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ABSTRACT: Understanding Criegee chemistry has become one of central
topics in atmospheric research recently. The reaction of Criegee
intermediates with gas-phase water clusters has been widely viewed as a
key Criegee reaction in the troposphere. However, the effect of aerosols or
clouds on Criegee chemistry has received little attention. In this work, we
have investigated the reaction between the smallest Criegee intermediate,
CH2OO, and water clusters in the gas phase, as well as at the air/water
surface using ab initio quantum chemical calculations and adaptive buffered
force quantum mechanics/molecular mechanics (QM/MM) dynamics
simulations. Our simulation results show that the typical time scale for the
reaction of CH2OO with water at the air/water interface is on the order of a
few picoseconds, 2−3 orders of magnitude shorter than that in the gas phase.
Importantly, the adbf-QM/MM dynamics simulations suggest several
reaction pathways for the CH2OO + water reaction at the air/water interface, including the loop-structure-mediated mechanism
and the stepwise mechanism. Contrary to the conventional gas-phase CH2OO reaction, the loop-structure is not a prerequisite
for the stepwise mechanism. For the latter, a water molecule and the CH2OO at the air/water interface, upon their interaction,
can result in the formation of (H3O)

+ and (OH)CH2(OO)
−. Thereafter, a hydrogen bond can be formed between (H3O)

+ and
the terminal oxygen atom of (OH)CH2(OO)

−, leading to direct proton transfer and the formation of α-hydroxy methylperoxide,
HOCH2OOH. The mechanistic insights obtained from this simulation study should motivate future experimental studies of the
effect of water clouds on Criegee chemistry.

■ INTRODUCTION
Criegee intermediates are key branching points in the reactions
between ozone and unsaturated hydrocarbons.1 The unim-
olecular and bimolecular Criegee reactions directly lead to
many end products important to atmospheric chemistry, such
as hydroxyl radicals, organic acids, hydroperoxides, and
aerosols.2−5 The Criegee reactions that involve a number of
atmospheric species (e.g., SO2 and NO2) are well documented
in the literature.6−10 However, noting that the concentration of
water (∼1023 m−3) in the troposphere is orders of magnitude
higher than that of atmospheric species like NO2, SO2 (∼1018
m−3), the impact of these oxidation reactions is determined by
the reaction of Criegee intermediates with water.11−13

Considering that the Criegee−water reaction is the most
plausible reaction in the troposphere, it has been extensively
investigated using various experimental and theoretical
methods.8,12−23 Most previous studies have focused on the
reactions of Criegee intermediates with water monomer and/or
dimer as shown in eqs 1 and 2:

+ →(R )(R )COO H O (R )(R )C(OH)OOH1 2 2 1 2 (1)

+ → +(R )(R )COO (H O) (R )(R )C(OH)OOH H O1 2 2 2 1 2 2
(2)

It is known that the reaction between a Criegee intermediate
and water vapor involves the loop-structure mediated mecha-
nism.21−25 Theoretical studies have shown that reaction 2 is
more favored over reaction 1.21,22 This has also been confirmed
in recent experiments by Berndt et al.,26 Chao et al.,8 and Smith
et al.20 In these experiments, the second-order dependence of
the Criegee loss on the concentration of water has been
detected, indicating that reaction 2 predominates in the decay
of CH2OO in the atmospheric conditions. The reported rate
coefficient for the reaction of the CH2OO with water dimer is
about ∼10−11 cm3/s, significantly higher than that estimated for
the reaction with water monomer (∼10−16 cm3/s) by Ouyang
et al.18 and Welz et al.27 This discrepancy indicates that the
reaction rate of CH2OO with water vapor strongly depends on
the water vapor concentration.19 Many previous studies also
show that aerosols, fog, and clouds may play a key role in
atmospheric chemistry.28−36 In the atmosphere, the abundance
of aerosols can rise up to ∼108−109 m−3, and the maximum
surface area of the aerosols in clouds can be ∼10−9 m2.37,38

These numbers suggest that the air/water interface can play a
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more direct role in the Criegee−water reaction. On the other
hand, a significant number of sulfate, nitrate, and organic
compounds, which can react with CH2OO, have been
measured in aerosols and clouds,30−33 which indicate that the
reaction of CH2OO with water at the air/water interface can
assist in understanding oxidation reactions between CH2OO
and atmospheric species in aerosols. However, the effect of the
air/water interface on the reaction of CH2OO with water has
yet to be examined.
In this paper, we show a direct evidence, on the basis of

adaptive buffered force quantum mechanics/molecular me-
chanics (adbf-QM/MM) dynamics simulation, that the typical
time scale for the reaction of the smallest Criegee intermediate,
CH2OO, with water at the air/water interface is about several
picoseconds, 2−3 orders of magnitude shorter than that in the
gas phase. The reaction between CH2OO and water at the air/
water surface can occur via multiple reaction pathways. In
addition to the conventional loop-structure mediated mecha-
nism, a two-step reaction pathway is identified for the first time
for the CH2OO−water reaction at the air/water interface. The
feasibility of this new stepwise chemical mechanism suggests
that the loop-structure is not the only pathway for the reaction
between CH2OO and water at the air/water interface. This
result may aid in understanding the general effect of water
droplet on the Criegee−water chemistry.

■ METHODS
The adbf-QM/MM39 dynamics simulations were performed using the
CP2K code.40 Specifically, the QM (model) level of theory was the
density functional theory within the formulation of the Becke−Lee−
Yang−Parr (BLYP) exchange correlation functional41,42 and with the
DZVP basis set and Goedecker−Teter−Hutter (GTH) norm-
conserved pseudopotentials.43,44 The Grimme empirical van der
Waals energy dispersion correction (D3) with a cutoff at 15 Å was
applied.45 In the MM model, the water molecules were described using
the TIP3P model.46 A box (25 × 25 × 120 Å3) containing 495 water
molecules and one Criegee molecule (CH2OO) was employed (Figure
S1a). Periodic boundary conditions were applied in the x and y
directions (see the Supporting Information for more details of
systems). The QM and buffer region selections are given in Table S1.
All of the adbf-QM/MM simulations were carried out in the constant
volume and temperature ensemble with the temperature controlled at
300 K using the massive Nose−Hoover−Langevin thermostats.47 The
time step of the adbf-QM/MM simulations is 1.0 fs. Constraints are
applied to all bonds to hydrogen atoms using the SHAKE algorithm.
Upon adsorption of a CH2OO molecule onto the surface of the water,
the system is further optimized prior to the adbf-QM/MM dynamics
simulations. For each QM/MM simulation, it runs until the reaction
occurs. To confirm the adbf-QM/MM results, ab initio molecular
dynamics (AIMD) simulations are also performed for comparison.
More details of computation methods are given in the Supporting
Information.

■ RESULTS AND DISCUSSION
Gas-Phase Reaction. Prior to the adbf-QM/MM dynamics

simulations, the climbing image nudged-elastic-band (CI-NEB)
method is used to locate the transition state. In addition, high-
level quantum chemical calculations are performed to confirm
the gas-phase reactions of CH2OO with water monomer and
dimer (particularly the formation of loop-structure with the
water dimer) at the CCSD(T)48/aug-cc-pVTZ49//M06-2X50/
aug-cc-pVTZ level of theory implemented in the Gaussian0951

software (see the Supporting Information). These independent
high-level computations together with other high-level
computations allow confirmation of the activation energy

barrier for each reaction. The computed potential energy
profiles for the gas-phase CH2OO + H2O and the CH2OO +
(H2O)2 reactions are shown in Figure 1. The computed

reaction pathways for the CH2OO + H2O and the CH2OO +
(H2O)2 reaction are consistent with those reported previ-
ously.21−23 For the CH2OO + H2O reaction, the computed
activation barrier is 8.4 kcal/mol, in good agreement with
theoretical calculations at higher levels of theory (7.6 kcal/mol
at CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(2df,2p)52 and
9.2 kcal/mol at CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-
pVTZ level (Figure S2)). The HO fragment of H2O binds to
the Criegee carbon atom while its hydrogen atom adds to the
terminal Criegee oxygen atom. This reaction results in the
formation of α-hydroxy methylperoxide, HOCH2OOH. In the
CH2OO + (H2O)2 reaction, the HO fragment of one water
molecule binds to the Criegee carbon while the remnant
hydrogen atom of the same water molecule gets concertedly
attached to the other water molecule, which, in turn, gives its
hydrogen atom to the terminal Criegee oxygen. Thus, the
CH2OO + (H2O)2 reaction can be viewed as the water-
mediated proton transfer reaction. Indeed, the involvement of an
additional water molecule facilitates the loop-structure
formation around the reaction center and gives a relatively
lower energy barrier of 1.9 kcal/mol than that for the water
monomer reaction (2.2 kcal/mol at CCSD(T)/aug-cc-pVTZ//
B3LYP/6-311+G(2df,2p)52 and 3.2 kcal/mol at CCSD(T)/
aug-cc-pVTZ//M06-2X/aug-cc-pVTZ level (Figure S2)).
Furthermore, 10 AIMD simulations are performed to

examine the reaction of CH2OO and water dimer in the gas
phase. In our simulations, a supercell (20 × 20 × 20 Å3) with
periodic boundary conditions is selected for the (CH2OO)-
(H2O)2 system, which is large enough to neglect interaction
between the neighboring replica. The initial structure of
(CH2OO)(H2O)2 system is optimized first (Figure S3),
followed by the simulations of 80 ps (each). In these
simulations, no reaction is observed, suggesting that the time
scale for the reaction between CH2OO and water dimer is likely
beyond ∼102 ps. This outcome is consistent with previous
theoretical calculations (see below).52 Anglada et al. used a

Figure 1. Schematic illustration of the energy profiles for the gas-phase
reaction of CH2OO with water monomer (black) and water dimer
(red). The horizontal bar denotes the reactant or product state. The
larger solid squares represent the transition states and smaller solid
squares corresponding to the replicas in the climbing-image nudged
elastic band (CI-NEB) method. The white, red, and gray spheres
represent H, O, and C atoms, respectively.
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kinetic model to investigate the reaction between CH2OO and
water dimer, as shown in eq 3

+ ⇌ ···

→ +

CH OO (H O) CH OO (H O)

HOCH OOH H O
k
2 2 2 2 2 2

2 2 (3)

where k is the rate constant for the unimolecular isomerization
of prereactive complex into the reaction product. Based on the
highest k value (∼109 s−1 = 10−3 ps−1) computed by Anglada et
al. (see Table S4 in ref 52), the estimated shortest time scale for
the CH2OO−(H2O)2 reaction from the prereactive complex in
gas phase is ∼103 ps. Further, the calculations show that the
effective rate for the reaction of CH2OO with water dimer in
the gas phase at temperature of 298 K and 20% relative
humidity is ∼1.3 × 104 s−1, about 2 orders of magnitude faster
than that for the analogous water monomer reaction (5.5 × 102

s−1).
Reaction at Air/Water Interface. Previous studies suggest

that aerosols, fog, and cloudwater may play a key role in the
atmospheric chemistry.28−36,53 To gain deeper insights into the
Criegee chemistry at the air/water interface, we carried out ten
additional adbf-QM/MM dynamics simulations to study the
mass accommodation of Criegee molecule on water surface
(Figure S4; movie S1). No direct scattering of incoming
Criegee molecules is observed, implying that the surface
accommodation coefficient is nearly unity.
Next, 100 independent adbf-QM/MM dynamics simulations

are carried out. Unlike the dimer system in the gas phase, the
reaction of CH2OO with water at the air/water interface can be
directly observed during the adbf-QM/MM dynamics simu-
lations. Figure 2 shows the fraction of CH2OO unreacted

versus simulation time. All reactions occurred within 11 ps. The
time scale for the reaction at the air/water interface is ∼4.34 ps
(within which 63% reactions are observed), which is 2−3
orders of magnitude shorter than that (102 to 103 ps) in the gas
phase.
Loop-Structure-Mediated Reaction. Among these 100

simulations, 76 involve the loop-structure-mediated reactions.
As shown in Figure 3a, the smallest looplike structure between
CH2OO and the water monomer is observed before the
formation of final product, HOCH2OOH (movie S2). This
event occurs at ∼3.52 ps and results in the formation of an
activated complex, where the C−O1 and the O2−H1 lengths
decrease to ∼1.50 and ∼1.00 Å, respectively, confirming the
formation of HOCH2OOH from the reaction of CH2OO with
water monomer (Figure 3e). For the water dimer, trimer, or

tetramer reactions at the air/water interface, the larger loop-
structures showing the activated complex formation between
CH2OO and water dimer, trimer, or tetramer were also
observed within a few picoseconds (Figure 3b (movie S3), 3c
(movie S4), and 3d (movie S5)). The shortening of the C−O1
and the O3−H2 (O4−H3 or O5−H4) length is also noticed
during the water dimer (Figure 3f), trimer (Figure 3g), or
tetramer (Figure 3h) reactions, indicative of the HOCH2OOH
formation. An AIMD simulation is also performed, and the
result confirms the loop-structure mediated reaction (see movie
S6) predicted from the adbf-QM/MM dynamics simulation.

Population Analysis. Population analysis reveals that at
the air/water interface and 300 K, nearly 76% of the CH2OO−
water reaction follows the loop-structure-mediated mechanism
(Figure 4). In these loop-structure-mediated reactions, the
obtained population value is the highest for the water dimer
reaction: ∼52%, whereas only ∼5% of the Criegee reaction
involves the water monomer. This suggests that at the air/water
interface and 300 K, the water dimer forms a better proton
loop-structure around the reaction center, which makes the
CH2OO−water dimer reaction thermodynamically more
favorable than the CH2OO−water monomer reaction, a
mechanistic feature akin to the gas-phase reaction.

Stepwise Mechanism at the Air/Water Interface. In
addition to the loop-structure-meditated concerted Criegee−
water reactions, the stepwise reaction of CH2OO with water at
the air/water interface is also observed in one adbf-QM/MM
dynamics simulation. Interestingly, this new chemical mecha-
nism does not require the formation of the loop-structure
(Figure 5). In the first step, the C−O1 length and the O2−H1
length are shortened to ∼1.50 and ∼1.06 Å, respectively,
indicating the binding of the HO fragment of water to the
Criegee carbon and the formation of (H3O)

+ at ∼1.10 ps
(Figure 5a and movie S7). This leads to the breakage of the
O1−H1 bond. Notably, the distance between the terminal
Criegee oxygen (O3) and the other water hydrogen (H2) is
appreciably large at this point (O3−H2 ∼1.80 Å), suggesting
that the water hydrogen does not bind to the terminal Criegee
oxygen. In the next step, a ringlike structure involving (H3O)

+,
two water molecules, and the terminal oxygen atom of
(OH)CH2(OO)

− is formed (Figure 5b). As shown in Figure
5d, the O1−H1 length decreases to ∼1.06 Å, indicating the
formation of the O1−H1 bond. The concerted breakage of
O2−H1 bond is also observed in the simulation (lower panel,
Figure 5d). An important mechanistic difference between the
loop-structure-mediated proton-transfer mechanism and the
stepwise one is that in the stepwise mechanism, a proton in
(H3O)

+ directly transfers to the terminal oxygen atom of
(OH)CH2(OO)

− rather than through the water “bridge”. To
confirm the possibility of this two-step mechanism, the
geometry of the intermediate formed after the initial OH
addition to the Criegee intermediate at the air/water interface
was optimized at the BLYP-D level, which is found to be stable
(Figure S5). Note that ∼24% of the CH2OO−water reaction at
the air/water interface follows the stepwise mechanism, which
is even more than the fraction of the Criegee reaction involving
water trimer (17%). These results show that the stepwise
mechanism can play a key role in the Criegee−water reactions
at the air/water interface. On the other hand, previous studies
show that the energy barrier for the reactions of other Criegee
intermediates with water dimer may be much higher, some
even higher than the CH2OO + H2O reaction.52 For example,
the energy barrier of syn-CH3CHOO (anti-CH3CHOO) +

Figure 2. Fraction of CH2OO unreacted versus time. One hundred
independent adbf-QM/MM dynamics simulations were performed.
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(H2O)2 reaction is ∼6.0 kcal/mol (3.93 kcal/mol) at the
CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(2df,2p) level of
theory. Thus, the stepwise mechanism may play even more
important role in other Criegee intermediate water reactions at
the air/water interface, especially for those Criegee inter-
mediates, which react with water vapor relatively slowly.

■ CONCLUSIONS
In conclusion, we have demonstrated from direct adaptive
buffered force QM/MM dynamics simulations that the time
scale for the reaction of CH2OO with water at the air/water
interface and at 300 K is 2−3 orders of magnitude shorter than
that in the gas phase. Importantly, the reaction of the smallest
Criegee intermediate, CH2OO, with water at the air/water
surface occurs via both loop-structure-mediated and stepwise
mechanisms. In the loop-structure-meditated reaction, the
hydroxyl and hydrogen fragments of water directly bind to
the Criegee carbon atom and terminal Criegee oxygen,
respectively, while the other water molecules (if exist) serve

as a “bridge” to promote the proton transfer. Population
analysis shows that the reaction of CH2OO toward the water
dimer is the dominant reaction pathway at the air/water
interface, akin to the mechanistic feature predicted from the
gas-phase calculations. At the air/water interface, an appreciable
fraction of the CH2OO reaction occurs via the two-step
reaction mechanism. In this new mechanism, a water molecule
first interacts with CH2OO, leading to the formation of (H3O)

+

and (HO)CH2(OO)
−. Next, an H-bond is formed with (H3O)

+

and the terminal oxygen atom of (HO)CH2(OO)
−, which

Figure 3. Snapshot structures taken from the abdf-QM/MM dynamics simulations of the reaction between CH2OO and water monomer (a), water
dimer (b), water trimer (c) and water tetramer (d), respectively. Corresponding time evolution of key bond distances is shown in (e), (f), (g), and
(h), respectively. The insets illustrate the formation of the loop-structure in the activation complexes.

Figure 4. Adbf-QM/MM simulation based population analysis of the
reaction of CH2OO with water monomer (red), water dimer (green),
water trimer (blue), and water tetramer (cyan), respectively, at the air/
water interface. The fraction of the stepwise Criegee reaction is shown
in magenta.

Figure 5. Snapshot structures taken from the QM/MM dynamics
simulations of the two-step reaction of CH2OO toward water. (a, b)
First step and second step, respectively. (c, d) Time evolution of key
bond distances involved in the first step and second step.
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facilitates subsequent direct proton transfer required for the
formation of HOCH2OOH. It is worth mentioning that in the
stepwise mechanism, the formation of the loop-structure
around the reaction center is not required. To our knowledge,
the stepwise mechanism for the Criegee−water reaction at the
air/water interface was not reported in the literature. The
mechanistic insights obtained from our simulation study will
promote future experimental studies of the effect of aerosols
and clouds on Criegee chemistry and have important
implications to the chemistry in the troposphere.
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