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Abstract:  

Understanding Criegee chemistry has become one of the central topics in 

atmospheric studies recently. Ozonolysis of unsaturated hydrocarbons is believed to 

be an important pathway of SOA. However, the SOA formation mechanisms via 

Criegee chemistry are still poorly understood. Here, we systematically study the 

competition between HO2 and H2O2 reactions with CH2OO/anti-CH3CHOO in the 

oligomer formations. The calculated results show that oligomers having Criegee 

intermediates as the chain units are produced by the sequential addition of CIs to HO2 

and H2O2 molecules. The addition reactions are predicted to be strongly exothermic 

and the apparent activation barriers are estimated to be much negative, suggesting that 

these reactions are feasible both thermochemically and dynamically. Compared to the 

barriers of 4CH2OO + HO2 and 4CH2OO + H2O2 reactions, it can be found that the 

first two CH2OO addition reactions in the former case are favoured, while the last two 

CH2OO addition reactions in the latter case are preferable. Similar conclusion is also 

obtained from those of the 4anti-CH3CHOO + HO2/H2O2 systems. The mechanistic 

insights can motivate future experimental studies of the effect of longer chains CIs on 

the formation of SOA which plays an important role on air quality and climate 

change. 

Page 2 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 3 

1. Introduction 

Secondary organic aerosol (SOA) contributed 33-77% of the mass concentration 

of PM2.5 during haze episodes experienced over China megacities1-3, which is formed 

by photochemical oxidation of unsaturated volatile organic compounds (VOCs). 

Criegee intermediates (CIs), also called as carbonyl oxides, are generated by 

ozonolysis of unsaturated hydrocarbons4-7. The formed CIs are characterized by high 

intrinsic reactivity and excess vibrational energies8, which can easily react with a 

number of atmospheric species such as SO2
9-10, H2O

11-12, ROx
13 and so forth. These 

bimolecular reactions are believed to play crucial role in the tropospheric budgets of 

organic acids14, hydroxyl radicals15, sulfates, and SOA16. The hydroperoxy radical 

(HO2) is a prototypical example of the peroxy radical (RO2) because it is the most 

abundant RO2 radical in the atmosphere and plays an important role in ozone cycle 

and hydrogen peroxide (ROOH) formation17. The atmospheric concentration of HO2 

radical is predicted to be 106-108 molecules cm3,18 which is generated through the 

excited oxygen atoms reaction with water vapor and the red light induced 

decomposition of α-hydroxy methylperoxy radical (OHCH2(O)2)
17-19. The bimolecular 

reaction of CI with HO2 radical is one of the dominant sinks of carbonyl oxide and 

plays a significant impact on the formation of oligomers, which have sufficiently low 

volatility and highly oxygenated to potentially affect SOA formation and growth1,6,13. 

In addition to these gas phase reactions, there is a large body of experimental and 

theoretical literatures on the Criegee chemistry at the air/water interface, air/aqueous 

interface and aqueous organic surface. For example, CH2OO + H2O
20, CH2OO + 

H2S
21, syn-/anti-CH3CHOO + H2O

22, CIs + cis-Pinonic acid (CPA)23 reactions etc. 

These reactions follow both loop-structure-mediated and stepwise mechanisms with 

former being the dominant mechanistic pathway.  

Recently, experimental studies have proposed that oligomers containing SCI as 

the chain units are the dominant components of SOA24-25. However, the formation 

mechanisms of oligomer ROO(CH2OO)nH are not consistent. Sadezky et al.24 

proposed that the mechanism contains sequential addition of CH2OO to RO2 radical 
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leading to the ROO(CH2OO)n radical adduct, then the oligomer ROO(CH2OO)nH is 

formed by abstraction a hydrogen atom from HO2 radical to complete chain 

termination.  

2 2 2RO + CH OO ROO-CH OO→                   (1) 

2 2 2 n-1 2ROO-CH OO + (n-1)CH OO ROO (CH OO) CH OO→       (2) 

2 n-1 2 2 2 n 2ROO (CH OO) CH OO + HO ROO (CH OO) H + O→      (3) 

However, Sakamoto et al.25 proposed a new oligomer formation mechanism 

involving sequential addition of CH2OO to ROOH molecule instead of to RO2 radical. 

Wolff et al.26 concluded the same by the gas phase ozonolysis of ethene that the 

reaction of CH2OO with HOOH leading to the formation of hydroperoxy-methyl 

hydroperoxides. 

2 2ROOH + CH OO ROO-CH OO-H→             (4) 

2 2 2 nROO-CH OO-H + (n-1) CH OO ROO(CH OO) H→           (5) 

It is essential to investigate the reaction pathways regarding to the formation and 

growth of oligomer, which is highly oxygenated and can influence SOA formation 

eventually. 

To the best of our knowledge, the sequential addition of small Criegee 

intermediates (CH2OO and anti-CH3CHOO) to HO2 and H2O2 molecules leading to 

the formations of oligomers have not been reported using theoretical methodologies. 

In addition, there are no studies discussing the competition between HO2 and H2O2 

reactions with CH2OO/anti-CH3CHOO under atmospheric conditions. Recently, a 

theoretical study on the reaction mechanism between CH2OO and HO2 radical has 

been investigated at the CCSD(T)/6-311++G(3df,2p)//B3LYP/6-311++G(d,p) level of 

theory by Long and co-workers13. The calculated results indicated that the favorable 

route in the bimolecular reaction of CH2OO with HO2 is proton transfer plus the 

addition reaction channel with a barrier of 1.6 kcal·mol-1. Vereecken et al.6 and 

Anglada et al.27 investigated the bimolecular reaction of CH3OO with CH2OO by 

means of different quantum chemical methods. The calculated results showed that the 
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 5 

barrier for the addition of CH3OO terminal oxygen atom to the CH2OO carbon atom 

leading to the CH3OOCH2OO radical adduct is comparatively low (< 1.5 kcal·mol-1). 

All these works provide important references to deeper understand the oligomer 

formation mechanism. Unfortunately, in Long’s study13, the addition reaction between 

CH2OO and HO2 is merely considered in the presence of single CH2OO intermediate, 

while the effect of two or more CH2OO intermediates on the oligomer formation were 

not taken into consideration. Moreover, a quantitative evaluation of the atmospheric 

importance of the CH2OO/anti-CH3CHOO + HO2/H2O2 reactions is not possible at 

the moment because the experimental and theoretical rate coefficients are not 

available. 

The main goal of this work is to explore the mechanism of oligomer formation 

for Criegee chemistry in the gas phase, which is investigated in light of theoretical 

predictions. We mainly consider the competition reaction pathways between 

HO2/H2O2 and CH2OO/anti-CH3CHOO, in which CI serve as the repeat unit (n=4) in 

the formation of oligomer. We choose the simplest HO2 radical as a proxy for small 

RO2 radicals because it is one of the biggest oxidants and plays an important role in 

the radical-radical reaction in the atmosphere13.  

2. Computational methods 

The quantum chemical calculations are executed using the Gaussian 09 

electronic structure program28. Lee et al.29 investigated the transient infrared 

absorption spectrum of the simplest Criegee intermediate CH2OO, and observed that 

the vibrational frequencies are more consistent with a zwitterion rather than a 

diradical structure of CH2OO. Miliordos et al.30 and Long et al.31 concluded the same 

by the theoretical calculations that CH2OO is best described as a closed-shell singlet 

ground electronic state. Thus, in the present work, the B3LYP functional in 

combination with the 6-311+G(2df,2p) basis set32 is employed to optimize and 

characterize the geometries of reactants, intermediates, transition states, and products. 

The Grimme's dispersion correction method is employed to describe medium range 

correlation effects33. We choose the B3LYP functional because it gives reliable results 
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 6 

for describing the geometries, zero-point energies (ZPE), and frequencies for Criegee 

chemistry5,7,34-35. Harmonic vibrational frequencies are performed to quantify the local 

minima and transition state that there are zero (NIMAG = 0) and one (NIMAG = 1) 

imaginary frequencies. A scale factor35 of 0.986 is applied to scale all the 

B3LYP-D3/6-311+G(2df,2p) frequencies to account for the thermodynamic 

contribution to the Gibbs free energy and enthalpy at 298.15 K and 1 atm. The 

connectivity between the two energy minimum points is established by intrinsic 

reaction coordinate (IRC) calculations36-39. Then, the single point energies are 

calculated at the MP2 level of theory40 based on the B3LYP-D3 optimized geometries 

to further improve the energetics. Finally, the high-pressure limiting (HPL) rate 

coefficients of conventional transition state theory (TST) with an one-dimensional 

unsymmetrical Eckart tunneling correction factor41-43 are calculated by implementing 

VKLab program44.  

As shown in Fig. 2(a), the bimolecular reaction of CH2OO with HO2 mainly 

includes the following two steps: (i) the formation of intermediate IM1-1 through a 

barrierless process; (ii) then, it dissociates to the product P1-1 via transition state 

TS1-1. The whole reaction process can be described as eqn (6)45. 

1 2

1
2 2CH OO  HO   IM1-1 TS1-1 P1-1 

k k

k−

→+ → →←        (6) 

Assuming thermal equilibrium between the reactants (CH2OO + HO2) and the 

VDW complex (IM1-1) is established. The overall rate coefficient can therefore be 

extrapolated to the eqn (7) using steady state approximation (SSA)46: 

1 2
ovr

-1 2

k k
k

k k

×
=

+
                      (7) 

If k2 << k-1, the overall rate coefficient is written in the eqn (8) as a product of the 

equilibrium coefficient (Keq) between the reactant and complex, and the rate 

coefficient (k2) of the complex IM1-1 decomposing into the product P1-1 using 

transition state theory (TST)47-48.  

1 2 1
ovr 2 eq 2

-1 2 -1

k k k
k k K k

k k k

×
= ≈ =

+
               (8) 
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 7 

The equilibrium coefficient Keq can be written as eqn (9):  

IM R IM
eq

A B

( )
exp

( ) ( ) R

Q T E E
K

Q T Q T T
σ

− 
=  

 
              (9) 

where σ is reaction symmetry number; QIM(T), QA(T) and QB(T) are the partition 

function for the intermediate, reactants A and B, respectively; T is the temperature in 

Kelvin; ER and EIM are the total energies of the reactant and intermediate complex, 

respectively46. Finally, the total rate coefficients are fitted to the modified three 

parameters Arrhenius expression: 

tot exp( / R )n

ak A T E T= × × −                 (10) 

3. Results and discussion  

The global flux diagram for the oligomer formations in the reactions of 

CH2OO/anti-CH3CHOO with HO2 and H2O2 is drawn in Scheme 1. In the potential 

energy surfaces (PESs), the transition state and intermediate are designated by the 

prefix TS and IM, respectively. The singlet and triplet species are signed 1 and 3 as 

superscription. The optimized geometries of some selected stationary points are 

displayed in Fig. 1 with previous available experimental and theoretical values for 

comparison. All the geometries are given in Fig. S1-S4. For the species (CH2OO, 

H2O2, HO2 and 3O2), the mean absolute deviations (MAD) of bond lengths and angles 

between the calculated values at the B3LYP-D3/6-311+G(2df,2p) level and the 

corresponding experimental ones are 0.008 Å and 1.2°, respectively. The largest 

deviation is 0.018 Å for C=O bond and 1.6° for ∠H-O-O angle in CH2OO 

intermediate. These two comparisons show that the B3LYP-D3 functional employed 

here is sufficient to describe the geometrical parameters. Additionally, the rotational 

constants of CH2OO are also listed in Table S1, which agree reasonably well with the 

experimental and theoretical reports31. The result confirms again the above mentioned 

conclusion that the B3LYP-D3 functional applied is reliable to characterize the 

mechanisms. Table 1 lists the activation energies (∆Ea
#), free energies (∆Ga

#), and 

reaction enthalpies (∆rHm) of individual elementary reaction involved in the title 

reaction system. The relative energies plus ZPE (∆ER), enthalpies (∆HR), and free 
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 8 

energies (∆GR) are presented in Table S2-S5. The PESs of HO2 and H2O2 reactions 

with CH2OO/anti-CH3CHOO are constructed in Figs. 2 and 4 using the 

MP2//B3LYP-D3/6-311+G(2df,2p) electronic energies. Experimentally, the singlet O2 

(1∆g) lies 22.6 kcal·mol-1 above the ground electronic state 3

g

−

∑
49, whereas it is 

calculated to be 30.35 kcal·mol-1 using the above mentioned method, which is 

significantly higher than experimental value. Therefore, the energy of O2 (
1∆g) in this 

work is corrected by summing the relative energy of O2 ( 3

g

−

∑ ) and 22.6 kcal·mol-1. 

Similar methodology has been adopted by Zhang and co-workers to study the 

self-reaction of C2H5O2 radicals46.  

 

Scheme 1 Brief description for the reactions of CH2OO/anti-CH3CHOO with HO2 and H2O2 

3.1 PES of CH2OO reactions with HO2 and H2O2 

The hydroperoxy radical (HO2) is one of the most abundant peroxy radicals (RO2) 

in the atmosphere and produces through the excited oxygen atoms reaction with water 

vapor17. The simplest alkyl peroxy radical is methyl peroxy radical (CH3O2), which is 
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 9 

the most important oxidant in the atmosphere and generates via the oxidation of 

methane by OH in the presence of O2
56. Compared to the CH3O2 radical, the HO2 

radical is capable of promoting the hydrogen atom transfer (HAT) reactions because 

of the hydroxy and peroxy functionalities that allow it to form sterically stable 

hydrogen bonds with oxygenates57. Moreover, the CH2OO + HO2 reaction is one of 

the dominant sinks of carbonyl oxide in some areas and affects the formation of 

aerosol in the troposphere13. Thus, in the present study, we choose the HO2 radical as 

a proxy to investigate the detailed mechanism of oligomer formation. The relative 

energy diagram for the addition reactions of CH2OO with HO2 and H2O2 is given in 

Fig. 2 using the MP2//B3LYP/6-311+G(2df,2p) energies. 

As seen from Fig. 2, the formations of oligomers P1-5 and P2-4 by which 

CH2OO serves as the repeat unit are strongly exothermic (> 220 kcal·mol-1). 

Moreover, the apparent activation barriers Eapp of all transition states are negative, 

signifying that they are energetically feasible under atmospheric condition. This is 

because the stabilizing interaction remains mostly intact in the addition reaction 

transition states6. Although the oligomers P1-5 and P2-4 are formed by distinct 

channels, the chemical composition is completely the same. From Fig. 2(a), one can 

see that the addition reactions of 4CH2OO + HO2 begins with the formation of a 

strong pre-reactive complex IM1-1, of -13.4 kcal·mol-1 stability. The IM1-1 is formed 

by the hydrogen bond interactions between the terminal CH2OO oxygen atom and the 

hydrogen of nearby HO2 (D(O-H)=1.622 Å), and between one of the hydrogen atoms in 

the CH2OO and the terminal oxygen atom in the HO2 (D(H-O)=2.050 Å) (see Fig. 1). 

Then, the complex IM1-1 immediately converts into the product P1-1 (OO-CH2OO-H) 

via transition state TS1-1 with a barrier of 1.1 kcal·mol-1, which is consistent with the 

value of 1.0 kcal·mol-1 obtained by Long et al.13 which was obtained at the 

CCSD(T)/6-311++G(3df,2p)//B3LYP/6-311++G(d,p) level of theory plus BSSE 

correction. The detailed reaction mechanism includes that the O-O fragment of HO2 

radical moves greatly to approach the CH2OO carbon atom, whereas the remnant 

hydrogen atom gets concertedly attached to the terminal oxygen atom, leading to the 

formation of P1-1 radical adduct (see Scheme 1) and opening the possibility for the 
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 10 

formation of oligomer P1-5. The mechanistic details of the CH2OO + HO2 reaction 

are quite similar to that of the gas-phase reactions between CH2OO and H2S/H2O that 

the addition of H2S/H2O across the -COO moiety of CH2OO occurs in a concerted 

manner forming HSCH2OOH/HOCH2OOH adducts20-21. In addition to the 

well-known concerted one, the CH2OO + H2O/H2S reactions at the air/water interface 

have been found to follow the stepwise mechanism recently. A comparison of the 

singly occupied molecular orbitals (SOMOs) of the pre-reactive complex IM1-1 and 

transition state TS1-1 is presented in Fig. 3. As shown in Fig. 3, the IM1-1 and TS1-1 

structures that the electronic activity of HO2 radical is localized on the lone pair of the 

oxygen atoms and the CH2OO is not involved in the SOMO. The orbitals appear to 

align in a manner consistent with a hydrogen atom transfer (HAT) mechanism. 

Shenghur et al.58 concluded the same by investigating the hydrogen abstraction 

reaction between phenol and nitrogen dioxide. In addition, the evolution of atomic 

charges as functions of the IRC is studied using natural population analysis (NPA)59, 

and the result is presented in Fig. S5. The result shows that the NPA atomic charge on 

the H-transferred is almost a constant. This conclusion is further supported by 

previous literature report by Sirjoosingh et al. for HAT reaction60. 

The secondary addition channels R1-2, R1-3, and R1-4 also have similar reaction 

pathways. The pre-reactive complexes (IM1-2, 1-3, and 1-4) are formed in the 

entrance channels, and followed by sequential addition of the terminal P1-1 oxygen 

atom to the CH2OO carbon atom leading to the products P1-2, P1-3, and P1-4 (see 

Scheme 1). One can notice that the reaction mechanisms are slightly different from 

those of the initial reaction R1-1. The barrier heights predict TS1-1, 1-2, 1-3 and 1-4 

to lie -12.3, -61.9, -101.8 and -158.9 kcal·mol-1, respectively, below the energies of 

the separate reactants CH2OO and HO2 radical, and 1.1, 2.9, 11.4 and 11.2 kcal·mol-1 

above the energies of the corresponding pre-reactive complexes IM1-1, 1-2, 1-3 and 

1-4. The result shows that the energetically most favourable channel is the first 

CH2OO addition reaction R1-1. Similar conclusion is also drawn in the calculated 

results of Gibbs free energies (see Table 1 and Table S2). Lastly, the P1-4 radical 

adduct has the unpaired electron localized on the terminal oxygen atom, so it can 
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abstract the hydrogen atom of HO2 radical yielding oligomer P1-5 

(HOO-(CH2OO)4-H). This reaction proceeds on both the singlet and triplet PESs, with 

the barriers lying 0.3 and 1.5 kcal·mol-1 above the respective complexes 1IM1-5 and 

3IM1-5. The result reveals that the oligomer P1-5 formation on the singlet PES is 

relatively advantaged compared to the triplet PES. As conclusion, the rate-limiting 

steps are R1-3 and R1-4 of the whole 4CH2OO + HO2 reactions. 

Equivalent to the 4CH2OO + HO2 reaction, the polymerization between 4CH2OO 

and H2O2 proceeds by consecutive addition reactions leading to the oligomer P2-4 or 

P1-5 (see Fig. 2(b)). The addition mechanism involves that the -OOH fragment of 

H2O2 molecule binds to the CH2OO carbon atom, whereas the remnant hydrogen 

atom gets concertedly attached to the terminal oxygen atom leading to product P2-1 

(HOO-CH2OO-H), which, in turn, sequentially reacts with CH2OO to the final 

product P2-4. In the sequential addition reactions, the transition state TS2-4 is not 

located using B3LYP-D3 functional, but it is located at the B3PW91-D3 level of 

theory and is carefully confirmed using IRC calculations. The HOMO and HOMO-1 

of the IM2-1 and TS2-1 is presented in Fig. S6. As shown in Fig. S6, The IM2-1 and 

TS2-1 structures that the CH2OO and H2O2 are extensively participating in the 

HOMO and HOMO-1 and the processes are associated with slight charge 

redistribution. It is interesting to compare the NPA atomic charges in the CH2OO + 

HO2 reaction (R1-1) with that for the analogous CH2OO + H2O2 reaction (R2-1). It 

can be found that the changing trend of NPA atomic charges for the H-acceptor, 

H-transferred and H-donor in R1-1 is generally similar to that of the case in R2-1 (see 

Fig. S5), indicating that the nature of CH2OO + HO2/H2O2 addition mechanism is the 

same that the CH2OO + H2O2 reaction also follows a hydrogen atom transfer 

mechanism. 

The addition reactions of 4CH2OO + H2O2 proceed by the barrierless formations 

of pre-reactive complexes (IM2-1, 2-2, 2-3, and 2-4) in which the two moieties are 

held together by hydrogen bonds between one of the hydrogen atoms of reactants 

(H2O2, P2-1, P2-2 and P2-3) and the terminal oxygen atom of CH2OO, and by van der 

Waals interactions between the reactants terminal oxygen atom and the CH2OO 
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central carbon atom (see Fig. S2). The relative energies of RCs (IM2-1, 2-2, 2-3 and 

2-4) with respect to the respective reactants are -10.6, -12.8, -14.3 and -7.9 kcal·mol-1, 

respectively. The barriers of these four addition reactions are decreased in the order of 

7.1(TS2-3) > 6.1(TS2-1) > 4.6(TS2-2) = 4.6(TS2-4) kcal·mol-1. This result indicates 

that the last two addition reactions R2-2 and R2-4 are preferable dynamically, and the 

rate-determining step is R2-3 of the whole reactions. As seen from the geometrical 

parameters of TS2-1, 2-2, 2-3 and 2-4 shown in Fig. S2, the breaking O-H bonds are 

elongated by 10.5, 13.2, 12.1 and 11.6% compared to the respect complexes 

equilibrium structures; whereas the distances of the forming C-O bond are 2.076, 

2.136, 2.129 and 2.161 Å. The result shows that these four transition states are 

structurally much closer to the reactant than to the products, which are in good 

agreement with the characters of highly exothermic. These findings are also in line 

with the Hammond’s principle61.  

Compared to the barriers of the 4CH2OO + HO2 and 4CH2OO + H2O2 reactions, 

it can be found that the first two CH2OO addition reactions in the former case are 

favoured obviously, while the last two CH2OO addition reactions in the latter case are 

preferable. This conclusion is not fully consistent with previous results obtained by 

Moortgat and co-workers24 that the oligomer formation follows the sequential 

addition of CIs to RO2 radicals.  

3.2 PES of anti-CH3CHOO reactions with HO2 and H2O2 

Methyl substitution one of hydrogen atoms of CH2OO yields two isomers, syn- 

and anti-CH3CHOO (the different position of the CH3 group with respect to the O-O 

bond)62. Previous theoretical calculation has proposed that syn- is more stable than 

anti-CH3CHOO by about 3.3 kcal·mol-1 due to the hydrogen bond interaction between 

one of hydrogen atoms of the methyl group and the terminal oxygen atom31. However, 

the existence of intramolecular hydrogen bond limits its actively reactive for the 

syn-CH3CHOO chemistry. Moreover, the steric repulsion between the methyl group 

and the terminal oxygen in the same side is also significant. The conclusion is further 

supported by recent literature report that the anti-conformer is more reactive 
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compared to the syn-conformer in the atmosphere62-63. Therefore, in the present study, 

the syn-CH3CHOO + HO2/H2O2 systems are not taken into consideration. We choose 

the anti-conformer serves as the repeat unit (n=4) to investigate the oligomer 

formations in the reactions with HO2 and H2O2. Fig. 4 shows the potential energy 

surface of addition reactions of anti-CH3CHOO with HO2 and H2O2 at the 

MP2//B3LYP/6-311+G(2df,2p) level of theory. 

As shown in Fig. 4, we see that the sequential additions of anti-CH3CHOO to 

HO2 and H2O2 are also strongly exothermic (> 210 kcal·mol-1). The reactions proceed 

by the barrierless formations of pre-reactive complexes in the entrance channels 

followed by the submerged barriers. The results show that the consecutive reactions in 

the atmosphere are feasible both thermochemically and dynamically. Although the 

reaction paths in the formations of oligomers P3-5 and P4-4 (HOO-(CH3CHOO)4-H) 

are different, the chemical constitutions are completely the same. The formation 

mechanisms of oligomers P3-5 and P4-4 by the 4anti-CH3CHOO + HO2/H2O2 

reactions are similar with those obtained from the 4CH2OO + HO2/H2O2 systems (see 

Scheme 1). In order to avoid redundancy, we do not repeat them here in detail. From 

Fig. 4(a), one can see that the pre-reactive complexes IM3-1, 3-2, 3-3, and 3-4 are 

formed in the entrance channel, which can be considered as the reactants (HO2, P3-1, 

P3-2 and P3-3) donating a hydrogen bond to the anti-CH3CHOO terminal oxygen 

atom. Compared to the 4CH2OO + HO2 system given in Fig 2(a), the binding energies 

for complexes IM3-1, 3-2, 3-3, and 3-4 are increased by 2.7, 3.6, 0.3, and 3.0 

kcal·mol-1, respectively. 

Starting from channel R3-1, the complex IM3-1 isomerizes to the product P3-1 

via transition state TS3-1 with a barrier of 1.5 kcal·mol-1. Then, the polymerization 

reactions proceed by the sequential addition of P3-1 to anti-CH3CHOO leading to the 

formation of product P3-4. The barriers of these four addition reactions are decreased 

in the order of 11.0(TS3-4) > 7.7(TS3-3) > 4.5(TS3-2) > 1.5(TS3-1) kcal·mol-1, 

signifying that the first anti-CH3CHOO addition reaction is favoured dynamically. 

Similar conclusion is also obtained from the calculated results of Gibbs free energies 

(see Table 1 and Table S4). This result also confirms the above mentioned conclusion 
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that the first CH2OO addition reaction is preferable in the 4CH2OO + HO2 system. 

The P3-4 translates into the final oligomer P3-5 by direct abstraction reaction between 

P3-4 and HO2 radicals on both the singlet and triplet PESs. These two channels 

accompany with the barriers of 4.6 and 4.9 kcal·mol-1, implying that they have nearly 

equivalent importance in the title reaction system. Compared to the barrier of 

individual elementary reaction, it can be found that the rate-determining step in the 

oligomer P3-5 formation is the fourth anti-CH3CHOO addition reaction R3-4.  

As shown in Fig. 4(b), one can see that the polymerization reactions of 

4CH3CHOO with H2O2 proceed by four step consecutive additions forming the final 

oligomer P4-4 (HOO-(CH3CHOO)4-H). Despite extensive efforts, we are unable to 

locate the transition state TS4-4 using the B3LYP functional. But it is located at the 

BLYP level of theory and is verified by IRC calculations. The complexes IM4-1, 4-2, 

4-3, and 4-4 are formed in the entrance channels, which lie -13.0, -16.7, -19.2 and 

-21.5 kcal·mol-1, respectively, below the energies of the respective reactants. The 

result shows that the binding energies of pre-reactive complexes are increased with 

the increase in the number of atoms involved. The barriers of these four addition 

reactions are 4.2, 2.7, 7.6, and 7.9 kcal·mol-1, respectively, indicating that the 

rate-limiting step is the fourth anti-CH3CHOO addition reaction (R4-4). Compared to 

the 4anti-CH3CHOO + HO2 and 4anti-CH3CHOO + H2O2 systems, it can found that 

the first anti-CH3CHOO addition reaction in the former case is favoured, while the 

last three anti-CH3CHOO addition reactions in the latter case are advantaged. It is 

concluded that the predominant pathway of oligomer formation is varied with the 

change in the number of anti-CH3CHOO involved. 

For the CH2OO/anti-CH3CHOO + HO2/H2O2 reactions, the effect of ionic 

property on the reaction barrier and rate coefficient is further investigated by the 

analysis of NPA charges, which are determined by the natural bond orbital (NBO) 

analysis of the B3LYP-D3 functional. And the result is displayed in Fig. S7. As shown 

in Fig. S7, the charge of CH2OO central carbon atom C1 is positive (0.157 e) while its 

terminal oxygen atom O1 is negative (-0.417 e), indicating that CH2OO intermediate 

indeed is a zwitterion. The CH2OO intermediate having a hydrogen atom substituent 
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by methyl group in the anti-position, the charge of C1 atom becomes more positive 

(0.362 e) while the O1 atom charge is more negative (-0.458 e). The result shows that 

the methyl substituent in the anti-position will promote the raise of carbonyl oxides 

zwitterion with lower energy barriers and higher reaction rate (see Table 1 and 2). 

This conclusion is further supported by previous literature report that the carbonyl 

oxides with zwitterionic character have low energy barriers and react fast64. 

3.3 Rate coefficient 

To the best of our knowledge, the experimental rate coefficients for 

CH2OO/anti-CH3CHOO reactions with HO2/H2O2 have not been reported up to now. 

It is because their direct experimental identification and characterization have proven 

extremely difficult due to their rich reactivity. At present, the quantum mechanical 

method has developed a very efficient tool to estimate kinetic parameters in some 

areas, where the experimental methods are difficult to determine under the current 

condition. The theoretical rate coefficients of CH2OO reaction with HO2 reported by 

Long’s group13 increase in the range of 1.8 × 10-10 (200 K) to 2.2 × 10-10 (298 K) cm3 

molecule-1 s-1 with rising temperature, and they exhibit a slightly positive temperature 

dependence. We feel that the rate coefficients are not able to maintain a constant (~2.0 

× 10-10 cm3 molecule-1 s-1) with increasing temperature because the reaction barrier is 

comparatively low (1.0 kcal·mol-1) and the apparent activation barrier (Eapp) is much 

negative (-10.8 kcal·mol-1). Besides, Vereecken et al.6 also has proposed that the rate 

coefficients predicted by Long’s group are much overestimated. Therefore, we 

recomputed the rate coefficient of CH2OO reaction with HO2 using transition state 

theory with Eckart tunneling correction, on the basis of 

MP2//B3LYP-D3/6-311+G(2df,2p) energies and in the temperature range from 273 to 

400 K. And the calculated results are listed in Table 2. 

As seen from Table 2, the bimolecular rate coefficients of CH2OO reaction with 

HO2 (R1-1) decrease in the range of 1.5 × 10-11 (273 K) to 1.4 × 10-12 (400 K) cm3 

molecule-1 s-1 with increasing temperature, and they exhibit a slightly negative 

temperature dependence. Similar behavior is also observed in the CH2OO + H2O2 
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(R2-1) system (third column). The reason can be attributed to the apparent activation 

barriers Eapp of these two addition reactions are much negative (-12.3 and -4.6 

kcal·mol-1). Shallcross et al.65 concluded the same by the reaction of CH3O2 with BrO, 

that is, the rate coefficient shows a negative T-dependency. For example, we obtain 

theoretical rate coefficients of 7.8 × 10-12 and 4.4 × 10-14 cm3 molecule-1 s-1 for the 

CH2OO + HO2 (R1-1) and CH2OO + H2O2 (R2-1) reactions at room temperature. The 

difference is mainly attributed to the different binding energies of complexes and 

barrier heights of transition states.  

Next we will discuss how the rate coefficient changes with the substitution of the 

methyl group in the anti-position. Equivalent to the CH2OO + HO2/H2O2 system, the 

bimolecular rate coefficients of anti-CH3CHOO reactions with HO2 and H2O2 also 

exhibits a negative T-dependency. In order to avoid redundancy, we will not discuss in 

detail in the following sections. When compared to the room temperature rate 

coefficient for CH2OO + HO2 reaction, 7.8 × 10-12 cm3 molecule-1 s-1, mentioned in 

the previous paragraph, the rate coefficient (1.0 × 10-09 cm3 molecule-1 s-1) increase by 

three orders of magnitude by the substituent of methyl group in the anti-position. 

Similar conclusion is also can be obtained from the other temperatures considered in 

our studies. However, the difference will become small gradually with the 

temperatures increase (from 206 (273 K) to 396 (400 K)). The binding energies of 

complex IM3-1 is smaller than that of IM1-1 2.7 kcal·mol-1, although the barrier (1.5 

kcal·mol-1) of anti-CH3CHOO + HO2 (R3-1) reaction is slightly higher than the value 

of 1.1 kcal·mol-1 for CH2OO + HO2 (R1-1) system. Therefore, the substitution of the 

methyl group in the anti-position of the terminal oxygen atom will promote the 

addition reaction, and accelerate the formation of oligomers. Similar conclusion is 

also obtained from the CH2OO + H2O2 and anti-CH3CHOO + H2O2 systems.  

The reactivity of CIs toward hydroxylic compounds is determined by their O-H 

bond dissociation energies (BDE), free energy change (∆Gacidity) and enthalpy change 

(∆Hacidity), and the results are listed in Fig. 5 and Table S6. As shown in Table S6, one 

can see that the kCR/kH2O (CH2OO) ratios do not correlate with the bond dissociation 

energies, but do correlate well with ∆Gacidity. The kCR/kH2O (CH2OO) ratios decrease 
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with increasing ∆Gacidity (Fig. 5(a)), indicating that HX (X = OO, OOH) dissociation 

into ions becomes more energetically feasible. The same trend is observed from the 

values of ∆Hacidity, which are all ~ 6 kcal·mol-1 larger than ∆Gacidity. Similar behavior 

is observed in the ratios of kCR/kH2O (CH3CHOO) and ∆Gacidit (Fig. 5(b)). The 

correlations show that the reaction involves a relatively polar transition state, which is 

consistent with the literature report that CIs have a zwitterionic structure that becomes 

increasingly ionic as the O-O bond is elongated66, 67.  

4. Conclusions 

We report comprehensive theoretical results on the competition between HO2 

and H2O2 reactions with CH2OO/anti-CH3CHOO in the oligomer formations, 

including the geometrical parameters, reaction mechanisms and kinetic properties. 

The main conclusions are summarized as follows: 

(a) The addition reactions between 4CH2OO/anti-CH3CHOO and HO2/H2O2 are 

strongly exothermic (> 210 kcal·mol-1), and the apparent activation barriers Eapp 

are much negative, signifying that these reactions are energetically feasible in the 

atmosphere.  

(b) Compared to the barriers of the 4CH2OO + HO2 and 4CH2OO + H2O2 

reactions, it can be found that the first two CH2OO addition reactions in the 

former case are favoured, while the last two CH2OO addition reactions in the 

latter case are advantaged. Similar conclusion is also derived from the observation 

of 4anti-CH3CHOO + HO2/H2O2 systems.   

(c) The substitution of the methyl group in the anti-position of the terminal 

oxygen atom is feasible to promote the addition reaction, and to accelerate the 

oligomers formation in the chemistry of the atmosphere. 

Supporting Information 

The rotational constants (in MHz) of CH2OO are presented in Table S1. The relative 

energies (∆ER), enthalpies (∆HR), free energies (∆GR), activation energies (∆Ea
#) and 

free energies (∆Ga
#) of the title reactions are listed in Table S2-S5. Relative rate 

coefficients for CH3CHOO and CH2OO reactions are shown in Table S6. The 
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optimized geometries of all the stationary points are presented in Figs. S1-S4. For the 

CH2OO + HO2/H2O2 reactions, the NPA atomic charges for the H-acceptor, 

H-transferred and H-donor as functions of the intrinsic reaction coordinate (IRC) are 

shown in Fig. S5. Geometries, HOMOs and HOMO-1 for IM2-1 and TS2-1 are 

shown in Fig. S6. The NPA charges of different atoms in the CH2OO and CH3CHOO 

are presented in Fig. S7. Atmospheric implications are added in the Supporting 

Information. This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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Table 1 The activation energies (∆Ea
#), free energies (∆Ga

#), and reaction enthalpies (∆rHm) 

(kcal·mol-1) calculated for the reactions of CH2OO/anti-CH3CHOO + HO2/H2O2 

Reactions Pathways ∆Ea
# ∆Ga

# (298 K) ∆rHm (298 K) 

R1(4CH2OO + HO2) 

R1-1 1.1 2.2 -53.2 

R1-2 2.9 3.7 -55.0 

R1-3 11.4 13.7 -55.8 

R1-4 11.2 13.1 -57.3 
1R1-5 0.3 0.2 -31.2 
3R1-5 1.5 1.1 -35.6 

R2(4CH2OO + H2O2) 

R2-1 6.1 7.2 -54.9 

R2-2 4.6 6.2 -56.2 

R2-3 7.1 7.7 -62.4 

R2-4 4.6 6.4 -49.1 

R3(4anti-CH3CHOO + HO2) 

R3-1 1.5 2.8 -52.9 

R3-2 4.5 5.9 -53.0 

R3-3 7.7 10.4 -51.8 

R3-4 11.0 15.8 -54.7 
1R3-5 4.6 4.0 -28.8 
3R3-5 4.9 4.4 -52.6 

R4(4anti-CH3CHOO + H2O2) 

R4-1 4.2 5.2 -51.9 

R4-2 2.7 3.6 -56.1 

R4-3 7.6 7.2 -54.3 

R4-4 7.9 6.9 -53.8 

Energies computed at MP2//B3LYP-D3/6-311+G(2df,2p) level of theory; the ZPE, enthalpies and free energies 

corrections correspond to calculations at B3LYP-D3/6-311+G(2df,2p) level of theory 

  

Page 23 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 24 

Table 2 Rate coefficient (cm3 molecule-1 s-1) for reactions R1-1, 2-1, 3-1 and 4-1 calculated at the 

MP2//BLYP/6-311+G(2df,2p) level of theory 

T kTS1-1 kTS2-1 kTS3-1 kTS4-1 

273 1.5 × 10-11 5.5 × 10-14 3.1 × 10-09 4.4 × 10-11 

 280 1.2 × 10-11 5.1 × 10-14 2.2 × 10-09 3.5 × 10-11 

298 7.8 × 10-12 4.4 × 10-14 1.0 × 10-09 2.0 × 10-11 

300 7.4 × 10-12 4.3 × 10-14 9.6 × 10-10 1.9 × 10-11 

320 4.8 × 10-12 3.7 × 10-14 4.6 × 10-10 1.1 × 10-11 

340 3.3 × 10-12 3.2 × 10-14 2.4 × 10-10 7.2 × 10-12 

360 2.4 × 10-12 2.9 × 10-14 1.4 × 10-10 4.8 × 10-12 

380 1.8 × 10-12 2.6 × 10-14 8.5 × 10-11 3.4 × 10-12 

400 1.4 × 10-12 2.4 × 10-14 5.5 × 10-11 2.5 × 10-12 
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Figure Captions: 

Fig. 1 Selected geometrical parameters for the partial stationary points optimized at the 

B3LYP-D3/6-311+G(2df,2p) level of theory (the number with superscript a is at the 

B3LYP/aug-cc-pVTZ level5; b is at the CCSD(T)-F12/aug-cc-pVTZ level50; c is at the 

CCSD(T)/aug-cc-pCV5Z level with ∆T correction51; d is experimental values from Ref.52; e is at 

the MN15-L/MG3S level31; f is at the CCSD(T) level53; g is taken from Ref.54; h is at the 

QCISD/6-311+G(d,p) level55; i is at the B3LYP/6-311++G(d,p) level13; lengths in angstroms and 

angles in degrees) 

Fig. 2 Potential energy surfaces for the 4CH2OO + HO2 (a) and 4CH2OO + H2O2 (b) reactions 

predicted at the MP2//B3LYP-D3/6-311+G(2df,2p) level of theory (the number with superscript a 

is calculated at the MP2//B3PW91-D3/6-311+G(2df,2p) level) 

Fig. 3 Geometries and SOMOs for IM1-1 and TS1-1 calculated at the restricted open-shell 

B3LYP-D3/6-311+G(2df,2p) level of theory 

Fig. 4 Potential energy surfaces for the reactions of 4anti-CH3CHOO + HO2 (a) and 

4anti-CH3CHOO + H2O2 (b) predicted at the MP2//B3LYP-D3/6-311+G(2df,2p) level of theory 

(the number with superscript a is calculated at the MP2//BLYP-D3/6-311+G(2df,2p) level) 

Fig. 5 Hammett plot of relative rate coefficient vs reactant acidity, ∆Gacidity, for the reactions of 

CH2OO(a)/anti-CH3CHOO(b) with HO2, H2O2 and H2O (CR represents competing reactants HO2 

and H2O2) 
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Fig. 1 
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Fig. 3 
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Fig. 4
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Fig. 5 
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