
Temperature Dependence of Aqueous-Phase Decomposition of
α‑Hydroxyalkyl-Hydroperoxides
Mingxi Hu, Kunpeng Chen, Junting Qiu, Ying-Hsuan Lin, Kenichi Tonokura, and Shinichi Enami*

Cite This: J. Phys. Chem. A 2020, 124, 10288−10295 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Ozonolysis of unsaturated organic species with water produces α-hydroxyalkyl-
hydroperoxides (α-HHs), which are reactive intermediates that lead to the formation of H2O2 and
multifunctionalized species in atmospheric condensed phases. Here, we report temperature-
dependent rate coefficients (k) for the aqueous-phase decomposition of α-terpineol α-HHs at
283−318 K and terpinen-4-ol α-HHs at 313−328 K. The temporal profiles of α-HH signals,
detected as chloride adducts by negative-ion electrospray mass spectrometry, showed single-
exponential decay, and the derived first-order k for α-HH decomposition increased as temperature
increased, e.g., k(288 K) = (4.7 ± 0.2) × 10−5, k(298 K) = (1.5 ± 0.4) × 10−4, k(308 K) = (3.4 ±
0.9) × 10−4, k(318 K) = (1.0 ± 0.2) × 10−3 s−1 for α-terpineol α-HHs at pH 6.1. Arrhenius plot
analysis yielded activation energies of 17.9 ± 0.7 (pH 6.1) and 17.1 ± 0.2 kcal mol−1 (pH 6.2) for
the decomposition of α-terpineol and terpinen-4-ol α-HHs, respectively. Activation energies of
18.6 ± 0.2 and 19.2 ± 0.5 kcal mol−1 were also obtained for the decomposition of α-terpineol α-
HHs in acidified water at pH 5.3 and 4.5, respectively. Theoretical kinetic and thermodynamic
calculations confirmed that both water-catalyzed and proton-catalyzed mechanisms play important roles in the decomposition of
these α-HHs. The relatively strong temperature dependence of k suggests that the lifetime of these α-HHs in aqueous phases (e.g.,
aqueous aerosols, fog, cloud droplets, wet films) is controlled not only by the water content and pH but also by the temperature of
these media.

■ INTRODUCTION
Organic hydroperoxides (ROOHs) are ubiquitous reactive
oxygen species that play key roles in atmospheric, environ-
mental, and biological processes.1−10 In the atmosphere,
ROOHs account for approximately 21% of the secondary
organic aerosol mass formed from the gas-phase ozonolysis of α-
pinene.3 Among the variety of ROOHs, α-hydroxyalkyl-
hydroperoxides (RC(−R′)(−OOH)(−OH); α-HHs) formed
by ozonolysis of organic compounds bearing one or more CC
bonds in the presence of water have specific reactivities that
distinguish them from other ROOHs.11 Due to their hydrophilic
nature and large Henry’s law constantH (e.g., the value ofH for
hydroxymethyl-hydroperoxide, the smallest α-HH, is 5.0 × 105

M atm−1 at 295 K),12 α-HHs are expected to reside mostly in
condensed phases such as fog/cloud droplets, aqueous aerosols,
and secondary organic aerosols in the atmosphere.
Recently, we found that the α-HHs generated by ozonolysis of

aqueous terpenoids (β-caryophyllene, α-pinene, d-limonene, γ-
terpinene, α-terpineol, and terpine-4-ol) decompose into
hydrogen peroxide (H2O2) and functionalized aldehydes that
are then hydrated to functionalized geminal diols in bulk
water.13−15 The decomposition occurs with lifetimes (τ1/e) that
are sensitively dependent on the water content and pH of the
medium as well as the chemical structure of the α-HH. Unlike
other ROOHs, the decomposition of α-HHs appears to proceed
without homolytic cleavage of RO−OH and hence bypasses
radical formation, which is consistent with the results of

theoretical calculations.13,14,16−19 Thus, α-HHs could be an
important source of the H2O2 and multifunctionalized species
found in atmospheric aerosols.3,13−15,19,20

A key, but hitherto unavailable, parameter that is needed to
improve atmospheric models is the temperature-dependent rate
coefficient (k) of α-HH decomposition in aqueous phases. Zhou
and Lee have reported that the decomposition of hydrox-
ymethyl-hydroperoxide in water (at pH 7.1) increases as a
function of temperature and has an activation energy (Ea) of
22.9 kcal mol−1.12 However, as far as we know, there are no
reports in the literature of the temperature dependence of the
decomposition rates of larger, more complex α-HHs, such as
those generated from ozonolysis of atmospherically relevant
terpenoids. Such experimental studies have been a challenge due
to the lack of analytical techniques for the fast, unambiguous
identification of α-HHs and their decomposition products.
Here, we report for the first time the temperature-dependent

decomposition of α-HHs derived from the ozonolysis of α-
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terpineol and terpinen-4-ol (Figure 1) in water in the
temperature range of 283−328 K.

α‐ α‐ →terpineol HHs (aq) products (aq) (R1)

‐ ‐ α‐ →terpinen 4 ol HHs (aq) products (aq) (R2)

By possessing −OH functionality, these two monoterpene
alcohols are moderately soluble in neat water (e.g., approx. 103

times more soluble than the monoterpene hydrocarbon α-
pinene),21 which is why they were chosen to study the
temperature-dependent kinetics of aqueous-phase α-HH
decomposition. We directly recorded temporal profiles of α-
terpineol and terpinen-4-ol α-HHs, which were detected directly
as Cl− adducts by electrospray mass spectrometry. We
determined rate coefficients for reactions (R1) and (R2) and
the corresponding τ1/e values of the α-HHs in nonacidified and
acidified water at different temperatures. By Arrhenius plot
analysis, we derived Ea values for the decomposition of α-
terpineol and terpinen-4-ol α-HHs in nonacidified and acidified
water. We also performed Gibbs free-energy calculations for the
decomposition of the α-HHs in the presence of water molecules
or protons.

■ MATERIALS AND METHODS
Mass Spectrometry. The α-HHs were prepared in water by

means of the following procedure (Figure S1). α-Terpineol or
terpinen-4-ol (C10H17OH, MW 154.25, 2 mM; α-Tp) and 0.4
mM NaCl were dissolved in 10 mL of water in a glass vial (20
mL). Acetic acid (0.2 or 0.02 mM) or oxalic acid (0.02 mM) was
added to the solution to adjust the pH for experiments
conducted at low pH. Aqueous O3 solutions were prepared by
sparging 10 mL of water in a 20 mL vial for 7−35 s with O3(g)
generated by means of a commercial ozonizer (KSQ-050,
Kotohira, Japan) fed ultra-high-purity O2(g) (>99.999%). The
output gases from the ozonizer were carried to the vial via Teflon
tubing (3 mm i.d.) at a flow rate of 1 L min−1 (regulated by a

digital mass flow controller, Horiba STEC). The initial O3
concentrations in the solutions, [O3(aq)]0 = 0.03−0.05 mM,
were determined with an ultraviolet−visible (UV−vis) spec-
trometer (Agilent 8453) using a reported O3 molar extinction
coefficient at 258 nm (ε258nm = 3840 M−1 cm−1 in water22).
Ozonolysis reactions were initiated by mixing the α-Tp +

NaCl solution and theO3 solution (10mL each) in a 25mL glass
vial in a Peltier-type circulating water bath (AS ONE
corporation, CTB-1). The temperature of the reactants and
reaction mixtures were maintained within ±1.0 K. To minimize
unwanted secondary reactions, the [α-Tp]0/[O3(aq)]0 ratio was
kept above ∼20. The reaction mixtures were immediately
(within 1 min) injected at 100 μL min−1 via a glass syringe (5
mL) and syringe pump (Pump 11 Elite, Harvard apparatus) into
an electrospray mass spectrometer (ESMS, Agilent 6130
Quadrupole LC/MS Electrospray System housed at the
National Institute for Environmental Studies, Japan). The pH
of the α-Tp + NaCl or α-Tp + NaCl + acid solution was
measured with a calibrated pH meter (LAQUA F-74, Horiba)
before the start of the experiment. The temporal profiles of the
mass signals for α-HHs and other species were measured with
the ESMS and a digital stopwatch. Adding submillimolar NaCl
to the sample solutions allowed the detection of Cl− adducts of
α-HHs and other chemical species bearing at least three
functional groups, such as hydroperoxide (−OOH), alcohol
(−OH), and ketone (−RCO), by online mass spectrome-
try.13,14,23 In our experiments, O3 was consumed exclusively by
the α-Tp ([α-Tp]0 = 1 mM, k = 9.9 × 106M−1 s−1)24 rather than
the Cl− ([Cl−]0 = 0.2 mM, k ≈ 1 × 10−2 M−1 s−1).25

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
from a Millipore Milli-Q water purification system and used
within a day of preparation. α-Terpineol (>95%, Tokyo
Chemical Industry), terpinen-4-ol (>95%, Tokyo Chemical
Industry), acetic acid (≥99.5%, Wako), oxalic acid (≥99.0%,
Sigma-Aldrich), and NaCl (≥99.999%, Sigma-Aldrich) were
used as received.

Theoretical Calculations. First-principles calculations for
Gibbs free-energy barriers and reaction rate coefficients were
performed with the Gaussian 16 program (revision C. 01).26

First, transition states were preoptimized by using the M06-2X
functional27 and the 6-31G(d,p) basis set.28 The intrinsic
reaction coordinate method29 was used to verify the connection
of the reactants and products via the transition state. Then, the
Gibbs free energy, entropy, and enthalpy were calculated for
reactants, transition states, and products at 288, 298, 308, and
318 K using the M06-2X functional implemented with
Grimme’s third-generation empirical dispersion correction
(D3)30 and the 6-311G(2d,p) basis set28 (i.e., M06-2X-D3/6-
311G(2d,p)). The SMD implicit solvent model, a solvation
model based on density, was used to simulate the water
environment for all of the calculations.31 Reaction rate
coefficients (k) were calculated using the Eyring equation32

(eq 1)

= =−Δ −Δ −Δ≠ ≠ ≠
k

k T
h

k T
h

e e eG RT S R H RTB /( ) B / /( )
(1)

where ΔG≠, ΔS≠, and ΔH≠ are the activation change of Gibbs
free energy, entropy, and enthalpy, respectively; kB is the
Boltzmann factor; T is the temperature; h is Planck’s constant;

Figure 1. Chemical structures of α-terpineol, terpinen-4-ol, and their
representative α-hydroxyalkyl-hydroperoxides (α-HHs).
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and R is the gas constant. The activation energy (Ea) for
reactions was estimated using eq 2 according to the correlation
between transition state theory and the Arrhenius equation.

= Δ +≠E H RTa (2)

■ RESULTS AND DISCUSSION

Decay of α-Terpineol α-HHs in Water at Different
Temperatures. The negative-ion mass spectra of solutions
obtained by the reaction O3(aq) + α-terpineol/NaCl(aq) at T =
288, 303, and 318 K are shown in Figure 2.
Due to the large k(α-terpineol + O3)aq of 9.9 × 106 M−1 s−124

and the [α-terpineol]0/[O3]0 ratios being greater than 20, O3
reacted exclusively with α-terpineol (τ1/e approx. 0.1 ms). First,
O3 reacts with the CC double bond of α-terpineol to produce
a primary ozonide,23,33 which isomerizes to stabilize Criegee
intermediates. Then, the Criegee intermediates rapidly isomer-
ize24,34−36 or react with water to produce the corresponding α-
HHs, which are detected as the Cl− adducts, α-HH-Cl− (m/z
255/257).13,14,36 In bulk water ([H2O] = 55.6M), the hydration
of the Criegee intermediates to produce the α-HHs is expected
to be the dominant pathway.15,33 We recently reported that α-
HHs decompose in bulk water to form H2O2 and the
corresponding functionalized aldehyde, which then undergoes
hydration to form a functionalized geminal diol (Scheme 1).13,14

Thus, the intense doublet peaks atm/z 255/257 in Figure 2 were
assigned to the α-HH-Cl− derived from α-terpineol: 255/257 =
154 (α-terpineol) + 48 (O3) + 18 (H2O) + 35/37 (Cl

−).13 More
detailed assignments have been published elsewhere.13,15,36 In
secondary organic aerosol or in highly acidic water (pH < 4),7,15

some α-HHs may form cyclic peroxyhemiacetals via intra-
molecular rearrangement, but this was not the case under the
present experimental conditions (pH≥ 4.5). Also, we previously
confirmed that the contribution of the backward reaction
betweenH2O2 and the functionalized aldehyde to regenerate the
α-terpineol α-HHs was negligible.13−15 Figure 2 shows that the
decay of the α-HH signals at m/z 255/257 was faster at higher
solution temperatures. The ion signals atm/z 239/241 in Figure
2 were attributed to the Cl− adducts of the geminal diol formed
by decomposition of the α-HH and hydration of the resulting
functionalized aldehyde (Scheme 1).13 We note that, due to the
lack of commercially available standard samples, the different
response factors of the observed species preclude establishing
mass balances from measured mass signal intensities. Because
the geminal diol is in equilibrium with a functionalized aldehyde
that can undergo cyclization into functionalized lactols (MS-
silent, Scheme 1),24,37 the signal at m/z 239/241 gradually
decays after the disappearance of the α-HH signal (Figure 2).
The ion signals atm/z 267/269/271/273 in Figure 2 originated
from Na4Cl5

− clusters that remained unchanged during the
experiment, as expected.
The temporal profiles of the α-HH signals at m/z 255/257 at

different temperatures are shown in Figure 3. It is clear that the
rate of single-exponential decay of the α-HH signals increased
with increasing temperature.
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 the
reactions at 288, 303, and 318 K: (4.7± 0.2)× 10−5, (2.0± 0.1)
× 10−4, and (1.0 ± 0.2) × 10−3 s−1, respectively. The
corresponding lifetimes (τ1/e = 1/k1) were 355, 83, and 17
min. The obtained k1 and τ1/e values are summarized in Table 1.

Figure 4 shows an Arrhenius plot (ln k1 vs 1/T) for the
decomposition of α-terpineol α-HHs in water at pH 6.1. The
linear regression yielded a preexponential factor (A) of 1.8× 109

s−1 (ln A = 21.3 ± 1.1) and an Ea value of 17.9 ± 0.7 kcal mol−1.
The uncertainty was obtained from the standard deviation of the
intercept and slope, respectively. k1 was expressed as k1 = 1.8 ×
109 exp[−(74.9 ± 2.9) × 103/RT] s−1, where R is the gas
constant.

Decay of Terpinen-4-ol α-HHs in Water at Different
Temperatures. Ozonolysis of terpinen-4-ol, an isomer of α-
terpineol, yields terpinen-4-ol α-HHs in water at pH 6.2 (Figure

Figure 2. Temporal dependence of negative-ion mass spectra of
mixtures obtained by ozonolysis ([O3]0 = 0.04 ± 0.01 mM) of aqueous
solutions of α-terpineol (1 mM) and NaCl (0.2 mM) at pH 6.1 and T =
288 K (A), 303 K (B), and 318 K (C). The ion signals at m/z 255/257
and 239/241 correspond to the Cl− adducts of α-hydroxyalkyl-
hydroperoxides and geminal diols. The ion signals at m/z 267/269/
271/273 correspond to Na4Cl5

− clusters.
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1), which are detected as Cl− adducts atm/z 255/257. Figure S2
shows the temporal profiles of the terpinen-4-ol α-HH signals at

m/z 255/257 and T = 313, 318, and 328 K. All of the decays
were fitted by a single-exponential decay function, which is
consistent with what we found for the α-terpineol α-HHs. It
should be noted that the relatively slow decay of terpinen-4-ol α-
HHs allowed us to measure the decay only at T ≥ 313 K, since
the terpinen-4-ol α-HHs signals at T = 298 K did not decrease to
half of the maximum value within several hours. As in the case of
α-terpineol α-HHs, the rate of the single-exponential decay of
the terpinen-4-ol α-HH signals increased as the temperature was
increased. By fitting the plots of the terpinen-4-ol α-HH signals
to the single-exponential equation S = S0 exp(−k2t), we obtained
the first-order decay rate coefficients (k2) and the corresponding
τ1/e values as summarized in Table 2.
Figure 5 shows an Arrhenius plot for the decomposition of

terpinen-4-ol α-HHs in water. The linear regression yielded A =
1.1 × 108 s−1 (ln A = 18.5± 0.3) and Ea = 17.1± 0.2 kcal mol−1.
k2 was expressed as k2 = 1.1 × 108 exp[−(71.5± 0.8)× 103/RT]
s−1 .

Scheme 1. Decomposition of the α-Hydroxyalkyl-Hydroperoxides (α-HHs) of α-Terpineol in Watera

aThe most likely isomers are shown. The mechanisms of α-HH decomposition are discussed in the Theoretical Calculations for α-HH
Decomposition in Water section.

Figure 3. Decay profiles of the Cl− adducts of the α-hydroxyalkyl-
hydroperoxides (α-HHs) (m/z 255/257) generated by ozonolysis of α-
terpineol (1 mM α-terpineol, 0.2 mM NaCl) at [O3]0 = 0.04 ± 0.01
mM in water at pH 6.1 and T = 288, 303, and 318 K. Lines are fittings of
signal intensities (S) to S = S0 exp(−k1t).

Table 1. Rate Coefficients and Lifetimes for Decay of the α-
HHs of α-Terpineol in Water at Different Temperaturesa

temperature (K) k1 (s
−1) τ1/e (min)

288 (4.7 ± 0.2) × 10−5 355
293 (7.7 ± 0.3) × 10−5 216
298 (1.5 ± 0.4) × 10−4 111
303 (2.0 ± 0.1) × 10−4 83
308 (3.4 ± 0.9) × 10−4 49
313 (5.3 ± 0.7) × 10−4 31
318 (1.0 ± 0.2) × 10−3 17

aExperimental conditions: [α-terpineol]0 = 1 mM, [NaCl]0 = 0.2
mM, [O3]0 = 0.04 ± 0.01 mM, pH = 6.1. k1 values are means ±
standard deviations (SDs) of three or four independent experiments.

Figure 4. 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.
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Decay of α-Terpineol α-HHs in Acidified Water at
Different Temperatures. Recent field and modeling studies
have revealed that atmospheric aerosol particles are generally
more acidic than previously assumed.38 We recently found that
α-HH decomposition was accelerated by the addition of protons
(H+) to water.15 The proposed H+-catalyzed decomposition of
α-HHs is supported by our theoretical calculations (see below).
Here, we investigated the temperature dependence of the rate
coefficient for the decomposition of α-terpineol α-HHs in
acidified water.
Figure S3 shows the temporal profiles of the α-terpineol α-

HH signals at m/z 255/257 derived using acidified water (0.1
mM acetic acid, pH 4.5) at T = 283, 293, and 303 K. The rate of
decay increased with increasing temperature, which is consistent
with our findings in nonacidified water. From single-exponential
decay fittings, we derived rate coefficients for the decomposition
of α-terpineol α-HHs in water at pH 4.5 (k1,pH4.5), which are
summarized in Table 3.
At pH 4.5, we derived k1,pH4.5 = 1.5 × 1011 exp[−(80.3 ± 2.1)

× 103/RT] s−1, where ApH4.5 = 1.5 × 1011 s−1 (ln A = 25.7± 0.9)
and Ea,pH4.5 = (19.2± 0.5) kcal mol−1 (Figure 6). Similarly, from
experiments in which 0.01 mM acetic acid was added to adjust
the pH of the water to 5.3, we derived k1,pH5.3 = 1.3 × 1010

exp[−(77.8 ± 0.8) × 103/RT] s−1, where ApH5.3 = 1.3 × 1010 s−1

(ln A = 23.3 ± 0.3) and Ea,pH5.3 = (18.6 ± 0.2) kcal mol−1, as
summarized in Table S1 and Figure S4. The temperature
dependence of k1 was also determined from experiments using
water acidified by adding 0.01 mM oxalic acid (pKa1,2 = 1.2 and
4.2) to adjust the pH to 5.0. We derived k1,pH5.0 = 9.4 × 109

exp[−(74.3 ± 3.6) × 103/RT] s−1, where ApH5.0 = 9.4 × 109 s−1

(ln A = 23.0± 1.5) and Ea,pH5.0 = (17.8± 0.9) kcal mol−1 (Table
S2 and Figure S5). The similar Ea values obtained from the
experiments using acetic acid and oxalic acid imply that the
decomposition mechanism involves H+ rather than undis-
sociated acid, which is consistent with a previous report.15

Theoretical Calculations for α-HH Decomposition in
Water. Here, we used first-principles calculations to compare
the Gibbs free-energy barriers of water-catalyzed and proton-
catalyzed mechanisms of α-HH decomposition in water (Figure
7). The Cartesian coordinates for the structural geometry used
in the calculations are summarized in Table S3. The water-
catalyzed and proton-catalyzed mechanisms were assumed to
include a ring-formation transition state based on previous
mechanistic studies.15,17−19 Because the reacting part of α-HHs
has chirality, we included both chiral isomers in our calculations.
According to our calculations, the water-catalyzed mecha-

nisms show Gibbs free-energy barriers >20 kcal mol−1 (Figure
7A,B), whereas the proton-catalyzed mechanisms have much
lower energy barriers (<10 kcal mol−1, Figure 7C,D). This
suggests that α-HH decomposition occurs mainly via proton-
catalyzed mechanisms. Moreover, the reverse energy barriers are
lower than the forward energy barriers in water-catalyzed
mechanisms (Figure 7A,B), whereas the opposite is true for
proton-catalyzed mechanisms (Figure 7C,D). This further
supports the idea that α-HH decomposition occurs via
proton-catalyzed mechanisms. In both mechanisms, chirality
was found to perturb the energy barrier by about 5 kcal mol−1

(Figure 7). We also found that the reaction rate coefficients of
the proton-catalyzed mechanisms were at least 9−10 orders of
magnitude higher than those of the water-catalyzed mechanisms

Table 2. Rate Coefficients for Decay of the α-HHs of
Terpinen-4-ol in Water at Different Temperaturesa

temperature (K) k2 (s
−1) τ1/e (min)

313 (1.2 ± 0.1) × 10−4 139
318 (1.8 ± 0.1) × 10−4 93
323 (2.8 ± 0.2) × 10−4 60
328 (4.2 ± 0.1) × 10−4 40

aExperimental conditions: [terpiene-4-ol]0 = 1 mM, [NaCl]0 = 0.2
mM, [O3]0 = 0.04 ± 0.01 mM, pH = 6.2. k2 values are mean ± SD of
three independent experiments.

Figure 5. Arrhenius plot of the rate coefficients (k2) for the decay of the
α-hydroxyalkyl-hydroperoxides (α-HHs) generated by ozonolysis of
aqueous terpinen-4-ol at pH 6.2. Ea, activation energy.

Table 3. Rate Coefficients for Decay of the α-HHs of α-
Terpineol in Water Acidified with Acetic Acid (pH 4.5)a

temperature (K) k1, pH4.5 (s
−1) τ1/e (min)

283 (2.4 ± 0.1) × 10−4 69
288 (4.2 ± 0.1) × 10−4 40
293 (7.8 ± 0.4) × 10−4 21
298 (1.4 ± 0.1) × 10−3 12
303 (2.2 ± 0.1) × 10−3 8

aExperimental conditions: [α-terpineol]0 = 1 mM, [NaCl]0 = 0.2
mM, [O3]0 = 0.04 ± 0.01 mM, [acetic acid]0 = 0.1 mM, pH = 4.5.
k1,pH4.5 values are mean ± SD of three independent experiments.

Figure 6. Arrhenius plot of the rate coefficients (k1,pH4.5) for decay of
the α-hydroxyalkyl-hydroperoxides (α-HHs) generated by ozonolysis
of α-terpineol in acidified water at pH 4.5. Ea, activation energy.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c09862
J. Phys. Chem. A 2020, 124, 10288−10295

10292

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c09862/suppl_file/jp0c09862_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c09862/suppl_file/jp0c09862_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c09862/suppl_file/jp0c09862_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c09862/suppl_file/jp0c09862_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c09862/suppl_file/jp0c09862_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c09862?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c09862?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c09862?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c09862?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c09862?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c09862?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c09862?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c09862?fig=fig6&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c09862?ref=pdf


at 288−318 K (Table 4). Thus, the kinetic advantage of the
proton-catalyzed mechanisms results in the acceleration of α-
HH decay with increasing acid concentration (i.e., lowering of
the pH). This explains why the measured value of apparent k1
increases with decreasing pH.15 The fact that the measured k1
values were smaller than the theoretical values for the proton-
catalyzed mechanisms but larger than those for the water-
catalyzedmechanisms suggests that bothmechanisms play a role
in actual aqueous systems. As the temperature was increased, the
theoretical k values also increased by 1.4−82 times (Table 4),
which is consistent with our experimental results.
Comparison of the Activation Energies for the

Decomposition of α-HHs and ROOHs in Water. The
experimentally determined Ea values for the aqueous-phase
decomposition of α-HHs are summarized in Table 5.
The Ea values for the decomposition of the α-HHs of the two

C10 terpene alcohols examined in the present study were around

17−19 kcal mol−1, and that for hydroxymethyl-hydroperoxide
(C1 α-HH) is reported to be 22.9 kcal mol−1,12 implying that the
Ea values for other α-HHs (e.g., α-pinene/isoprene α-HHs)may
also be similar. Our theoretical Ea values for the water-catalyzed
pathways were approximately 27.3 kcal mol−1 (R1A) and 23.6
kcal mol−1 (R1B), and those of the proton-catalyzed pathways
were approximately 2.6 kcal mol−1 (R1C) and 6.7 kcal mol−1

(R1D) (Table 4). Because the amount of water is much larger
than the amount of protons in aqueous solutions, the apparent
activation energy should be close to the value of the water-
catalyzed pathways, and the existence of protons should only
moderately decrease the apparent activation energy.
Theoretical work by Crehuet et al. has shown that the

decomposition of hydroxymethyl-hydroperoxide (H2C(OH)-
OOH) in the gas phase is catalyzed by a water molecule via the
formation of a six-membered complex H2C(OH)OOH−
(H2O), resulting in the formation of formaldehyde and H2O2
with a free-energy barrier of 33.8 kcal mol−1.19 Kumar et al.
investigated the water- and formic acid-catalyzed decomposi-
tions of α-HHs in the gas phase using density functional theory
and ab initio calculations17 and reported that the free-energy
barriers of the water- and formic acid-catalyzed decompositions
leading to the formation of the corresponding carbonyls and
H2O2 are 27−31 and 12−17 kcal mol−1, respectively.
The reported Ea values for the decomposition of α-

acyloxyalkyl-hydroperoxide generated by the reaction of α-
pinene Criegee intermediates with adipic acid or pinonic acid in
water at pH 4.4 are 15.0 ± 1.0 and 14.5 ± 1.6 kcal mol−1,
respectively.39 Zhao et al. observed that k increased as pH
increased, implying that α-acyloxyalkyl-hydroperoxides in water
undergo OH−-catalyzed decomposition rather than H+-
catalyzed decomposition.39 We consider this difference to

Figure 7. Theoretically calculated Gibbs free-energy profiles for the water-catalyzed (A, B) and proton-catalyzed (C, D) decomposition of α-
hydroxyalkyl-hydroperoxides.

Table 4. Calculated Reaction Rate Coefficients (k) and Activation Energies (Ea) for the Four Reactions Shown in Figure 7

k (s−1) Ea(kcal mol−1)

reaction 288 K 298 K 308 K 318 K 288 K 298 K 308 K 318 K

1A 2.3 × 10−10 1.1 × 10−9 4.8 × 10−9 1.9 × 10−8 27.3 27.3 27.3 27.3
1B 3.7 × 10−6 1.4 × 10−5 5.0 × 10−5 1.6 × 10−4 23.6 23.6 23.6 23.6
1C 4.2 × 1011 4.8 × 1011 5.3 × 1011 5.9 × 1011 2.6 2.6 2.7 2.7
1D 2.7 × 107 3.9 × 107 5.5 × 107 7.5 × 107 6.7 6.7 6.7 6.7

Table 5. Activation Energies for Decay of the α-HHs and
Related Peroxides in Water

species Ea(kcal mol−1)

α-terpineol α-HHs at pH 6.1 (as is) 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 (as is) 17.1 ± 0.2
hydroxymethyl-hydroperoxide at pH 7.1b 22.9
α-pinene α-acyloxyalkyl-hydroperoxides at pH 4.4c

derived with adipic acid 15.0 ± 1.0
derived with pinonic acid 14.5 ± 1.6

aAcidified by oxalic acid rather than acetic acid. bRef 12. cRef 39.
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originate from the presence/absence of an −OH group in R−
(H)C(−OOH)(−OH) and R−(H)C(−OOH)(−O-C(O)−
R′). Note that in the latter case a ring-forming complexation
with H2O and [H3O(H2O)]

+ is much less likely to occur. By
possessing −OH and −OOH at the same carbon atom, α-HHs
could form a stable complex with H2O and [H3O(H2O)]

+, and
this could be a reason for their unique reactivity.
Atmospheric Implications. The decomposition of α-HHs

contributes to the formation of H2O2 and multifunctionalized
species in the aerosol phase,3,4,10 which play an important role in
modulating many atmospheric processes. Our results show that
the stability of α-HHs in aqueous media is markedly increased as
the temperature is decreased, implying that the lifetimes of α-
HHs in aerosols are affected by local temperatures under
different environmental conditions (e.g., altitude, day/night,
season, and weather). The lifetime of α-terpineol α-HHs in
water at pH 4.5 was just 12 min at 298 K, whereas it increased to
69 min at 283 K (Table 3). Thus, the lifetimes of α-HHs are a
result not only of the water content and pH13−15 but also the
temperature of the media. The k and Ea values determined in the
present study could be incorporated into atmospheric models as
representative values for terpenoid α-HHs, which will be helpful
to explain the data obtained in field measurements.
In addition, some hydroperoxide ROOH groups present in

organic aerosols will be associated with unexpected decom-
position of α-HHs during sampling and measurement processes
in field measurements and chamber experiments.20,40,41 Our
results suggest that a considerable fraction of α-HHs
decomposes into functionalized aldehydes and geminal diols
in the presence of water that would further transform into other
products such as lactols (Scheme 1). Thus, the yields of α-HHs
in atmospheric particles reported thus far from field measure-
ments and chamber experiments could be markedly under-
estimated. To address this issue, storage of aerosol samples in a
dry solvent (e.g., 100% acetonitrile) at low temperature may be a
suitable approach to extend the lifetimes of α-HHs, as already
demonstrated for α-acyloxy-hydroperoxides.39

■ CONCLUSIONS
By monitoring the time profiles of α-HH signals by negative-ion
electrospray mass spectrometry, we determined temperature-
dependent rate coefficients for the aqueous-phase decom-
position of α-terpineol α-HHs (k1) at 283−318 K and terpinen-
4-ol α-HHs (k2) at 313−328 K for the first time. The α-HHs
signals were found to single-exponentially decrease as a function
of time. The derived first-order k for α-HH decomposition
increased as temperature increased. We determined k1 = 1.8 ×
109 exp[−(74.9 ± 2.9) × 103/RT] s−1 (pH 6.1) and k2 = 1.1 ×
108 exp[−(71.5 ± 0.8) × 103/RT] s−1 (pH 6.2), respectively,
where R is the gas constant. We derived the activation energies
Ea of 17.9 ± 0.7 kcal mol−1 (pH 6.1), 18.6 ± 0.2 kcal mol−1 (pH
5.3), and 19.2 ± 0.5 kcal mol−1 (pH 4.5) for the decomposition
of α-terpineol and Ea of 17.1 ± 0.2 kcal mol−1 (pH 6.2) for
terpinen-4-ol α-HHs. Theoretical kinetic and thermodynamic
calculations confirmed that both water- and proton-catalyzed
mechanisms play key roles in the decomposition of these α-
HHs. Our results demonstrate that the stability of α-HHs in
aqueous media is markedly increased as the temperature is
decreased, implying that the lifetimes of α-HHs in aerosols are
affected by local temperatures under different environmental
conditions. Thus, we conclude that the lifetimes of α-HHs are
determined by the water content, pH, and the temperature of the
media. The k and Ea values determined in the present study will

be useful for atmospheric models as representative values for
terpenoid α-HHs.
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