at the
air−water interface. This transport could explain why the plot
shown in Figure 2 does not reach a plateau.
Next, we measured the negative-ion mass spectra of

microjets containing 1 mM α-terpineol and 0.2 mM NaCl in
water at pH 3.4, 6.1, and 8.6 in the absence and presence of
O3(g) (Figure 3). The pH of the solution was controlled by

the addition of HCl or NaOH before the spectra were
measured (see above). Note that if neither HCl nor NaOH
was added, the solution pH was 6.1, owing to the presence of
dissolved ambient CO2. In all three spectra, the most
prominent peaks appeared at m/z 255; 257, indicating that
the formation of HH was the major reaction pathway over the
entire pH range. The signals at m/z 173 and 215 may have

originated from the products of ozonolysis of water-soluble by-
products of α-terpineol autoxidation. Notably, the intensity of
the peaks at m/z 255; 257 was lower when either HCl or
NaOH was added than when neither was added.
Another important finding is the absence of a mass signal at

m/z 219, corresponding to the deprotonated HH product (m/
z = 154 + 48 + 18 − 1), even under basic conditions (Scheme
2). This result suggests that HH deprotonation (R1a) did not
occur under the present conditions.

In a plot of the mass spectral signal intensity of the HHs (m/
z 255) versus bulk pH (1.0−10.9) at an O3(g) exposure of
approximately 5.6 × 1011 molecules cm−3 s (Figure 4), the
signal intensity was always above 103 ion counts (detection
limit is ∼102), implying effects of pH on the formation of HHs
were, if any, rather mild.

Note that a commercial standard for α-terpineol HHs is not
available. Using NaClO4 as an internal standard for various pH
did not work because the relatively small signal intensity of α-
terpineol HHs decreased to be lower than the mass spectral
detection limit because of the high surface-affinity of ClO4

−.71

Instead, we performed separate experiments measuring the pH
dependence of the formation of chloride adducts of two
polyalcohol saccharides, levoglucosan and mannitol, in the
absence of ozone (Figures 5 and S2).
Previously, we found that both levoglucosan and mannitol

form the corresponding chloride adducts upon addition of
NaCl, as indicated by the observation of peaks at m/z 197; 199
(=162 + 35; 37) and m/z 217; 219 (=182 + 35; 37),
respectively, in the negative-ion mass spectra.45 Species having

Figure 3. Negative-ion mass spectra of microjets containing 1 mM α-
terpineol and 0.2 mM NaCl in water at a bulk pH of 3.4 (A), 6.1 (B),
or 8.6 (C) in the absence (blue) and presence (red) of O3(g) (5.2 ×
1011 molecules cm−3 s) at 1 atm and 298 K.

Scheme 2. Deprotonation (R1a) and Decomposition (R1b)
of the α-Terpineol HHs at the Air−Water Interface

Figure 4. Mass spectral signal intensities of HH−Cl− adducts (m/z
255) formed from 1 mM α-terpineol and 0.2 mM NaCl in water
microjets exposed to O3(g) (E ≈ 5.6 × 1011 molecules cm−3 s) as a
function of bulk pH. Error bars represent 1σ.
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multiple functional groups (e.g., multiple −OH groups) are
known to be able to form stable chloride adducts during gas-
phase processes before entering the inlet of a mass analyzer.72

Note that the reactant α-terpineol containing a single −OH
group was not detected as the chloride-adduct by the mass
spectrometer (Figure 1). Because both the HHs of α-terpineol
and the saccharides have multiple functional groups and their
chloride adducts were detectable, we chose the latter species as
surrogates for the former. We found that the formation of both
levoglucosan−Cl− and mannitol−Cl− increased with increasing
bulk pH up to pH 7−8, at which point a plateau was reached
(Figures 5 and S2). The tendency that the signal intensity of
mannitol−Cl− slightly (by ∼15%) decreased from pH 8 to pH
10 (Figure S2) implies that the more hydrophilic mannitol,
compared with levoglucosan, was more affected by the
presence of surface-accumulated OH− at pH > 8 (see below).
We also performed additional experiments involving

ozonolysis of 1 mM α-terpineol as a function of added NaCl
concentration in the range from 0.2 to 100 mM (Figure S3).
We observed a decrease in the intensity of the HH−Cl− signal
with increasing NaCl concentration, implying that at
concentrations of ≥1 mM, Cl− outcompetes the reactant α-
terpineol and the product HH for the air−water interface.71,73
Note that our pneumatic ionization mass spectrometry system
detects the relative populations of species at the air−water
interface rather than in the bulk solution.39,59 Taken together
with the results observed for the saccharide−Cl− adducts, these
results suggest that the observed decrease in HH−Cl−
formation at pH values of <6 (Figure 4) might have been

due to an increase in the interfacial concentration of Cl− (from
HCl) rather than in the concentration of H+.
It should also be noted that the plot of HH−Cl− signal

intensity versus pH shows a small peak at a pH of ∼3.5 (Figure
4), which may be attributable to competitive surface
accumulation of H+, that decreases the relative abundance of
OH− at the air−water interface, as the pH decreased. In this
context, we note that the water surface becomes neutral at a
bulk pH of 3−4 (i.e., [H+]surface = [OH−]surface).

63,65,74−76 At
bulk pH values of <3, the effect of excess Cl− (from HCl)
would prevail, and thus the intensity of the HH−Cl− signal
would monotonically decrease with decreasing pH.
It is also noted that in the plot in Figure 4, there is a plateau

at pH 7−8. The addition of NaOH would increase the Na+

concentration at a sublayer of the water surface, pushing H+ to
the topmost layers of the surface.77 This effect was previously
confirmed in experiments on the uptake of gaseous trimethyl-
amine on water as a function of NaCl concentration.65 Adding
Na+ was found to promote trimethylamine protonation, a
result that implies an increase in the H+ concentration in the
topmost layers.65 Such an increase would somewhat balance
the concentrations of OH− and Cl− at the surface and result in
the plateau at a bulk pH of 7−8.
The plot of FC signal intensity (m/z 201) versus pH (Figure

6) differs considerably from the corresponding plot for HH−

Cl− (Figure 4). The intensity of the FC signal increased
sharply in the bulk pH range from 2 to 4 and then reached a
plateau, which is consistent with the behavior of typical
carboxylic acids on water surfaces.74,78

As mentioned above, we did not observe the expected signal
at m/z 219 corresponding to the anion resulting from
deprotonation of the HH at pH values of ≤11 (e.g., see
Figure S4). The reported pKa values of hydrogen peroxide
(HOOH) and methyl hydroperoxide (CH3OOH) in water are
∼11.6 and ∼11.5, respectively;79 the pKa values of α-terpineol
and related organic HHs have not been reported. Calculations
predict that replacement of an H-atom attached to a C-atom
with an −OH will decrease the pKa of peroxides, whereas that
with an alkyl group increases the pKa.

80 Thus, we estimated the
pKa of the α-terpineol HH to be ∼12. The lack of a signal at
m/z 219 at pH values of ≤11 implies that the time needed for

Figure 5. (A) Negative-ion mass spectrum of microjets containing 1
mM levoglucosan and 0.2 mM NaCl in water at a bulk pH of 7.2. (B)
Mass spectral signal intensities of chloride adducts of levoglucosan
(m/z 197; 199) formed from 1 mM levoglucosan and 0.2 mM NaCl
in water microjets as a function of bulk pH.

Figure 6. Mass spectral signal intensities of FC (m/z 201) formed
from microjets containing 1 mM α-terpineol and 0.2 mM NaCl in
water exposed to O3(g) (E ≈ 5.2 × 1011 molecules cm−3 s) as a
function of bulk pH. Error bars represent 1σ.
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deprotonation of HH (reaction R1a) is much longer than the
present time scale of ∼10 μs.
Recently, Zhao et al. found that in bulk water, α-

acyloxyalkyl-hydroperoxides, which were synthesized by
reaction of α-pinene CIs with pinonic and adipic acids,
decomposed with first-order rate constants, whereas these
compounds were quite stable in methanol and acetonitrile.81

From the observation of linear increase in the first-order decay
rate constant by varied pH from 3.5 to 5.1, they implied that
OH−-catalyzed hydrolysis played an important role in the
decomposition of α-acyloxyalkyl-hydroperoxides.81 Note,
however, that the loss rate constants determined by these
investigators were on the order of 10−3 to 10−5 s−1, values that
correspond to half-lives of minutes to hours, which are much
longer than the time scale of the reaction under investigation in
this study (∼10 μs). Recently, we also found that HHs derived
from the hydration of CIs formed during the liquid-phase
ozonolysis of nerolidol (a sesquiterpene alcohol) in a water/
acetonitrile mixture were rather stable for 10 min.49 Therefore,
we conclude that the decrease of HH−Cl− signals with
increasing pH at pH values of >6 are largely due to physical
adsorption of OH− at the air−water interface; accumulated
OH− outcompetes hydrophilic HH and Cl−, rather than
chemical loss of HH by OH− (e.g., reaction R1b). Note that,
by containing four functional groups (two −OH, one −OOH,
and one −CO), HH is expected to be more hydrophilic
than FC. The absence of prominent mass spectral signals for
other products (Figures 1, 3 and S4) is consistent with the
conclusion that α-terpineol HH does not decompose within
the present time scale (≤10 μs).
The results of the experiments described herein reveal that

during the ozonolysis of α-terpineol at an air−water interface,
the formation of HH is a major reaction pathway over a wide
pH range (pH 1−11), verifying the importance of CI
hydration in heterogeneous ozonolysis processes. The present
results suggest that, during the heterogeneous ozonolysis, α-
terpineol in aqueous organic aerosols (that are typically acidic)
is converted into more hydrophilic and hence much lower
volatile HH. CIs may be scavenged by co-solutes such as
organic acids and saccharides, leading to the formation of
higher-molecular-weight organic hydroperoxides45,47,48,81,82

that can be expected to have different reactivities in aqueous
media. We also note that inhalation of such aerosols containing
HH and organic hydroperoxides may cause adverse health
effects.2

■ CONCLUSIONS

By using surface-sensitive pneumatic ionization mass spec-
trometry of water microjets, we successfully observed HH−Cl−
and FC products generated during the ozonolysis of α-
terpineol at the air−water interface, and we found that HH was
a major product in the bulk pH range from 1 to 11. The
decrease of HH−Cl− signals at bulk pH values of >6 is
attributable to the accumulation of OH− at the air−water
interface that suppresses the relative abundance of hydrophilic
HH and Cl−. The present results suggest that α-terpineol in
ambient aqueous organic aerosols will be converted into much
lower volatile and toxic organic hydroperoxides during the
heterogeneous ozonolysis.
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