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Revealing new pathways for the reaction
of Criegee intermediate CH2OO with SO2

Check for updates

Cangtao Yin & Gábor Czakó

Criegee intermediates play an important role in the tropospheric oxidation models through their
reactions with atmospheric trace chemicals. We develop a global full-dimensional potential energy
surface for the CH2OO+ SO2 system and reveal how the reaction happens step by step by quasi-
classical trajectory simulations. A new pathway forming the main products (CH2O+ SO3) and a new
product channel (CO2+H2+ SO2) are predicted in our simulations. The new pathway appears at
collision energies greater than 10 kcal/mol whose behavior demonstrates a typical barrier-controlled
reaction. This threshold is also consistent with the ab initio transition state barrier height. For theminor
products, a loose complex OCH2O ∙ ∙ ∙ SO2 is formed first, and then in most cases it soon turns into
HCOOH+ SO2, in a few cases it decomposes into CO2+H2+ SO2 which is a new product channel,
and rarely it remains as ∙OCH2O ∙+ SO2.

Understanding the chemistry of the Criegee intermediates (R1R2COO) has
become one of central topics in atmospheric research recently. Criegee
intermediate reactions directly lead to many end products important to
atmospheric chemistry, such as hydroxyl radicals, organic acids, hydro-
peroxides, and aerosols1–11. Increasing evidence shows that the reaction
between Criegee intermediates and sulfur dioxide makes significant con-
tributions to atmospheric H2SO4 and thus to aerosol formation12–18. Many
advanced experimental techniques such as laser flash photolysis (LFP),
photoionisation mass spectrometry (PIMS), ultraviolet (UV) absorption,
laser induced fluorescence (LIF), and cavity ring down spectroscopy
(CRDS) are employed to suggest thatCH2O+ SO3 are themain products of
the CH2OO+ SO2 reaction19–28. Theoretical studies also imply that
CH2O+ SO3 are the dominant products by forming a five-member-ring
heteroozonide complex, CH2OOS(O)O

29–34. Rice−Ramsperger−Kassel
−Marcus (RRKM)/master equation (ME) simulations predicted that at
least 97% yield is CH2O+ SO3 at 295K

32. Although the main atmospheric
removal mechanism for CH2OO is the reaction with the water dimer, the
negative temperature dependence for the CH2OO+ SO2 reaction in con-
junction with the decrease in water dimer concentration at lower tem-
peraturesmeans thatCH2OOcanplay an enhanced role in SO2 oxidation in
the atmosphere at lower temperatures28. In addition, some Criegee inter-
mediates can survive in humid condition, for example, methacrolein oxide,
an isoprene-derived Criegee intermediate16.

Apart from the main products, theoretical studies provided evidence
that the minor products HCOOH+ SO2 appear by means of rearranging
and decomposing of CH2OOS(O)O

32,35. In this process, the SO2 molecule
catalyzes isomerization of CH2OO to HCOOH. An early experimental

study36 isotopically double labeled CH2
18O18O and reacted it with unlabeled

SO2.Theyobserved the singly labeledproductHCO
18OH,whichmeans that

the SO2 molecule participates in the reaction process and exchanges one
oxygen atom with CH2OO. However, in a recent work, HCOOH was
unobserved with transient infrared absorption spectroscopy and its
branching ratio was estimated to be < 5%37.

Vereeckenet al.31 predicted theoretically that theCH2OO+ SO2 reaction
could also produce ∙OCH2O ∙ , which is a singlet bisoxy radical, an open form
of dioxirane. The SO2 molecule also serve as a catalyst during this process.
However, the barrier from ∙OCH2O∙ to HCOOH is only about 3 kcal/mol38.
Besides, energetically speaking, ∙OCH2O∙ is very hard to survive since
HCOOHisabout 95 kcal/mol lower32,38. In addition,Kuwata et al.32 confirmed
that its branching ratio is less than 1% by RRKM/ME simulations.

In the present work, we seek a global full-dimensional potential energy
surface (PES) for the CH2OO+ SO2 reaction system with high-level
computationalprecisionandexplorepossiblenewchannels andproducts by
means of quasi-classical trajectory (QCT) simulations. It is believed that the
full-dimensionalPESgreatly promotes comprehensiveunderstandingof the
reaction mechanism.

First, we select some representative geometries to test several quantum
computational methods and efficient and accurate methods that provide
reliable energies are found. Second, we develop a global full-dimensional
PES of this system according to high-level couple-cluster ab initio method
with the help of ROBOSURFER program package39. Third, we perform
QCT simulations on the PES and the dynamic properties we are interested
in canbe statistically obtained fromthe computed trajectories.At the endwe
present our results and make a discussion.
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Methods
Quantum computation methods
When it comes to the quantum chemistry computational theories, MP240 is
our first choice for a systemwith around ten atoms due to its fast calculation
of thousandsof energiesneeded for the globalPES.However, the accuracyof
MP2 is not satisfactory in nowadays. Therefore, coupled-cluster theory
should be applied to obtain energies that are more precise. As for the basis
set, aug-cc-pVDZ(aVDZ)41 is commonlyused in theMP2 theory.There can
be plenty of different combinations for the coupled-cluster theory and basis
set. In this article, three of them are tested and listed in Table 1. All the
quantum chemistry calculations in this study are performed with the
MOLPRO program package42.

Before doing the calculation, what we have to consider is which geo-
metries should be chosen to test and find the best computation level. Besides
the reactants and products, the five-member-ring heteroozonide complex
CH2OOS(O)O that every reaction channel passes, is also important for the
CH2OO+ SO2 reaction.There are twoconformers in this complex since the
direction of the extra oxygen atom can be either endo or exo respect to the
COOSO ring.

InTable 1, it is presented that thehigherquantumcalculation levels are,
themore precise the energies are.As expected, theMP2/aVDZcannot give a
chemically accurate result but it is super-fast thus it could be our initial
choice for the development of global rough PES. As for the coupled-cluster
theory, a large difference occurs between CCSD-F12b/cc-pVDZ-F12 and
CCSD(T)-F12b/cc-pVDZ-F12, while a small one happens between
CCSD(T)-F12b/cc-pVDZ-F12 and CCSD(T)-F12b/cc-pVTZ-F12 due to
the fast basis-set convergence of the explicitly-correlated F12b method.
Therefore, CCSD(T)-F12b/cc-pVDZ-F12 should be chosen to be our final
calculation level to guarantee the accuracy and efficiency, which takes
around ten minutes for each ab initio calculation at the level of CCSD(T)-
F12b/cc-pVDZ-F12.

At the CCSD-F12b/cc-pVDZ-F12 level of theory, the T1 diagnostic
values are 0.0178 and 0.0183 for complex endo and complex exo, respec-
tively, whereas the corresponding T1 values are 0.0179 and 0.0184 with the
larger cc-pVTZ-F12 basis set, in order.

Single reference methods are safe for all the exit channels since the
T1 values of the products are 0.015 (CH2O), 0.016 (HCOOH), and 0.027
(OCH2O), respectively. The one with more multi-reference character is
the reactant CH2OO,whoseT1 value is 0.044 (Vereecken et al.

31) or 0.042
(our calculation), which is right on the dividing line between whether
one must use multireference methods or not. Although some of the
stationary points have higher T1 values (e.g., TS-12a in Kuwata et al.32),
the most important geometries, i.e., the five-member-ring hetero-
ozonide complex endo and exo, have T1 values below 0.02, which are low
enough to be treated with a single-reference method. In addition, as Yin
and Takahashi43 investigated, ignoring the static correlation only causes
an underestimation of the TS energy by about 1 kcal/mol in the unim-
olecular reaction of CH2OO. Vereecken et al.

44 and Anglada et al. 45 also
confirmed that some other Criegee related systems can be treated with
single-reference methods. As a conclusion, although Criegee reactions
have some multireference character at certain regions of the

configuration space, in practice the use of single-reference methods is
sufficient for this system.

Approach to develop the global PES
Our approach to develop PES is in general divided into three steps. (1) A
rough global PES, whose energy values have a large error, is obtained using
the fast method MP2/aVDZ in the ROBOSURFER program package. (2)
CCSD(T)-F12b/cc-pVDZ-F12 is used to recalculate the energies of the
geometries in step 1.Although it takes a longer time, the accuracy of energies
is quite satisfying and guaranteed. Nevertheless, it is expected that there will
bemore failure points thanat theMP2 level,which could cause some “holes”
(unphysically deepminima) on the obtained PES in the area of our interest.
(3) In order tofill the possible holes in the PES, theROBOSURFERprogram
package is employed again. It picks the geometries along the trajectory
before it fails, i.e., goes into a hole. Then the program calculates the energy,
evaluates its usefulness, and then adds it into the current geometry set. After
hundreds of iterations, very few trajectories fail andmost holes are filled in.
The ideal PES can be obtained from the above three steps.

The ROBOSURFER is a useful and easy-to-use program package,
whose main steps are as follows: (1) Analytical PES function using
Monomial SymmetrizationApproach (MSA)46 is determined in the initial
geometry set (see next section). InMSA, the PES function is an expansion
of yij = exp(−rij/a), here rij presents the distances between two arbitrary
atoms and a is a parameter that controls the asymptotic behaviour of the
PES. Our group have tested it and found out that 2 bohr is usually a good
choice for neutral systems, including a similar system CH2OO+NH3

47.
The exp(−rij/a) function is a common choice when fitting the potential
energy vs distance of two atoms, since its second-order polynomial
expansion behaves like Morse potential and it guarantees that the inter-
action energy goes to zero when two atoms are far away from each other.
The weighted least squares is employed with E0/(E+ E0) as the weighting
factor, here E is the potential energy of the respective geometry relative to
the globalminimum of the geometry set, and E0 is set to be 0.1 hartree. (2)
Using the movement trajectories of atoms on the PES to generate some
newgeometries automatically. (3) Finding themost promising geometries
from newly generated ones. (4) Calculating the ab initio potential energies
using theMOLPRO program package. (5) Adding the geometries and the
corresponding energies to the data set after a comprehensive inspection.
(The subprogram of ROBOSURFER, called ADDPOINTS, adds geome-
tries into the fitting set. It tries to reduce the scaled fitting error for all
geometries while keeping the fitting set as small as possible. More details
can be found in ref. 39.). Afterwards, the new analytical PES function can
be determined again and the iteration continues to improve the PES
further.

Initial geometry set
The initial geometry set is generated similarly to our previous work47–49.
Firstly,wemove theCartesian coordinates of the31 stationarypoints32 of the
CH2OO+ SO2 reaction by a random distance of 0–0.4 Å to produce 500
geometries for each stationary point. As for the entrance regions, the dis-
tancebetweenCH2OOandSO2 is randomly set between3 Åand8 Å,which

Table 1 | ZPE-corrected energies of the test geometries: major products CH2O+ SO3, minor products HCOOH+ SO2, and the
five-member-ring heteroozonide complex (endo and exo), respective to the reactants CH2OO+ SO2, in kcal/mol.a

Geometries MP2/aVDZ CCSD-F12b/cc-
pVDZ-F12

CCSD(T)-F12b/cc-
pVDZ-F12

CCSD(T)-F12b/cc-
pVTZ-F12

Kuwata et al.32 ATcT v. 1.13051

CH2O+ SO3 −66.58 −81.66 −77.14 −76.34 −74.57 −74.75

HCOOH+ SO2 −123.89 −120.68 −116.37 −116.19 −115.67 −115.39

complex endo −39.06 −38.84 −35.23 −35.61 −35.21

complex exo −38.45 −37.73 −34.28 −34.72 −34.32
a For theMP2/aVDZandCCSD-F12b/cc-pVDZ-F12 energies, the geometries are optimized at the stated level of theory; for theCCSD(T)-F12b/cc-pVDZ-F12andCCSD(T)-F12b/cc-pVTZ-F12 energies, the
geometries are optimized at the CCSD-F12b/cc-pVDZ-F12 level.
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generates 1000 geometries. Same method is applied for the three possible
exit regions. At last there are 19,500 geometries in total. In order to get an
initial rough PES within a relatively short time, the energies of these geo-
metries are calculated at the MP2/aVDZ level with the MOLPRO program
package. Only 187 geometries failed due to HF convergence issues which
can be considered negligible. Moreover, we exclude those geometries with
too high energies that areway out our interest, i.e., 400 kcal/mol higher than
the global minimum, which corresponds to the minor products
HCOOH+ SO2 according to Table 1. Since some geometries are very
distorted with super high energies, they can be harmful to the analytical
PES. It is necessary to exclude those geometries so a critical value of
energy above the global minimum (product) should be set. In our experi-
ence 400 kcal/mol is usually a good choice. At the end, 17,245 geometries
and the corresponding energies are retained.The full-dimensional analytical
PES function consists of 10220 fitting coefficients in the fifth-order
expansion.

PES development at low and high levels
Firstweuse theMP2/aVDZ level of theory to calculate the ab initio potential
energies with MOLPRO and the ROBOSURFER program package to
iteratively improve the PES. After 418 iterations we obtain a PES consisting
of 38,716 geometries and the corresponding energies.

Thenwemove on to the CCSD(T)-F12b/cc-pVDZ-F12 level of theory.
During the recalculation, 2.7%of the points (around one thousand) failed in
the coupled-cluster iterations and 37,676 points are well reserved. To avoid
possible holes on the PES, the ROBOSURFER program package is used
again. This time 188 iterations are conducted to lower the percentage of the
unphysical trajectories to less than 1%. Our final coupled-cluster PES is
therefore developed from 46,411 geometries.

PES evaluation and test
To show the performance of the full-dimensional PES, we adapted the 1-D
scan method, i.e., elongating and shortening the C-S bond of an optimized
geometry,while keeping the otherdegrees frozen, to evaluate the accuracyof
the PES. The results are shown in Fig. 1. Four different potential energy 1-D
scan curves are drawn relative to the reactants CH2OO+ SO2. (1) The C-S
bond of the optimized complex exo geometry is elongated and shortened,
while other degrees of the two parts are frozen. (2) The optimized reactants,
CH2OOandSO2 are separated at the distance of 1 Å to 10Å, in terms ofC-S
distance. (3) The optimizedmajor products, CH2Oand SO3 are separated at
the distance of 1 Å to 10 Å, in terms of C-S distance. (4) The optimized
minor products, HCOOH and SO2 are separated at the distance of 1 Å to
10 Å, in terms of C-S distance.

Four asymptote and well energies from Fig. 1 are listed in Table 2.
Comparing the PES values with ab initio ones shows a perfect chemical
accuracy for this analytical full-dimensional PES except the asymptote of
complex exo. Luckily this asymptote is veryhigh inenergy (over60 kcal/mol)
and out of our interested region (up to 30 kcal/mol). Table 2 also shows the
positions of theminima located at theC-Sdistance forPESand ab initio. The
differences are within 0.1 Å except theminor products case, which is 0.15 Å.

The reactants zero-point energy (ZPE) is also important in our fol-
lowingQCT dynamical study. Our analytical PES gives 19.29 and 4.42 kcal/
mol of ZPEs forCH2OOand SO2, which are very close to the values fromab
initio calculations, i.e., 19.67 and 4.49 kcal/mol by CCSD(T)-F12b/cc-
pVDZ-F12. Furthermore, 99% of trajectories obtained by QCT simulation
(next section) provide physically correct results, which also indicates a good
behavior of our new analytical PES from another perspective.

The optimized Cartesian coordinates and energies obtained on the
PES are available in Supplementary Data 1.

QCT dynamic simulations
QCTmethodhas always been considered as a commonanduseful approach
when it comes to studying the kinetic and dynamic properties of chemical
reactions. The motion of atoms in reactions controlled by classical
mechanics and the inclusion of reactants’ ZPE form the QCTmethod. It is
regarded as a computationally easier and faster method than quantum
methods. In addition, it also provides us with the visualmovement of atoms
so that we can get insight into the dynamics of the reaction by analyzing the
motion of atoms during collisions.

In order to show our settings of the QCT initial conditions50 more
intuitively, a picture is depicted in Fig. 2.As for theX/Y/Z-directiondistance,
it represents the distance between the center ofmass of the two reactants, i.e.,
CH2OO and SO2. The initial condition gives the positions and velocities for
each atom, in away that the energies of the reactants correspond to theirZPE
values. The forces are obtained from the PES by computing numerical
gradients. Then thepositions andvelocities of the next step (0.0726 fs) canbe
calculated using the velocity-Verlet algorithm. Besides ZPE, no other
quantum effects are included in the process of simulations. If the distance
between the farthest atoms is greater than the largest initial oneby1 bohr, the
propagation will be terminated. Two thousand trajectories for each b value
will be performed to produce statistically accurate results. The collision
energy is the initial X-direction translational energy in the trajectories, i.e.,
the relative motion energy of the two reactants, CH2OO and SO2. It is not a
temperature because the energy corresponding to a temperature should be
distributed among the three directions of translation, three rotations, and
3N− 6 vibrations, where N is the number of the atoms.

Fig. 1 | 1D-scan potential energy evaluation.
Comparisons of potential energies as a function of
dC-S (distance between atomC and atom S) obtained
from the analytical PES and CCSD(T)-F12b/cc-
pVDZ-F12 ab initio calculations. Left panel:
entrance-channel 1D scans, right panel: exit-
channel 1D scans.
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Table 2 | The ab initio (PES) energies, in kcal/mol, of the asymptotes and the minima of the 1D-scans shown in Fig. 1

complex exo reactants Products 1 Products 2

Asymptote energy 63.26 (67.04) 0.00 (0.00) −77.46 (−77.49) −118.08 (−117.86)

Well energy −34.25 (−33.48) −7.72 (−8.84) −78.72 (−78.28) −123.87 (−123.58)

Well position (Å) 1.78 (1.78) 2.53 (2.62) 3.19 (3.25) 2.23 (2.38)
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Results and discussions
Four products named P1 (CH2O+ SO3), P2 (HCOOH+ SO2), P3
(CO2+H2+ SO2), and P4 ( ∙OCH2O ∙+ SO2) for the CH2OO+ SO2

reactionare observed inourQCTsimulations. P1 is themainproduct and the
rest are theminors. In addition to themain channel through a five-member-
ring heteroozonide complex, a new channel with a chain transition state (TS)
forming P1 is predicted (shown in the top of Fig. 3). For theminor products,
once thefive-member-ring heteroozonide complex passes through one of the
three TSs in the rectangular box of Fig. 3, it will first form a loose complex
OCH2O ∙ ∙ ∙ SO2, but in the most cases it soon turns into P2, in a few cases it
decomposes into P3, and rarely it remains as P4. The full reaction pathways
are presented in Fig. 3. It isworth pointing out that P3 is a newproduct in this
reaction and has not been studied before. Following the trajectories forming
P3, we see that as OCH2O and SO2 move away from each other, OCH2O
splits into two parts, i.e., CO2 and H2. Finally, the product consists of three
parts. We have not found any TS for this mechanism, thus it is probably a
barrierless process. In addition, the exchange between the terminal oxygen
atomof CH2OOand one of the two oxygen atoms in SO2 is necessary for the
minor channel forming P2, P3, and P4, consistent with previous research,
both experimentally36 and theoretically31,32.

The TS energy of the new channel shown at the top of Fig. 3 is
10.38 kcal/mol (CCSD(T)-F12b/cc-pVDZ-F12) or 10.24 kcal/mol (PES,
using Newton’s method). The wavenumbers (cm−1) for the normal modes

of TS are: 58, 111, 196, 292, 369, 410, 469, 551, 729, 973, 1137, 1230, 1293,
1336, 1442, 2378, 2708, and the imaginary frequency is 650i, obtained at the
CCSD-F12b/cc-pVDZ-F12 level of theory.

Integral cross sections of four products
The integral cross sections (σ) are calculated by a b-weighted numerical
integration of the P(b) opacity functions at each collision energy, for each
product:

σ ¼ π �
Xnmax

n¼1

bn � bn�1

� � � bn � P bn
� �þ bn�1 � P bn�1

� �� �

where bn = 0.5n bohr and nmax = bmax/(0.5 bohr) in the present study
(see Fig. 2).

Integral cross sections of four products as a function of the collision
energy are drawn in Fig. 4. It can be seen that four lines exhibit similar shape
even though their values vary greatly. The similar characteristics of the four
lines indicates that high-energy collisions are not suitable for the formation
of five-member-ring, nomatterwhich product is formed. The integral cross
section drops about 6 times fromP1 to P2, then dropsmore than 20 times to
P3, andfinally P4 rarely appears in our study, because ∙OCH2O∙ is not stable
and easily converts to HCOOH or CO2+H2.

For the minor channels (P2, P3, and P4), the barrier of the unim-
olecular reaction from Criegee intermediate to dioxirane is about 20 kcal/
mol51.However,with thehelpof SO2 as catalysis, there is nobarrier anymore
as no threshold energy is found (see Fig. 4).

Comparison of the old and new channels
During ourQCT simulations, a brandnew channel that does not experience
the five-member-ring complex and forms P1 is observed. The conversion
process can be clearly noticed in Fig. 3. This channel clearly shows a direct
stripping mechanism. Further exploring the effects of the old and new
channels on the integral cross sections for P1 is shown in Fig. 5. The direct
stripping channel appears at collision energies higher than 10 kcal/mol,
consistent of the TS energy of 10.38 kcal/mol (CCSD(T)-F12b/cc-pVDZ-
F12) and 10.24 kcal/mol (PES).

The reaction probabilities for the indirect five-member-ring and direct
strippingmechanisms as a function of the impact parameter b are shown in
Fig. 6. For the five-member-ring mechanism, two curves almost overlap at
the collision energies 20 and30 kcal/mol,whichmay indicate that thehigher
energy does not help to assemble into a ring. For the direct stripping channel
however, the reaction probabilities keep growing from 10 to 30 kcal/mol,
which fully demonstrates a typical reaction with a barrier. It is reasonable to
assume that at higher collision energies the direct mechanismmay become
important, which needsmore experimental confirmation. Considering that
the new pathway does not involve the two hydrogen atoms, even if they are
substitutedby larger groups likemethyl or ethyl, the newpathway still exists.
In conclusion, we think that the new pathway should be universal for any
Criegee intermediates. Of course, additional future studies are needed to
reveal its significance.

Reaction probabilities of the P1 and P2 channels
Reaction probabilities for the P1 and P2 channels corresponding to six
different collision energies are plotted as a function of the impact parameter
b in Fig. 7. At the low collision energies, i.e., 1 and 2 kcal/mol, reaction
probabilities emerge relatively flat in the range of 0 to 8 bohr comparedwith
the steep high collision energy curves. Afterward there is a declining trend;
moreover, bmax is very large for 1 and 2 kcal/mol (18 and 13 bohr, respec-
tively). At high collision energies from 5 to 30 kcal/mol, the opacity func-
tions almost exhibit rapid decay uniformly and bmax is at around 5 to 6 bohr.
It is interesting to find the similar patterns for P1 and P2.

Thehigh andbroad reactionprobability curves at lowcollision energies
show that theCH2OO+ SO2 reaction is very fast at low temperature, which
agrees with the common idea that CH2OO can react with SO2 rapidly.

QCT 
Ini�al 

condi�ons
set

standard 
normal-mode 

sampling

rota�onal 
angular 

momentum
0

�me step
0.0726 fs

b takes (0, bmax)
adds 0.5 bohr each �me.

Fig. 2 | Initial conditions of the QCT simulation. Six initial conditions of the QCT
simulations are presented.

HCOOH + SO2 CO2 + H2 + SO2

OCH2O···SO2

+ +
P1

main channelmain channel

minor      channel

P2 P4 P3

CH2O + SO3

·OCH2O· + SO2

minor      channel

TSs

remain

complex

TS

Fig. 3 | Diagram of the reaction pathways. Four products in CH2OO+ SO2

reaction named as P1, P2, P3, and P4. For P1, our QCT simulation uncovers a new
channel. Furthermore, a new product P3 are obtained during the simulation.
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The surprising relatively high reaction probabilities at high collision
energies indicate that new complexmechanismsmay exist for this reaction.
However, we have not foundnewmechanisms at current stage, which needs
additional work in the future.

Conclusions and outlook
We successfully developed a full-dimensional PES of the CH2OO+ SO2

reaction in this work. First, we selected quantum chemistry computa-
tional level appropriate for this system and made necessary tests to
guarantee accurate results within a reasonable time. Second, we gener-
ated the initial geometry set and our final analytical PES was developed

from 46411 geometries and the corresponding energies in a fifth-order
polynomial expansion with the help of ROBOSURFER program pack-
age. We compared the PES energies with ab initio values in the entrance
and exit regions by 1D-scan and they show a good chemical accuracy for
this full-dimensional PES. Third, we performed QCT simulation on this
PES and explored dynamical properties of the CH2OO+ SO2 reaction.

Our calculations reported in this paper present four products regarding
the CH2OO+ SO2 reaction. P1 (CH2O+ SO3) is the main product chan-
nel. To our surprise, a new channel that does not require five-member-ring
formation is predicted and only appears when the collision energy is higher
than 10 kcal/mol. The threshold value agrees with the TS energy, 10.38 kcal/

Fig. 4 | Comparison of the reactivity of the four
products channels. Integral cross sections as a
function of the collision energy for the P1, P2, P3,
and P4 channels.
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mol (CCSD(T)-F12b/cc-pVDZ-F12) and 10.24 kcal/mol (PES). However,
old channels present different behaviors: At low collision energies, reaction
probabilities are high and they showflat behavior in the range of 0 to 8 bohr,
later show a declining trend and bmax reaches large values, i.e., 18 and
13 bohr at Ecoll = 1 and 2 kcal/mol, respectively. It means this reaction can
occur very easily,which agreeswith the common idea thatCH2OOcan react
with SO2 very fast. At high collision energies, no constant area appears and
the reaction probabilities exhibit rapid decay that reveal a hindered reaction.
It inspires us that high temperaturemay inhibit theCH2OO+ SO2 reaction,
which requires us to calculate the reaction rate in the future and will be our
next work.

P2 (HCOOH+ SO2), P3 (OCH2O+ SO2) and P4 (CO2+H2+ SO2)
are minor product channels and the different products appear after three
common TSs. Apart from P2 and P4, a new product channel (P3) that was
not mentioned in previous work arises in our simulations. This P3 channel
promotes us to understand the mechanism in depth. The integral cross
sections for P1, P2, P3, and P4 decrease as the collision energies increase
indicating thathigh-energy collisions arenot suitable for the formationof the
five-member-ring. Our global analytical PES and the QCT simulation can
provide insight into reaction channels, enable further characterization of this
important class of Criegee intermediates related reactions, and hopefully
motivate further experimental and theoretical studies on this reaction family.

Data availability
Optimized Cartesian coordinates (in angström) and energies (in atomic
units) obtained on the PES are available in Supplementary Data 1.
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