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The famous Criegee intermediates play important roles in
atmospheric chemistry. The self-reaction of the simplest
Criegee intermediate, CH,00, is an important loss
pathway for Cls in many current laboratory experiments
where CH,OO concentrations are high and need to be
investigated both experimentally and theoretically to
probe its kinetics and detailed mechanisms. To provide
insight into the reaction mechanism of CH,00 self-
reaction, stationary points on the complex potential energy
surfaces of CH,OO + CH,0O0 have been searched at the
CCSD(T)/AUG-cc-pVTZ//B3LYP/AUG-cc-pVTZ  level
of theory. The geometries and relative energies for various
stationary points are determined. The theoretical results
indicate that there is a reaction path for the self-reaction of
CH,00 producing the final products, two HCHO plus

0.0

CHOO + CHOO

-118.7
HHCHO+ O

%0,. This is a new alternative mechanism with the small Gibbs free energy barrier of 14.2 kcal/mol and the Gibbs free energy of the overall
process is -118.7 kcal/mol. Though the barriers of these reactions are higher than those of the primary reaction path in literature [Nat. Chem.
6,477 (2014)] that is the most feasible path. The reaction can also occur easily in atmosphere.

INTRODUCTION

The famous Criegee intermediates (CI, RR’COO,
often called carbonyl oxides) are formed by the
reaction of ozone (O;) with alkenes in the
atmosphere'” and play important roles in atmospheric
chemistry™® because they are not only the
intermediates of the alkene ozonolysis, but also the
OH sources, the oxidants for NO, and SO,, and
possibly other donations to tropospheric chemistry.’
Extensive experimental and theoretical investigations
have been carried out on Cls after their first
postulated in 1949 by Rudolf Criegee. © However,

because of lacking appropriate detection methods, the
characteristic of CIs has been hampered for a long
time and most of the information obtained
experimentally was highly indirect > until recently,
when the direct detection of the gaseous Cls was
reported. !

The simplest CI, CH,OO (formaldehyde oxide)
is produced in the atmosphere from the reaction of
O; with ethene (C,H4) and a number of 1-alkenes
via formation and fragmentation of alkene ozonide,
12 was first detected by Taatjes et al. in 2008.” In
the gas phase, the chemically activated CH,00"
may either undergo unimolecular decomposition
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reactions to produce the stable products such as
HCHO, CO, CO,, H,O and HCOOH " or be
collisionally stabilized with the bath gas to
generate the longer-lived stabilized Criegee
intermediate (SCI) '*'"* which undergoes further
reactions with other molecules, such as NO,,"
H,0.° 80,5 1617

Vereecken et al. said that a lot reactions of CI
are still poorly understood, but are significant for
the explanation of experimental data, both in
laboratory and in the field. ° Su et al
experimentally detected CH,OO loss on the order
of microseconds using the infrared observation of
CI and they suggested that this decay is dominated
by fast CI self-reactions driven by the relatively
high CH,0O concentrations. Thus the self-reaction
of CH,OO0 can be an important loss pathway for
ClIs in many current laboratory experiments where
CH,0O0 concentrations are high "' and needs to
be investigated both  experimentally and
theoretically to probe its kinetics and mechanisms.

Some studies have been carried out on the self-
reaction of CH,00. Vereecken et al’ have
theoretically investigated the potential energy surface
(PES) of this reaction at the CCSD(T)//M06-2X level
of theory. And using variational Transition State
Theorly (TST), they rell)orted a rate coefficient of > 4
x 107" em® molecule ' s at the temperature of 300
K for it in 2014. > Moreover, they recommend that
this self-reaction be further studied by experimental
means and even higher levels of theoretical
methodologies. > Su et al. '* calculated the PES of this
reaction at CCSD(T)//B3LYP/AUG-cc-pVTZ-pp
level. They found that the self-reaction of CH,O0
was extremely rapid, and the rate coefficient (k) is
estimated to be (4 £ 2) x 10" cm’ molecule” s~ at
343 K using transient IR absorption spectroscopy. 2
However, about half a year later, the same group
reported that the dependence of ks on temperature is
expected to be small, so the value of ks = (4 £ 2) X
107" em® molecule ' s at 343 K reported previously
might have been overestimated and their final
determination of ke is (8 £ 4) x 10" ¢m® molecule !
s at 295 K. ?° In 2014, Buras ef al. " reported that
they can accurately determine absolute CH,OO
concentrations using laser flash photolysis and the
accurately ke they measured is (6.0 = 2.1) x 107"
cm’ molecule” s~ at 297 K. Chhantyal-Pun et al. '®
recently reported a rate coefficient of ke = (7.35 £
0.63) x 10" cm® molecule’ s at 293 K using
cavity ring-down spectroscopy.

All these researches indicate the self-reaction of
CH,O00O0 is fast and a more detailed mechanism of
this reaction still needs to be established.
Furthermore, just as Vereecken et al said that
theoretical analysis plays a significant role in our

understanding of Cls. > Thus, in this work, we
investigated the complicate potential energy
surface of CH,OO + CH,0O0 reaction theoretically
and tried our best to elucidate its reaction
mechanism.

COMPUTATIONAL DETAILS

The geometries of all the studied structures
were optimized using the density functional theory
(B3LYP) *'** combined with the Dunning basis set
AUG-cc-pVTZ (denoted as B3LYP/AUG-cc-
pVTZ). *** Harmonic vibrational frequencies and
the corresponding zero-point vibrational energies
(ZPE) were obtained at the same level of theory,
and scaled by a factor of 0.96. % In the following
discussion, reaction intermediates are labeled as
IM and transition states as TS. Intrinsic reaction
coordinate (IRC) *® computations at the same level
were carried out to ensure that the transition states
connect the right reactants and products. The
electronic energies were improved by coupled-
cluster theory CCSD(T)”’ on the B3LYP
geometries, employing AUG-cc-pVTZ Dunning
basis set (denoted CCSD(T)/AUG-cc-pVTZ). The
corrected relative Gibbs free energies (named
GCCSD(T)/AUG—CC—[JVTZ) in the unit of kCﬁl/mOl) are
applied in the following energy discussion unless
special explanation. And the correction is:
GeespyauGeepvtz = EccspayauGeepvrz  +
[GB31YP/AUG-cc-pvTZ - EB3LyP/aUG-ce-pvTz]. Furthermore,
the temperature is taken as 298.15 K and the
pressure is 1 atm when the Gibbs free energy is
calculated.

Both Vereecken et al’ and Su et al'? have
reported a barrierless reaction path for the self-
reaction of CH,OO to form a six-membered ring
intermediate (see IM 15 in Fig. 1). We scanned the
potential energy surface of this combining reaction
using the M06-2X density functional ** with AUG-
cc-pVTZ basis set to optimize the geometries of
the species on the PES and CCSD(T)/AUG-cc-
pVTZ method to calculate the corresponding
energies. The two C—O bonds were shortened at
the same time when we scanned the formation PES
of IM 15 from the reactants 2CH,OO. When the
two CH,OO molecules are far away from each other,
the intermolecular interactions between them have
been considered. Thus at this computation, we
used M06-2X theory instead of B3LYP method
because MO06-2X  works better on the
intermolecular interactions between the molecules
than B3LYP does. There are two C—O bonds, thus
theoretically it is needed to scan two-dimension
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potential surface, which is very time-consuming.
To simplify the problem, we assumed that the two
C—O bonds change at the same distance. Hence,
we obtained the one-dimension potential surface
along the C—O bond. All the calculations were
done using Gaussian 09 software. *’

RESULTS AND DISCUSSION

The self-reaction of CH,OO proceeds with six
pathways (including 26 paths) leading to products

in this study. Figure 1 shows the optimized
geometries of stationary points on the CH,O00 +
CH,00 potential energy surface. The relative
electronic energies and Gibbs free energies
calculated at different level of theory are listed in
Table 1. The T1 diagnostic values of the species
involved in the studied PES obtained at the
CCSD(T)/AUG-cc-pVTZ level of theory are listed
in Table 2. Most T1 values are in the range of 0.01
to 0.04. Generally speaking, the T1 values above
0.044 are regarded to produce unreliable results. *°

CH,00 M1

110.8 110.8

106.9

107.5 107.5

1.484 1.484 1203

M4 IM5

M2 M3

M6

IM10

Fig. 1 — Geometric parameters of related molecules on the CH,OO + CH,00 energy surface
at B3LYP/AUG-cc-pVTZ level of theory. Bond lengths are in angstroms, bond angles are in degrees.
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Fig. 1 — Continued.
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Fig. 1 — Geometric parameters of related molecules on the CH,OO0 + CH,0O energy surface
at B3LYP/AUG-cc-pVTZ level of theory. Bond lengths are in angstroms, bond angles are in degrees.

Table 1

Imaginary frequencies (IF, in cm™) of the transition states, zero-point vibrational energies (ZPE, in kcal/mol), entropy S (in cal mol K™),
relative energies (RE1, in kcal/mol) and Gibbs free energies (AG1, in kcal/mol) at 298.15K of the reactants, intermediates, transition
states and products calculated at BALYP/AUG-cc-pVTZ level

B3LYP/AUG-cc-pVTZ CCSD(T)/AUG-cc-pVTZ
Species IF ZPE? S RE1 AG1 RE2° AG2°©
CH,00 + CH,00 374 119.1 0.0 0.0 0.0 0.0¢
M1 40.8 82.4 -5.0 8.8 352 -18.1
M2 414 75.7 -13.9 2.1 314 -11.5
M3 42.1 71.7 443 -26.9 -53.9 31.8
M4 41.8 73.9 364 -19.7 46.2 252
M5 40.7 76.4 224 72 33.8 153
M6 414 75.7 -13.9 2.1 314 115
M7 41.8 73.9 364 -19.7 46.2 252
M8 42.1 71.7 443 -26.9 -53.9 31.8
M9 41.9 74.6 -16.3 0.4 334 -12.2
IM10 41.5 76.3 -11.1 438 25.6 5.6
IM11 41.9 74.6 163 0.4 334 122
IMI12 40.8 78.2 82 6.6 33.0 -14.7
IM13 40.8 78.2 8.2 6.6 33.0 -14.7
IM14 40.5 80.9 -53.8 39.7 -59.9 427
IM15 433 70.8 -87.6 -68.9 -98.5 -73.9
IM16 42.8 722 -79.1 -61.1 -89.9 -66.5
TS1 -318.6 39.0 83.7 2.0 13.7 1.0 14.2
TS2 3252 38.1 86.7 35.6 458 31.1 420
TS3 -340.4 37.1 88.9 39.3 483 38.1 46.7
TS4 -89.0 40.7 76.3 3.4 11.6 -33.8 -15.5

TS5 -293.5 39.0 80.3 2.1 14.7 -0.4 13.7
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Table 1 (continued)

TS6 26438 38.6 79.2 22.0 345 93 23.0
TS7 2428 40.6 74.9 3.7 18.9 29.3 -11.0
TS8 -712.1 38.8 77.4 -15.6 2.6 -19.1 4.8
TS9 -268.2 41.1 72.6 -8.0 8.2 -29.0 9.1
TS10 -767.5 38.5 79.0 9.8 2.5 -14.3 0.9
TSI1 -1064.8 37.1 774 25.0 36.3 22.0 33.0
TS12 -565.3 39.4 742 42 10.0 27.7 -11.7
TS13 5333 38.9 77.7 -19.5 6.4 24.1 9.5
TS14 -1061.3 37.2 77.6 13.1 24.4 8.6 19.6
TS15 -89.1 40.7 76.3 34 11.6 338 -15.5
TS16 -293.7 39.0 80.3 2.1 14.7 0.4 13.7
TS17 -265.4 38.6 79.2 22.0 345 9.3 23.0
TS18 -325.8 37.6 86.3 43.0 52.8 28.0 379
TS19 -268.4 41.1 72.6 -8.0 8.2 -29.0 9.1
TS20 -768.3 383 75.1 9.5 34 -13.6 0.2
TS21 -1064.8 37.1 774 25.0 36.3 22.0 33.0
TS22 2515 38.4 80.6 319 43.9 25.6 38.5
TS23 2587 417 72.8 314 -14.8 -40.0 -19.1
TS24 711.9 38.8 774 -15.6 26 -19.1 4.7
TS25 -258.8 39.0 79.6 3.6 16.4 1.0 15.4
TS26 -417.9 38.8 80.0 223 347 8.2 22.1
TS27 -65.5 415 72.0 -11.1 5.6 25.5 4.8
TS28 -289.4 37.8 83.7 352 45.9 28.7 39.8
TS29 2589 39.0 79.6 3.6 16.4 1.0 15.4
TS30 4184 38.8 80.0 223 347 8.2 22.1
TS31 -685.3 39.7 76.6 289 42.9 24.8 41.1
TS32 -324.8 39.2 79.0 0.3 12.7 29 11.9
TS33 -316.2 38.0 87.9 358 457 312 417
TS34 3249 39.2 79.0 0.3 12.7 29 11.9
TS35 3164 38.0 87.9 35.8 45.7 312 417
TS36 -878.5 38.7 75.2 3.4 9.7 -13.3 1.1
TS37 -510.8 39.2 78.9 0.1 13.0 48 10.0
TS38 4213 38.9 782 9.4 223 6.7 21.0
TS39 -550.0 38.0 80.9 31.0 -19.5 349 229
TS40 3315 424 715 -70.3 -52.7 -79.8 -57.1
TS41 -416.1 38.3 78.9 274 -15.1 37.6 245
TSoose 51.2 39.2 81.4 12,5 -1.1 -10.5 1.9
C,H, +2°0, 35.1 153.0 42.7 539 -39.2 -52.6
CH,O(0)CH, + °0, 38.4 114.2 5.0 25 7.7 43
2HCHO + 30, 342 1562 -102.7 -115.6 -102.5 -118.7
CH,CHO + O, 376 1209 -48.2 483 -55.3 -55.2
HCHO + CHOOOH 378 1209 -139.2 -138.9 -1432 -142.5
CH,OOCH, + °0, 39.5 114.4 482 -44.8 52.5 47.1
CH,OOCH + HOO 37.5 120.1 2.9 3.1 3.9 4.1

* Scaled by a factor of 0.96.%
® The relative energies are obtained at CCSD(T)/AUG-cc-pVTZ level.
°The corrected relative Gibbs free energy.

G2 = EcespryauGeepviz T [GB3Lyp/auG-cepviz - EBsLypiavG-cepvrz] + ZPE
4 The total Gibbs free energy is -378.589400 Hartree.
°IF, ZPE, S, RE1 and AGI values are computed by M06-2X/AUG-cc-pVTZ method.

Table 2

The T1 diagnostic values of the reactants, intermediates, transition states and products for the self-reaction of CH,OO using
CCSD(T)/AUG-cc-pVTZ//B3LYP/AUG-cc-pVTZ method

CH,00 M1 M2 M3 M4 IM5 M6 M7
0.0435 0.0315 0.0258 0.0182 0.0184 0.0363 0.0258 0.0183
IM8 IM9 IM10 IM11 IM12 IM13 IM14 IM15
0.0182 0.0158 0.0267 0.0158 0.0271 0.0271 0.0307 0.0153
IM16 TS1 TS2 TS3 TS4 TSS TS6 TS7
0.0148 0.0450 0.0487 0.0331 0.0294 0.0431 0.0594 0.0297

TS8 TS9 TS10 TS11 TS12 TS13 TS14 TS15
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Table 2 (continued)

0.0501 0.0311 0.0508 0.0440 0.0488 0.0556 0.0267 0.0294
TS16 TS17 TS18 TS19 TS20 TS21 TS22 TS23
0.0430 0.0595 0.0734 0.0311 0.0440 0.0440 0.0397 0.0175
TS24 TS25 TS26 TS27 TS28 TS29 TS30 TS31
0.0501 0.0412 0.0467 0.0263 0.0560 0.0412 0.0467 0.0358
TS32 TS33 TS34 TS35 TS36 TS37 TS38 TS39
0.0438 0.0348 0.0438 0.0348 0.0337 0.0323 0.0339 0.0410
TS40 TS41 TSioose * CH, °0, CH,0(0)CH, HCHO CH;CHO
0.0147 0.0433 0.0380 0.0107 0.0176 0.0191 0.0154 0.0144
Os CHOOOH CH,00CH, CH,O0CH HOO

0.0265 0.0172 0.0132 0.0204 0.0302

“ The values are obtained at CCSD(T)/AUG-cc-pVTZ//M06-2X/AUG-cc-pVTZ level.

Pathway A
For clarity, we divide Pathway A into two parts, Pathway A (a) and Pathway A (b).
Pathway A (a)
52, ch,00)CH, + %0, Path 1
T—S3>c2H4 +230, Path 2
TS1 TS5
CH,00 + CH,00 ——> IM1 — —>>>HCHO + CHOOOH Path 3
TS6. o1, +2 %0, Path 4
IS4 ivo—HS7s 1 1385 Hpcpo + 30, Path 5
IS10, 5 cHo + 30, Path 6
59 tma—SLs cpcro + 0, Path 7
s TS13, 5 HCHO + 30, Path 8
2225 M5 —
TS14

The potential energy diagram for Pathway A (a)
is depicted in Fig. 2.

In this pathway, two CH,OO molecules firstly
combine to an intermediate IM1 via a transition
state TS1 with an imaginary frequency of 318.6
cm™. In the structure of TSI, the forming C1...C6
distance is shortened to 2.113 A. The Gibbs free
energy barrier of this combination reaction is only
14.2 kcal/mol and indicates that it is easy to form
IM1. Then from IMI, nine different paths have
been studied and among them, the minimal energy
path (Path 8) has been marked with the bold lines
in Figure 2. Path 8 is also the lowest energy path in
this study, which proceeds via several
intermediates and transition states to form the final
products two HCHO and O, in which the latter

represents O, in its ground32; state. The other

paths in this Pathway are unimportant because of
the higher barriers involved. Thus we only discuss

=>"% CH,CHO + O; Path 9

Path 8 in detail. The next step in this path is that
IM1 isomerizes to IM2 via TS4 with a small
imaginary frequency of 89.0 cm™ and a lower
barrier of 2.6 kcal/mol. This process is the
C6H9H100708 group in IM1 rotating around the
C1—C6 bond. Note that the Gibbs free energy of
TS4 is abnormally 4.0 kcal/mol lower than IM2.
Then we check the electronic energies of them. As
listed in Table 1, the electronic energies of TS4 and
IM2 obtained at CCSD(T)/AUG-cc-pVTZ level
are -33.8 and 31.4 kcal/mol, respectively. Thus the
electronic energy of TS4 is only 2.4 kcal/mol lower
than that of IM2 at this level of theory, which may
be caused by the calculation inaccuracy.
Furthermore, IRC calculations have confirmed that
TS4 indeed connects IM1 and IM2. Subsequently,
over a six-membered ring transition state TS9 with
a low barrier of 2.4 kcal/mol and an imaginary
frequency of 268.2 cm™, IM2 isomerizes to a six-
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membered ring intermediate IM4. In the structure
of TS9, the forming O3...08 distance is reduced to
2.275 A. Then IM4 isomerizes to a five-membered
ring intermediate IMS via TS12 with an imaginary
frequency of 565.3 cm’. The barrier of this
reaction is 13.5 kcal/mol. In the structure of TS12,
the forming O3...07 distance is shortened to 2.318
A, while the breaking O7—OS8 bond is lengthened
to 2.284 A. The last step in this path is IMS5
dissociating to the final products two HCHO plus
%0, via a five-membered ring transition state TS13

46.7

20 TSI
S T2
23.0
TS
14.2 :
: . 13.7
_14.2 ;
. TS1 . ! , {TS5 !
0.0 . K- ! A
CH,00 + CH,00
S {00
] g -11.5 ...
. SRR RV rv-adaiih Eal
i et IM2

-142.5
HCHO + CHOOOH

JTSI0
STW,
c1s12

N/ TS8 N,

s

S IMS

with an imaginary frequency of 533.3 cm™. This
concerted three-bond breaking reaction has a low
barrier of 5.8 kcal/mol. The breaking C1—C6,
02—O03 and O3—O0O7 bonds in the geometry of
TS13 are stretched to 1.772, 2.079 and 1.752 A,
respectively. The Gibbs free energy of the overall
process of Path 8 is -118.7 kcal/mol and the
highest relative energy barrier of this channel is
only 14.2 kcal/mol imposed by TSI, which
indicates that this is a feasible channel for the self-
reaction of CH,OO.

) 33.0
e TSI

. 19.6
_ S TS14

-4.8

] -4.3
CH,0(0)CH, + 30,

-9.5
S iy
. 2153 & TS13s
22,0 .

-52.6

o N 552 E—————
S G,H, +2°0,

L CH,CHO + O,

N o187
2HCHO + 0,

Fig. 2 — Potential energy diagram for Pathway A (a). The most feasible recombination routes are delineated in bold lines.
The corrected relative Gibbs free energies are in kcal/mol.

Pathway A (b)
TS16, HCHO + CHOOOH Path 10
IS17, C,H, +230, Path 11
TSI
CH,00 + CH,00 315 vt T3 1vig —1818, oy 00)c, + %0, Path 12
TS20, >HcHO + 20, Path 13
TS2L5 cH,CcHO + O, Path 14
TSI9, o |
TS2 3
1822, CH,0(0)CH, + °0, Path 15

Also initiated from IM1, other seven different
channels have been studied. The schematic profile
of the potential energy surface for this pathway is

TS23, 1mg T2 oicno + %0, Path 16

depicted in Figure 3. Here we will discuss two
competitive paths, Path 13 and Path 16, with
relative lower energy barriers.
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CH,00 + CH,00
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o222
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™7 \ 318
M8

-52.6
CH, +23%0 \ L
24 2 ‘' CHyCHO + 04
v -118.7
2HCHO + °0,
-142.5

HCHO + CHOOOH

Fig. 3 — Potential energy diagram for Pathway A (b). The most feasible recombination routes are delineated in bold lines.
The corrected relative Gibbs free energies are in kcal/mol.

Path 13 is the lowest energy channel in this
pathway. First of all, IM1 isomerizes to IM6 via
the saddle point TS15 with a small imaginary
frequency of 89.1 cm” and a low barrier of
2.6 kcal/mol. This process initiates by the rotation
of the C6H9H100708 group in IM1 around the
C1—C6 axis. Note that IM6 and IM2 discussed in
Pathway A (a) are a pair of mirror image isomers.
They almost have the same bond lengths and bond
angles, opposite values of dihedral angles. For
example, the dihedral angle among O3, 02, C1 and
C6 atoms is 73.4° in IM6, while the corresponding
dihedral angle among O8, O7, C6 and C1 atoms is
-73.4° in IM2. And the dihedral angle among C1,
C2, O7 and O8 atoms is -60.7° in IM6, while the
corresponding dihedral angle among C6, C1, O2
and O3 atoms is 60.7° in IM2. Thus, this pair of
mirror image isomers has the same energies from
the calculated results. And like IM2, The Gibbs
free energy of IM6 is abnormally 4.0 kcal/mol
higher than that of TS15 because of the calculation
inaccuracy. The following step is that IM6
isomerizes to IM7 through a six-membered ring
saddle point TS19 with an imaginary frequency of
268.4 cm. In the structure of TS19, the forming
03...08 distance is reduced to 2.275 A. The
energy barrier for the formation of IM7 is

2.4 kcal/mol. The final process in this path is a
concerted three-bond breaking reaction of IM7 to
yield the last products, two HCHO plus *O,. The
transition state of this decomposition reaction is
named TS20 with a barrier of 25.4 kcal/mol and an
imaginary frequency of 768.3 cm™. In the structure
of TS20, the breaking C1—C6, O2—O03 and O7—
O8 bonds are lengthened to 1.861, 1.913 and
1.913 A, respectively. In a word, the highest
relative energy barrier of Path 13 is 25.4 kcal/mol
imposed by TS20.

Path 16 is a competitive channel with Path 13
because of the close energy barrier. The former steps
of Path16 are the same to Path 13 until IM7, thus we
only discuss the latter ones. IM7 can isomerize to
IMS8 via TS23 with a small barrier of 6.1 kcal/mol
and an imaginary frequency of 258.7 cm™. Then IM8
dissociates to the final products (2HCHO+ °0,)
through a six-membered ring transition state TS24
with an imaginary frequency of 711.9 cm™ and a
barrier of 27.1 kcal/mol. This is also a concerted
three-bond breaking reaction. In the structure of
TS24, the C1—C6, 02—O03 and O7—O08 bonds are
stretched to 1.860, 1.883 and 1.884 A, respectively.
Thus the highest relative energy barrier of Path 16 is
27.1 kcal/mol imposed by TS24, only 1.7 kcal/mol
higher than that of Path 13.
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Pathway B

15.4
I TS25%

0.0
CH,00 + CH,00

39.8

1 TS28',
561 4.3
IM10 CH,0(0)CH, + 30,
-52.6
C,H, +2°%0,

Fig. 4 — Potential energy diagram for Pathway B. The corrected relative Gibbs free energies are in kcal/mol.

TS26

—=—>C,H, +2°0,
CH,00 + CH,00 1521 1Mo —
TSIT o IS28,

The potential energy diagram of this pathway is
pictured in Figure 4, which shows that Path 17 is
the lower energy one in this two channel. There are
two steps in Path 17. Firstly, two CH,O00
molecules combine to form the intermediate IM9
via TS25 with an imaginary frequency of 258.8
cm™ and over a barrier of 15.4 kcal/mol. In the
structure of TS25, the forming C1...C6 distance is
shortened to 2.293 A. Secondly, IM9 dissociates to
methane and two oxygen molecules via TS26 with

Pathway C
41.1
—_
ITS31 Y
22.1
15.4 TS30 I'.
TS29 '
0.0 }
CH,00 + CH,00 i ;
L122f
IM11

Path 17

CH,0(O)CH, + %0, Path 18

an imaginary frequency of 417.9 cm™. The barrier
height of this concerted bond rupture reaction is
34.3 kcal/mol. The breaking C1—0O2 and C6—O7
bonds in the geometry of TS26 are lengthened to
2.042 and 2.127 A, respectively. The overall Gibbs
free energy of Path 17 is -52.6 kcal/mol and its
highest relative energy barrier is 34.3 kcal/mol
imposed by TS26. The high barrier suggests that
this is an unfeasible channel for the self-reaction of
CH,00.

N -47.1

e——

2526 CH,00CH, + 30,

D e ——

CH, +2°0,

Fig. 5 — Potential energy diagram for Pathway C. The corrected relative Gibbs free energies are in kcal/mol.
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TS30.

=225 C,H, + 2 %0, Path
TS29
CH,00 + CH,00 —=> IM11—
TS31, CH,00CH, + 30, Path

In this pathway shown in Figure 5, the reactants
firstly associate to form IM11 over a saddle point
TS29 with a barrier of 15.4 kcal/mol. The forming
Cl1...C6 distance is shortened to 2.294 A in the
structure of TS29. Then two channels have been
studied to obtain the final products from IM11,
named Path 19 and Path 20, respectively. Here we
discuss Path 19 because of the lower barrier height.

Pathway D

0.0
CH,00 + CH,00

L14.7!

(R

IM12

19

20

Via TS30 with an imaginary frequency of
418.4 cm'l, IM11 dissociates to C,Hy4 plus two 30,
over a barrier of 34.3 kcal/mol. In the structure of
TS30, the breaking C1—O02 and C6—0O7 bonds
are stretched to 2.041 and 2.127 A, respectively.
The whole process of this path is similar to that of
Path 17 and its highest relative energy barrier is
34.3 kcal/mol imposed by TS30.

-4.3
CH,0(0)CH, + 30,

Fig. 6 — Potential energy diagram for Pathway D. The corrected relative Gibbs free energies are in kcal/mol.

CH,00 + CH,00 1332 mvi12 18335 e o0)ch, +

Path 21 is the only channel found in Pathway D,
which has been drawn in Figure 6. The relative
energy barrier of this path is as high as 56.4 kcal/mol

Pathway E

41.7
iTS35"

1.9
—_—
{1834
0.0
CH,00 + CH,00

1.1

1/ TS36% 43

V427
™15

' CH0(0)CH, +°0,

Path 21

imposed by TS33, thus it is unimportant in this
study.

21.0
TS38

© 100
JSTS3T

-4.1
CH,0O0CH + HOO

-142.5
HCHO + CHOOOH

Fig. 7 — Potential energy diagram for Pathway E. The corrected relative Gibbs free energies are in kcal/mol.
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TS35, cH,0(0)CH, + >0, Path 22
TS34
CH,00 + CH,00 IM13 — TS37, CH,00CH+HOO  Path 23
TS36, 1vips —
ITS38, 1CHO + CHOOOH  Path 24

Figure 7 shows the potential energy diagram of
Pathway E. There are three paths, and among them,
Path 23 has the lowest energy barrier. However, the
relative barrier height of this path is too high

Pathway F

0.0
CH,00 + CH,00 !

IM15

(52.7 kcal/mol imposed by TS37) to overcome,
which suggests that Pathway E is an unfeasible
reaction path.

=222 245
R o
{571 ¥
{1/ TS40
' 16651
IM16

Y1187

————

2HCHO +°0,

Fig. 8 — Potential energy diagram for Pathway F. The corrected relative Gibbs free energies are in kcal/mol.

1839, »HcHo + 30, Path 25
TS 00s¢
CH,00 + CH,00 —2%%> [M15 —
1840 1mi6 B34 opcHo + 30, Path26

In this pathway, a new six-membered ring
intermediate IM15 appears (see Figure 8), which
has been reported by Vereecken et al.’ at the M06-
2X level of theory. They reported that the
formation of the six-membered cyclic biperoxide is
highly exothermic by 100.5 kcal/mol. > The values
in Table 1 show that the formation of IMI15 is
exothermic by 98.5 kcal/mol at CCSD(T)/AUG-cc-
pVTZ level, in good agreement with Vereecken’s
result. In addition, Vereecken ef al’ have

suggested that this process is purely attractive,
without evidence for a pre-reactive complex or TS.
In this study, we have also tried our best to find the
transition state for the reactants to form IMI15
directly, but failed. To make sure there is indeed no
saddle point for the head-to-tail addition, we have
scanned the formation potential energy surface of
IM15 along the two C—O bonds at CCSD(T)/
AUG-cc-pVTZ//M06-2X/AUG-cc-pVTZ level.
The results are shown in Figure 9.
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Fig. 9 — Scanning of the formation potential energy surface of IM15 from CH,00 + CH,00 along the two C—O bonds. The
energies are calculated at CCSD(T)/AUG-cc-pVTZ//M06-2X/AUG-cc-pVTZ level.

The electronic energy of IM15 calculated at this
level is -98.7 kcal/mol, agreeing very well with the
-98.5 kcal/mol we obtained at CCSD(T)/AUG-cc-
pVTZ level and 100.5 kcal/mol computed by
Vereecken et al. > at M06-2X level. The total
energy of the two reactant molecules CH,OO +
CH,00 is set to be zero, and we started to scan the
potential energy surface when the two C...O
distances are shortened to 4.001A (the electronic
energy here is -3.3 kcal/mol). Generally, with the
decrease in the distances between the two carbon
and oxygen atoms, the electronic energies on the
potential energy surface are reduced. However,
when the C1...02 and C6...07 distances are
shortened to 2.901 A, respectively, a saddle point
named TS appears, which is similar to a
transition state. The structure of TS),0s 1S depicted
in Figure 1 and its information is listed in Table 1.
The electronic energy of TS),0se 1s -10.5 kcal/mol at
CCSD(T)/ AUG-cc-pVTZ level, about 0.7
kcal/mol higher than the point before it. The
energy barrier of the formation of IM1 in Pathway
A (a) is 1.0 kcal/mol at CCSD(T)/ AUG-cc-pVTZ//
B3LYP/AUG-cc-pVTZ level, only 0.3 kcal/mol
higher than the barrier here. Thus we consider that
both IM1 and IM15 can be produced in this
reaction system.

From IM15, two channels producing
formaldehyde and oxygen have been found, which
are denoted as Path 25 and Path 26. The energy
barrier of Path 26 is 42.0 kcal/mol imposed by
TS41, and that of Path 25 is 51.0 kcal/mol imposed
by TS39. Though the energy barriers are high, they
are much smaller than the energy with a value of
73.9 kcal/mol when the IM15 is formed through

the two Cls. This indicates that Path 25 and Path
26 are important and can be feasible to produce the
product HCHO and *0,. Compared with Pathway
A (a), we find that Path 25 and Path 26 can easier
occur, which are primary channels. This agrees
with the studies in Refs. 5 and 12.

Vereecken et al. have reported that the
subsequent chemistry of the cyclic biperoxide (our
IM15) involves chemically activated rupture of the
weaker O—O bond, generating a peroxide
bisalkoxy radical *OCH,OOCH,Oe, which can
remove HCHO, producing *OOCH,Oe¢, which in
turn can decompose to HCHO + O,. > The energy
barrier of forming *OCH,O0CH,0¢ radical is 40
kcal/mol they obtained at M06-2X level,” which is
also much smaller than IM15 forming energy.
Thus we think that the corresponding path is the
feasible reaction channel for the self-reaction of
CH,00. Furthermore, Su et al.'? have studied this
reaction and suggested that the minimal energy
path for the self-reaction of CH,OO proceeds via
(CH,00), (our IM15) and a transition state to form
2HCHO plus O,. The energy barrier they obtained
at the CCSD(T)//B3LYP/aug-cc-pVTZ-pp level
with corrections of vibrational ZPE is 58.1
kcal/mol, which is the Path 25 that we study and is
feasible.

CONCLUSION

The calculations suggest that Path 25 and Path
26 are the most feasible channels for the self-
reaction of CH,OO to produce two HCHO plus
30,, the barrier energy forming IM15 is very small
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and IM15 release the energy with a value of 73.9
kcal/mol when it is generated, which is much

TS39, »HcHo + %0,
Tsloose
CH,00 + CH,00 —2%¢5 [M15 —
TS40 IM16 TS41

The computations show that Path 8 may be the

feasible channel for the self-reaction of CH,OO to
produce two HCHO plus *0,, and the Gibbs free

larger than the energies needed for the following
transition states TS39, TS40 and TS41.

2HCHO + 0,

Path 25

Path 26

energy of the overall process is -118.7 kcal/mol.
The reactions involved in Path 8 are:

CH,00 + CH,00 —L 5 IM1—*5 M2 — M4 —22 5 IM5—2 5 2HCHO + °0,

The h]ghest Gibbs free energy barrier is 15. (1)881?01118692nd G. K. Moortgat, Atmos. Environ., 1991, 254,
14.2 kcal/r.nOl’ 1mposed by TSI. Because of the 16. R. L. Mauldin III, T. Berndt, M. Sipila, P. Paasonen, T.
small barrier heights, these reactions may also Petaja, S. Kim, T. Kurten, F. Stratmann, V. M. Kerminen
occur in atmosphere. and M. Kulmala, Nature, 2012, 488, 193—196.
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