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Abstract 29 

 The reaction of hydroxymethyl hydroperoxide (HMHP, HOCH2OOH) with the simplest 30 

Criegee intermediate, CH2OO, has been examined using quantum chemical methods with transition 31 

state theory. Geometry optimization and IRC calculations were performed using M06-2X, MN15-L, 32 

and B2PLYP-D3 functionals in conjunction with the aug-cc-pVTZ basis set. Single point energy 33 

calculations using QCISD(T) and BD(T) with the same basis set have been performed to determine 34 

the energy of reactants, reactive complex, transition state, and products.  Rate coefficients have been 35 

obtained using variational transition state theory. The addition of CH2OO on the three different oxygen 36 

atoms in HMHP has been considered and the ether oxide forming channel, CH2OO + HOCH2OOH  37 

HOCH2O(O)CH2OOH (channel 2), is the most favorable. The best computed standard enthalpy of 38 

reaction (H298K
RX) and  zero-point corrected barrier height are -20.02 and -6.33  kcal.mol-1, 39 

respectively. The reaction barrier is negative and our results suggest that both inner and outer transition 40 

states contribute to the corresponding overall reactive flux in the tropospheric temperature range (220 41 

K to 320 K). A two-transition state model has been employed to obtain reliable rate coefficients at the 42 

high-pressure limit. The pressure-dependent rate coefficient calculations using the SS-QRRK theory 43 

have shown that this channel is pressure-dependent. Moreover, our investigation has shown that the 44 

ether oxide formed may rapidly react with SO2 at 298 K to form SO3, which can, in turn, react with 45 

water to form the atmospheric H2SO4. A similar calculation has been conducted for the reaction of 46 

HMHP with OH, suggesting the titled reaction may be a significant sink for HMHP. Therefore, the 47 

reaction between CH2OO and HOCH2OOH could be an indirect source for generating atmospheric 48 

H2SO4, which is crucial to the formation of clouds, and it might relieve global warming. 49 

  50 



Introduction 51 

Organic hydroperoxides have received a lot of attention recently because they may influence 52 

the oxidizing capacity of the Earth’s atmosphere and the tropospheric budgets of secondary organic 53 

aerosols (SOA). They have a longer lifetime in the atmosphere and are less soluble in water than H2O2 54 

1-4
, therefore, they can travel over longer distances and distribute the oxidizing radicals OH and HO2, 55 

derived from their photolysis and reactions over a wider area than H2O2. They may oxidize SO2 to 56 

produce SO4
2-, deteriorate air quality, and decrease visibility 5, 6. Sakamoto et al. have proposed the 57 

possibility of their insertion reaction with other Criegee Intermediates (CIs) to form larger oligomeric 58 

hydroperoxides that are more susceptible to deposition into the particle phase, thus contributing to the 59 

formation of SOA 7. 60 

Hydroxymethyl hydroperoxide (HOCH2OOH, HMHP) is among the most abundant 61 

hydroperoxides observed in the atmosphere as it is the product of the major removal process of the 62 

simplest CI, CH2OO. Alkenes are one of the major volatile organic compounds (VOCs)  emitted to the 63 

atmosphere.  Reaction with ozone is the major sink of alkenes, particularly in highly polluted areas 8, 64 

and such reaction will generate CIs. These radicals have high internal energy 9 and can either undergo 65 

unimolecular decomposition to form the hydroxyl radical in the atmosphere or undergo collisional 66 

relaxation to form stabilized CI (sCI). CH2OO is the simplest sCI and its reaction with water (or water 67 

dimer, more specifically) forms HMHP, which is the major loss process of CH2OO in atmosphere 9, 10. 68 

The mixing ratio of HMHP varies considerably with locations. The observed concentration 69 

typically falls in a low ppbv range during summer and could be up to 5 ppbv over forested regions 11-70 

14. A field measurement in 2013 across the southeastern United States reported an average mixing ratio 71 

of 0.25 ppbv within the boundary layer 15. The reaction with OH radicals is believed to be the major 72 

loss process of HMHP. A theoretical study on the reaction of HMHP and OH has suggested the 73 

hydrogen abstraction at the carbon site is the dominant pathway because of the lowest entrance barrier. 74 

A barrier height of -0.2 kcal mol-1 is obtained for this hydrogen abstraction using CCSD(T)/6-75 

311++G(2df,2p)//MP2/6-31G(d) level of theory 16. 76 

As mentioned earlier, HMHP may also react with sCI to form oligomers. This reaction has 77 

been proposed as one of the mechanisms for forming more polar compounds in the atmosphere,  78 

contributing to the formation and growth of secondary organic aerosols (SOA) as some of these 79 

oligomers have been observed in the SOA collected from the field and generated in laboratory studies. 80 

7, 17-20. The addition reaction of sCI with HMHP results in oxygenated hydroperoxides, which could 81 

further react with other sCI to form oligomeric hydroperoxide, which is more readily transferred to the 82 



condensed phase to contribute to the formation and the growth of secondary aerosols.   Thus, the 83 

reaction between sCI and OHCH2OOH would affect the final products during the oxidation of many 84 

emitted unsaturated alkenes and a more detailed study would help us to understand the chemistry of 85 

CI in the atmosphere. 86 

There are three oxygen atoms in HMHP and CH2OO may add to each of them results in three 87 

addition channels.  88 

CH2OO + HOCH2OOH  HOCH2OOCH2OOH     (1) 89 

CH2OO + HOCH2OOH  HOCH2O(O)CH2OOH  (2) 90 

CH2OO + HOCH2OOH  HOOCH2OCH2OOH     (3) 91 

Figure 1 illustrated the addition of CH2OO to different oxygen atoms (color-coded) of HMHP leading 92 

to an oligomeric hydroperoxide, an ether oxide, and a dihydroperoxide ether product for channel 1, 2 93 

and 3, respectively.  A recent theoretical study on the reaction of sCI and ROOH studied this reaction 94 

21, however, the ether oxide forming channel (channel 2) was not considered. Another study on the 95 

reaction between CI and a simpler alkyl hydroperoxide, CH3OOH, suggested that the ether oxide 96 

forming channel may be the most important one 22.  97 

 98 

Figure 1 The three reaction channels studied in this work 99 

 100 



This work aims to investigate all the three possible reaction channels between CH2OO and 101 

HOCH2OOH and determine theoretical rate coefficients. The results help us to better understand the 102 

importance of sCI on the oxidation of HOCH2OOH and the atmospheric implications of the reaction. 103 

The products formed in different channels have entirely different consequences in the atmosphere and 104 

understanding their relative importance would certainly be crucial in assessing the significance of this 105 

reaction in the oxidation capacity and formation of SOA in the atmosphere.  106 

 107 

Methodology 108 

Quantum chemical calculations 109 

Geometry optimizations and vibrational frequencies of reactants, reactive complexes, transition 110 

states, and products, were performed using the M06-2X 23, MN-15L 24, and B2PLYP-D3 25, 26 111 

functionals with the aug-cc-pVDZ (denoted as AVDZ from now on) and the aug-cc-pVTZ level 112 

(denoted as AVTZ from now on) basis sets using ultrafine grids. The choice of the density functionals 113 

is as follows. The M06-2X functional has been recommended for thermochemistry and kinetic 114 

applications and it has been shown to have good performance in obtaining reaction barrier heights 27-115 

31. The MN15-L functional has been shown to give accurate computed barrier heights of the reaction 116 

between Criegee intermediates and water compared to those obtained at the W3X-L//CCSD(T)-117 

F12a/TZ-F12 level 32. It was chosen because the title reaction was similar to the reaction between 118 

Criegee intermediates and water. The B2PLYP-D3 functional has been shown to yield geometries and 119 

vibrational frequencies of the stationary points with comparable accuracy to the CCSD(T)/cc-pVTZ 120 

level 33, 34. Although CH2OO is multi-configurational in nature, previous computational studies have 121 

shown that using broken-symmetry unrestricted Kohn-Sham wavefunctions to obtain the ground-state 122 

electronic structures of CH2OO leads to closed-shell wavefunctions 22, 32. Thus, only single reference 123 

quantum chemical methods were employed in this work. QCISD(T) single-point energy calculations 124 

were performed to obtain better energy of the stationary point. In some of the stationary points, the T1 125 

value of CH2OO is larger than 0.022, suggesting the multi-reference character of the species may be 126 

important. Thus, the electronic energies of the stationary points were refined using restricted Brueckner 127 

doubles with perturbative triple excitation (BD(T)) with the AVTZ basis set. Our previous results have 128 

suggested that this approach is effective in obtaining reliable electronic energies for species with some 129 

multi-reference character 35. All DFT, QCISD(T), and BD(T) calculations were performed using 130 

Gaussian 16 36. 131 

 132 



Kinetic calculations at the high-pressure limit 133 

After the transition state was located, an intrinsic reaction coordinate calculation was performed 134 

for each reaction to confirm that each transition state would lead to the expected reactants and product. 135 

All three channels studied in this work have negative barriers. For bimolecular reactions with a 136 

negative barrier, there are two transition states in the reaction 37, namely, the outer transition state 37 137 

and the inner transition state (the conventional transition state with one imaginary frequency). The 138 

reactive flux will be dominated by the outer transition state at low temperatures and it will be 139 

dominated by the inner transition state at high temperatures. At intermediate temperatures, both 140 

transition states will contribute to the overall reactive flux. Thus, the overall rate coefficient was 141 

calculated according to the two-transition state theory 37: 142 

1/koverall = 1/kouter + 1/kinner                     (1) 143 

The kouter was evaluated using the phase space theory 38, where the two electrically neutral 144 

reactants were assumed to interact through a long range attractive effective potential to undergo 145 

barrierless association to form a product. The effective potential, V(r), was approximated by -C6/r
6 + 146 

L2/(2µr2) where C6 is the 1.512E1E2/(E1+E2), i is the polarizability of reactant i (i= 1,2), Ei is the 147 

ionization energy of reactant i, r is the separation of the reactants, L is the orbital angular momentum, 148 

and µ is the reduced mass of the system 39. At intermediate L values, the centrifugal barrier arising 149 

from the attractive interaction of the two reactants during the association acts as the bottleneck of the 150 

reaction. The rate coefficient of the barrierless association reaction at the phase space theory level was 151 

then evaluated according to equations 3.1 and 3.3 of reference 38.   The isotropic polarizabilities were 152 

computed at the MN15-L/AVTZ level because the MN15-L functional had been shown to outperform 153 

in computed polarizability values than both M06-2X and B2PLYP functionals 40. The ionization 154 

energies (10.0 eV for CH2OO 41 and 9.85 eV for OHCH2OOH 42) were used in the C6 potential 155 

coefficient calculations. 156 

The kinner was evaluated using different levels of the transition state theory (TST), namely, the 157 

conventional transition state theory, the canonical variational transition state theory (CVT), and the 158 

improved canonical variational transition state theory (ICVT) with different levels of tunneling 159 

corrections, namely small-curvature tunneling (SCT) and zero-curvature tunneling (ZCT) corrections. 160 

All levels of TST calculations were performed using PolyRate 2010-A 43. The relative energies of the 161 

IRC points along the minimum energy path (VMEP) at the BD(T)/AVTZ//B2PLYP-D3/AVTZ level 162 

were obtained by scaling the VMEP obtained at the B2PLYP-D3/AVTZ level according to reference 163 

44.  164 



Pressure-dependent kinetic calculations 165 

The pressure-dependent rate coefficients were calculated using the system-specific quantum 166 

Rice-Ramsperger-Kassel (SS-QRRK) algorithm 45 as implemented in the SS-QRRK utility as part of 167 

the POLYRATE 2017 suite 46. Channels 1 and 2 were treated using the chemical activation mechanism 168 

45. k1(T) was computed at the CVT/SCT level. Fitting the forward rate coefficient obtained at the 169 

CVT/SCT level using the least square method according to equation 4 in reference 45 gave the 170 

parameters (n, Ea, T0, and A), which were then input into the SS-QRRK program. 171 

The rate coefficients were computed at different pressures (and temperatures) according to the 172 

altitudes as described by the US Standard Atmosphere47. In the SS-QRRK calculations, pure nitrogen 173 

gas used as the bath gas. In this connection, the exponential down model, <Edown> = 200(T/300)0.85, 174 

was used for nitrogen gas as the bath gas in atmospheric modeling 25, 48. The Lennard-Jones parameters 175 

employed in this study were compiled in Table 1. If the experimental Lennard-Jones parameters ( 176 

and /kB) of a compound were not available, their values would be estimated using the Lennard-Jones 177 

parameters of a model compound with a similar molecular weight 49. The values of the model 178 

compounds were taken from the manual of MultiWell 2019 50. 179 

 180 

Table 1. The Lennard-Jones parameters of the model compound used for estimating those of CH2OO 181 

and HOCH2OOH. 182 

Compound Model Compound  (Å) /kB (K) Reference 

CH2OO HCOOH 3.79 520 10 

HOCH2OOH C3H7OH 4.549 576.7 33 

N2 N/A 3.74 82 33 

 183 

Results and Discussions 184 

Geometry and Vibration Frequencies of CH2OO 185 

 The geometry of CH2OO was optimized at the M06-2X/AVXZ (X=D, T), MN15-L/AVXZ, 186 

and B2PLYP-D3/AVTZ levels and the rotational constants and vibrational frequencies are shown in 187 

Tables S1 and S2, respectively. Since experimental rotational constants and vibrational frequencies 188 

were available 32, 51, the theoretical values of the optimized structures of CH2OO were compared with 189 

them. In a previous study of reactions of CH2OO, Long et al. 32 have also compared the geometries 190 



and vibrational frequencies with these experimental values, some of their values (those obtained at the 191 

MN15-L/MG3S and CCSD(T)-F12a/TZ-F12 level) are shown here for comparison. The mean 192 

unsigned error (MUE) of the rotational constants between the computed and experimental values (in 193 

GHz) is in the following order: CCSD(T)-F12a/TZ-F12 (152.17) 32 < MN15-L/MG3S (878.58) 32 < 194 

B2PLYP-D3/AVTZ (969.57) < M06-2X/AVDZ = M06-2X/AVTZ = MN15-L/AVDZ = MN15-195 

L/AVTZ (7479.27). The rotational constants obtained at B2PLYP-D3/AVTZ are very close to those 196 

of MN15-L/MG3S. The MUE for vibrational frequencies (in wavenumber) are in the following order: 197 

CCSD(T)-F12a/TZ-F12 (19.4) 32 < B2PLYP-D3/AVTZ (43.8) < MN15-L/MG3S (58.4) 32 < MN15-198 

L/AVDZ (62.4) < MN15-L/AVTZ (76.8) < M06-2X/AVTZ (106.2) < M06-2X/AVTZ (112.0). The 199 

vibrational frequencies obtained at MN15-L/MG3S in the work of Long and coworkers were scaled 200 

by a factor of 0.977. 201 

M06-2X density functional with a basis set of triple-zeta quality is a common approach in 202 

studying the reactions of Criegee Intermediates, and the above results suggested that B2PLYP-203 

D3/AVTZ would give better geometries and vibrational frequencies. Since the calculations of the rate 204 

coefficients of chemical reactions required the accurate evaluations of rotational and vibrational 205 

partition functions, the accuracies in both rotational constants and vibrational frequencies were crucial 206 

to the accuracy of the computed rate coefficients of chemical reactions. Thus, the B2PLYP-D3/AVTZ 207 

level was chosen as the best lower level method in this study. 208 

 209 

Geometries and energies of the reaction profiles 210 

The optimized geometries of the reactant complex (RC), the transition state (TS), and the 211 

product (RX) for channels 1, 2, and 3 are shown in Figures S2, S3, and S4, respectively, while those 212 

of the reactants are shown in Figure S1. The relative electronic energies of the stationary points 213 

determined at different levels of theories are shown in Tables 2-4. Figure 2 depicts the potential energy 214 

surfaces (PES) of the three channels at the BD(T)/AVTZ//B2PLYP-D3/AVTZ level which is 215 

considered to be the best theoretical estimate in this work. All three channels exhibited a negative 216 

barrier and channel 2, the ether oxide forming channel has the lowest reaction barrier while channel 1 217 

is the most exothermic.  218 

 219 

 220 

  221 



Figure 2. Schematic pathways of the three channels (1, 2, and 3) in the CH2OO + OHCH2OOH reaction 222 

showing the stationary points with their relative electronic energies at 0 K in kcal.mol-1 at the 223 

BD(T)/AVTZ//B2PLYP-D3/AVTZ level shown in brackets.  224 

 225 

 226 

For the DFT results in Tables 2-4, the trend of results from the MN15-L functional seems to 227 

be remarkedly different. In Table 2, the barrier height of channel 1 using the M06-2X functional 228 

decreases from -7.32 kcal.mol-1 with an AVDZ basis set to -8.25 kcal.mol-1 with a larger basis set 229 

(AVTZ). A similar trend is also observed in Tables 3 and 4 where the barrier height decreases with a 230 

more flexible basis set used in the calculation as the transition state would be better described with a 231 

larger basis set. Surprisingly, the barrier of channel 1 using the MN15-L functional increases from -232 

6.73 kcal.mol-1 to -5.17 kcal.mol-1, using AVDZ and AVTZ respectively, which is not normal. 233 

Moreover, the reactant complex optimized at the MN15-L/AVTZ level is different from those obtained 234 

at both the M06-2X/AVTZ and B2PLYP-D3/AVTZ levels. MN15-L/AVTZ gives 235 

HOOCH2O…OCH2OH while the latter two levels suggest HOCH2OOH…OOCH2 as the reactant 236 

complex of this channel (please refer to Figure S2 for details). Therefore, the relative energy results 237 

obtained at the MN15-L/AVTZ level might not be reliable. 238 



Table 2. Computed relative energies (kcal.mol-1) of the reactant complex (RC), the transition state (TS) 239 

(E(0K) for relative energy of the TS with zero-point correction), separate products (ERX), 240 

and the reaction enthalpy at 298 K (H298K
RX) with respect to separate reactants, of channel 241 

1 CH2OO + HOCH2OOH  HOCH2OOCH2OOH obtained at different levels. 242 

Level ERC ETS E(0K) ERX H298K
RX Reference 

M06-2X/AVDZ -12.14 -7.32 -5.35 -58.50 -55.68 This work 

M06-2X/AVTZ -16.33 -8.25 -7.08 -59.44 -56.32 This work 

MN15-L/AVDZ -14.58 -6.73 -5.61 -55.05 -52.04 This work 

MN15-L/AVTZ -54.22 -5.17 -4.18 -54.22 -51.21 This work 

B2PLYP-D3/AVTZ -13.41 -6.15 -5.07 -52.16 -49.22 This work 

QCISD(T)/AVTZ//M06-

2X/AVTZ 

-13.93 -5.98 -4.81 -53.57 -50.45 This work 

QCISD(T)/AVTZ//MN15-

L/AVTZ 

-53.68 -5.99 -5.00 -53.68 -50.67 This work 

QCISD(T)/AVTZ//B2PLY

P-D3/AVTZ 

-14.26 -6.19 -5.11 -53.75 -50.81 This work 

BD(T)/AVTZ//M06-

2X/AVTZ 

-14.72 -6.94 -5.77 -55.54 -52.42 This work 

BD(T)/AVTZ//MN15-

L/AVTZ 

-55.267 -6.50 -5.51 -55.27 -52.26 This work 

BD(T)/AVTZ//B2PLYP-

D3/AVTZ 

-14.54 -6.70 -5.62 -55.32 -52.38 This work 

M06-2X/def2-TZVP//M06-

2X/6-311+G(2df,2p) 

-14.3 -6.3  -54.2  6 

  243 



Table 3. Computed relative energies (kcal.mol-1) of the reactant complex (RC), the transition state (TS) 244 

(E(0K) for relative energy of the TS with zero-point correction), separate products (ERX), 245 

and the reaction enthalpy at 298 K (H298K
RX) with respect to separate reactants, of channel 246 

2  CH2OO + HOCH2OOH  HOCH2O(O)CH2OOH obtained at different levels. 247 

Level ERC ETS E(0K) ERX H298K
RX 

M06-2X/AVDZ -16.04 -10.16 -10.34 -22.60 -19.85 

M06-2X/AVTZ -17.21 -11.31 -10.05 -23.76 -20.90 

MN15-L/AVTZ -13.53 -4.91 -4.59 -17.19 -14.38 

B2PLYP-D3/AVTZ -13.91 -7.75 -5.07 -16.46 -13.76 

QCISD(T)/AVTZ// M06-2X/AVTZ -14.74 -7.98 -6.72 -18.50 -15.64 

QCISD(T)/AVTZ// MN15-L/AVTZ -13.43 -7.94 -7.62 -18.52 -15.71 

QCISD(T)/AVTZ//  

B2PLYP-D3/AVTZ 

-15.05 -8.14 -5.46 -18.73 -16.03 

BD(T)/AVTZ// M06-2X/AVTZ -15.68 -9.21 -7.95 -20.24 -17.38 

BD(T)/AVTZ// MN15-L/AVTZ -13.69 -8.77 -8.45 -19.85 -17.04 

BD(T)/AVTZ// B2PLYP-D3/AVTZ -15.42 -9.01 -6.33 -20.02 -17.32 

  248 



Table 4. Computed relative energies (kcal.mol-1) of the reactant complex (RC), the transition state 249 

(TS) (E(0K) for relative energy of the TS with zero-point correction), separate products 250 

(ERX), and the reaction enthalpy at 298 K (H298K
RX) with respect to separate reactants, of 251 

channel 3 CH2OO + HOCH2OOH  HOOCH2OCH2OOH obtained at different levels. 252 

Level ERC ETS E(0K) ERX H298KRX Reference 

M06-2X/AVDZ -58.11 -0.39 -0.67 -50.90 -47.83 This work 

M06-2X/AVTZ -11.47 -1.46 -0.20 -51.78 -48.61 This work 

MN15-L/AVTZ -6.81 2.49 3.46 -45.53 -42.51 This work 

B2PLYP-D3/AVTZ -10.09 0.90 1.84 -44.55 -41.55 This work 

QCISD(T)/AVTZ// M06-

2X/AVTZ 

-9.73 -0.62 0.64 -46.04 -42.87 This work 

QCISD(T)/AVTZ// MN15-

L/AVTZ 

-6.74 0.62 1.59 -46.17 -43.15 This work 

QCISD(T)/AVTZ//  

B2PLYP-D3/AVTZ 

-10.88 0.57 1.51 -46.29 -43.29 This work 

BD(T)/AVTZ// M06-2X/AVTZ -10.59 -0.44 0.82 -48.03 -44.86 This work 

BD(T)/AVTZ// MN15-L/AVTZ -6.89 -0.075 0.90 -47.78 -44.76 This work 

BD(T)/AVTZ// B2PLYP-

D3/AVTZ 

-11.19 -0.084 0.86 -47.87 -44.87 This work 

M06-2X/def2-TZVP//M06-2X/6-

311+G(2df,2p) 

-13.9 -2.0  -52.7  6 

 253 

 254 

The T1 diagnostics of the QCISD(T)/AVTZ calculations using optimized geometries at M06-255 

2X/AVTZ, MN15-L/AVTZ, and B2PLYP-D3/AVTZ of the stationary points of the three channels are 256 

shown in Table 5. A T1 diagnostic of less than 0.022 for a closed-shell species 52 suggests the multi-257 

reference character of the state should not have a significant effect on the results. The T1 values in the 258 

QCISD(T)/AVTZ results of CH2OO are, as expected, rather large (0.055 – 0.058). Yet, the T1 values 259 

of the reactant complex and the transition state are decreasing, suggesting the multi-reference effects 260 

on the results would be small. Thus, Brueckner doubles with perturbative triple excitation (BD(T)) 261 

have been employed to refine the electronic energies of the stationary points. From the T1 diagnostic 262 

values, we believe the approach adopted in this study would be adequate to describe the stationary 263 

points along the reaction potential energy surface. 264 



Table 5. T1 diagnostics of the stationary points of the three channels computed at the QCISD(T)/AVTZ 265 

level using geometries optimized at different DFT levels. 266 

 267 

Channel 1: CH2OO + HOCH2OOH  HOCH2OOCH2OOH 

Geometry  CH2OO HOCH2OOH RC TS Product 

M06-2X/AVTZ 0.055 0.014 0.031 0.027 0.015 

MN15-L/AVTZ 0.058 0.014 0.015 0.028 0.015 

B2PLYP-D3/AVTZ 0.058 0.014 0.033 0.028 0.015 

Channel 2: CH2OO + HOCH2OOH  HOCH2O(O)CH2OOH 

Geometry   RC TS Product 

M06-2X/AVTZ 0.029 0.023 0.017 

MN15-L/AVTZ 0.034 0.023 0.017 

B2PLYP-D3/AVTZ 0.032 0.022 0.018 

Channel 3: CH2OO + HOCH2OOH  HOOCH2OCH2OOH 

Geometry   RC TS Product 

M06-2X/AVTZ 0.030 0.026 0.014 

MN15-L/AVTZ 0.035 0.025 0.014 

B2PLYP-D3/AVTZ 0.032 0.026 0.014 

 268 

 269 

 The relative energy of a stationary point computed at the BD(T)/AVTZ level is lower than that 270 

of the same stationary point computed at the QCISD(T)/AVTZ level for all the three channels. Taking 271 

channel 1 as an example (Table 2), the differences in the computed barrier heights using the same 272 

geometry between the BD(T)/AVTZ level and the QCISD(T)/AVTZ level are -0.96, -0.51, and -0.51 273 

kcal.mol-1 for the geometries optimized at the M06-2X/AVTZ, MN15-L/AVTZ, and B2PLYP-274 

D3/AVTZ level, respectively. At 298 K, the reduction of the computed barrier height by 1 kcal.mol-1 275 

leads to an increase by a factor of 5.4 in the computed rate coefficients at the TST level. This shows 276 

the importance of obtaining accurate barrier heights in the determination of reliable rate coefficients.  277 

 278 

Comparisons with previous studies 279 

 Chen and coworkers performed extensive calculations on the reactions between sCIs and 280 

ROOH, including channels 1 and 3 in this work, at the M06-2X/def2-TZVP//M06-2X/6-311+G(2df,2p) 281 

level of theory. For channel 1, the best computed barrier height and the best computed reaction energy 282 

of this work agree very well with those of their work (see Table 2). For channel 3, the best computed 283 

reaction energy in this work is higher than that computed by Chen and coworkers by 4.83 kcal.mol-1. 284 

The discrepancies are likely to arise as only the DFT method has been employed in Chen’s study21. 285 



The BD(T) single-point energies would give a better estimate of the energetics of the reaction. The 286 

reaction enthalpy obtained is -44.87 kcal.mol-1 and its zero-point corrected barrier height is 0.86 287 

kcal.mol-1 at the BD(T)/AVTZ//B2PLYP-D3/AVTZ level. 288 

Vereecken et al [18] reported the reaction between the simplest Criegee intermediate (CH2OO) 289 

and methyl hydroperoxide (CH3OOH). Two significant differences in the reaction pathways were 290 

observed. First, although there were two channels, the CH2OO + CH3OOH  CH3OOCH2OOH 291 

channel (which is analogous to channel 1 in this work), and the CH2OO + CH3OOH  292 

CH3O(O)CH2OOH (which is analogous to channel 2 in this work) which proceeded through different 293 

transition states, they shared the same reactant complex. However, in the reaction between CH2OO 294 

and HMHP, these two channels had different reactant complexes, even though M06-2X/AVTZ was 295 

used in both this study and Vereecken’s work. The computed barrier height of the two aforementioned 296 

channels at CCSD(T)/AVTZ//M06-2X/AVTZ in the work of Vereecken and coworkers was 1.7 297 

kcal.mol-1 , which was smaller than the difference in barrier heights between channel 1 and channel 2 298 

in this study (2.28 kcal.mol-1) at BD(T)/AVTZ//M06-2X/AVTZ level. Thus, the reaction rates of 299 

channels 1 and 2 in this work were not expected to be comparable. Detailed kinetic studies on channels 300 

1 and 2 would be discussed in the next section. The ether oxide channel (channel 2) which was missing 301 

in the theoretical study on the same reaction between CH2OO and HMHP reported before53, turned out 302 

to be the most favorable channel of the reaction. 303 

The most accurate method in this work is the BD(T)/AVTZ//B2PLYP-D3/AVTZ level, which 304 

gives the computed barrier heights of -6.70 kcal.mol-1, -9.01 kcal.mol-1 and -0.084 kcal.mol-1 for 305 

channel 1, 2 and 3, respectively. In terms of reaction energy, the computed reaction energies ( ERX) 306 

at the same level were in the order: channel 2 (-20.02 kcal.mol-1) > channel 3 (-47.87 kcal.mol-1) > 307 

channel 1 (-55.32 kcal.mol-1), therefore, the oligomeric hydroperoxide forming channel is the most 308 

exothermic while the ether oxide forming channel is the most favorable. 309 

 310 

Rate coefficient results 311 

As the barrier height of channel 3 is positive while channels 1 and 2 proceed through a negative 312 

barrier, rate coefficient calculations were only performed on channels 1 and 2 in the temperature range 313 

of 200 – 400 K. For bimolecular reactions with a negative barrier, both the outer and inner transition 314 

states may contribute to the overall rate coefficient (koverall). The koverall was determined using equation 315 

(1) while kouter was computed using the phase space theory and kinner was computed using different TST 316 



levels using the minimum energy paths (MEPs) obtained at the BD(T)/AVTZ//B2PLYP-D3/AVTZ 317 

level.  318 

 319 

Figure 3 VMEP, ZPE and Va
G curves of channel 1 CH2OO + HOCH2OOH  HOCH2OOCH2OOH 320 

from POLYRATE calculations at the BD(T)/AVTZ//B2PLYP-D3/AVTZ level (energies with 321 

respect to separate reactants). 322 

 323 

 324 

 325 

The classical potential energy curve (VMEP), the zero-point energy difference curve (ZPE), 326 

and the ground-state vibrationally adiabatic energy difference curve (Va
G = VMEP + ZPE, where 327 

ZPE is the difference in zero-point energy between an IRC point and the sum of reactants) of channels 328 

1 and 2 are shown in Figures 3 and S6, respectively. A dip is observed in each ZPE curve in these two 329 

figures, which is caused by bond-forming and bond-breaking processes along the reaction coordinate. 330 

The dips of the two ZPE curves are located s = -0.195 Å and -0.15 Å in channels 1 and 2, respectively. The 331 

shape of the Va
G curve is given by combining the VMEP and the ZPE curves. The maxima of the 332 

Va
G curves (denoted as Va

G(s*)) occur at s = 0.095 and 0.230 Å for channels 1 and 2, respectively. The 333 

deviation of the maximum of the Va
G curve from s = 0 Å suggests that the classical transmission 334 



coefficient (known as CAG factor and denoted as CAG) is significant. In variation TST theory, the rate 335 

coefficient is given by  336 

k(with tunneling) = CAG x (tunneling) x k(without tunneling)  (3) 337 

The computed values of TST/CAG, CVT/CAG, and the tunneling correction factors for channels 1 and 2 338 

are tabulated in Tables S3 and S6 (in the supplementary material), respectively. For both channels, 339 

tunneling is negligible (ZCT = SCT = 1) in the temperature range considered. The CAG at TST and 340 

CVT levels are given by TST/CAG = exp[(Va
G(s=0) – Va

G(s*))/RT] and CVT/CAG = exp 341 

[(Va
G(s*CVT(T) – Va

G(s*))/RT], respectively 54, 55. At the ICVT level, since the dividing surface of 342 

the generalized transition state is defined at the maximum of the Va
G curve, there is no CAG correction 343 

factor. 344 

 For channel 1, Table S3 shows that the TST/CAG values range from 0.468 at 200 K to 0.684 at 345 

400 K. Throughout the temperature range considered, the TST/CAG values are much smaller than 1, 346 

indicating that there are significant recrossing trajectories 56. Thus, the variational transition state 347 

theory (VTST) is required to obtain accurate rate coefficients due to the heavy recrossing effect. 348 

TST/CAG in channel 2 ranges from 0.3033 at 200 K to 0.5507 at 400 K, so the variational transition 349 

state theory is required to obtain accurate rate coefficients for channel 2. 350 

The computed rate coefficients (with and without tunneling corrections) for channels 1 and 2 351 

are tabulated in Tables S4 and S7, respectively. Since ZCT is the same as SCT at 200 – 400 K, kTST/ZCT, 352 

kCVT/ZCT, and kICVT/ZCT are not listed in the tables because they are the same as their SCT counterparts. 353 

The computed k versus T plot and the log10 k Vs 1000/T plot for channels 1 and 2 are shown in Figures 354 

4a and Figure 5a, respectively, where a negative temperature dependence is clearly observed for the 355 

computed rate coefficients at all TST levels for both channels. 356 

To investigate the effects of the outer and the inner transition states on the overall rate 357 

coefficients, two-transition state theory calculations were carried out for both channels. The computed 358 

kouter, kinner (the same as kICVT), and the koverall versus temperature for channels 1 and 2 are shown in 359 

Figures 4b and 5b, respectively, and their values are compiled in Tables S5 and S8, respectively. In 360 

channel 1, the results show that the outer transition state dominates the overall reactive flux at T < 220 361 

K while the inner transition state dominates the overall reactive flux at T  260 K. At the intermediate 362 

temperature range (220 – 260 K), both the outer and the inner transition states contribute to the overall 363 

reactive flux of the reaction. In channel 2, Figure 5b shows that the koverall is dominated by kouter from 364 

200 – 250 K, so the overall reactive flux of this reaction is dominated by the outer transition state at 365 



low temperatures (200 – 270 K). Table S8 shows that at intermediate temperatures (280 – 330 K), both 366 

outer and inner transition states contribute to the overall reactive flux. The inner transition state 367 

dominates the reactive flux at T  340 K.  368 

 To examine the pressure dependence of the computed rate coefficients, SS-QRRK calculations 369 

were performed for both channels at specific atmospheric conditions to reflect the actual temperature 370 

and pressure values at different altitudes in the troposphere. The computed SS-QRRK values are 371 

compiled in Tables S9. The results show that channel 1 is independent of pressure while channel 2 is 372 

pressure dependent. The ether oxide is expected to be produced at the highest rate at an elevation of 373 

12 km, corresponding to the temperature of 217 K and the pressure of 1.940 x 104 Pa.  374 

  375 

 376 

Figure 4 (a) Computed (BD(T)/AVTZ//B2PLYP-D3/AVTZ) k (cm3 molecule-1s-1) versus T(K) curves (upper) 377 

and log10k versus 1000/T curves (lower) channel 1 CH2OO + HOCH2OOH  HOCH2OOCH2OOH 378 
obtained at TST (TST, TST/ZCT, and TST/SCT) and various VTST levels (CVT, ICVT, CVT/ZCT, 379 

CVT/SCT, ICVT/ZCT, and ICVT/SCT) using POLYRATE. As kCVT ~= kICVT and ZCT = SCT = 1, 380 
kCVT, kICVT, kCVT/ZCT, kICVT/ZCT, kCVT/SCT and kICVT/SCT curves overlap with each other. Also, since kTST/SCT 381 

= kTST/ZCT, they overlap with each other. (b) Computed kouter, kinner, and koverall (cm3 molecule-1s-1) versus 382 

T(K) curves of the channel 1 CH2OO + HOCH2OOH  HOCH2OOCH2OOH. kouter and kinner were 383 

evaluated at the PST and the ICVT levels, respectively and koverall was calculated using equation 1. 384 

 385 

 386 



Figure 5(a) Computed (BD(T)/AVTZ//B2PLYP-D3/AVTZ) k (cm3 molecule-1s-1) versus T(K) curves (upper) 387 

and log10k versus 1000/T curves (lower) of channel 2 CH2OO + HOCH2OOH  388 
HOCH2O(O)CH2OOH obtained at TST (TST, TST/ZCT, and TST/SCT) and various VTST levels 389 
(CVT, ICVT, CVT/ZCT, CVT/SCT, ICVT/ZCT, and ICVT/SCT) using POLYRATE. As kCVT ~= 390 

kICVT and ZCT = SCT = 1, kCVT, kICVT, kCVT/ZCT, kICVT/ZCT, kCVT/SCT and kICVT/SCT curves overlap with each 391 
other. Also, since kTST/SCT = kTST/ZCT, they overlap with each other. (b) Computed kouter (black), kinner 392 
(red), and koverall (blue) (cm3 molecule-1s-1) versus T(K) curves of the channel 2 CH2OO + HOCH2OOH 393 

 HOCH2O(O)CH2OOH. kouter and kinner were evaluated at the PST and the ICVT levels, respectively 394 
and koverall was calculated using equation 1.  395 

  396 

 397 

Chen and coworkers 21 carried out the calculation of the rate coefficient for the oligomeric 398 

hydroperoxide forming channel (channel 1) from 273 K to 400 K at the TST level using the relative 399 

energies obtained at the M06-2X/def2-TZVP//M06-2X/6-311G(2df,2p) level. The rate coefficients are 400 

in excellent agreement with the results obtained here using B2PLYP-D3/AVTZ although the effect of 401 

the outer transition state on the overall flux of the reaction was not considered. From our results, the 402 

outer transition state becomes a more and more important bottleneck and has to be taken into 403 

consideration in order to get a good estimate of the reactive flux and the rate coefficients at T  260 K. 404 

For bimolecular reactions with a negative barrier, the kinner has a negative temperature dependency, 405 

thus the kinner become closer to kouter as temperature increases. The contributions of the two bottlenecks 406 



(the inner and the outer transition state) become comparable. Moreover, employing the TST method 407 

cannot give reliable rate coefficients at T  270 K because of the large variational effect of the 408 

computed k, which means that the rate coefficients are not computed using the correct barrier height 409 

of the reaction using TST. Perhaps, these are the reasons why the author only computed rate 410 

coefficients at higher temperatures.  411 

 412 

Atmospheric Implications 413 

 Kinetic calculations have been performed for two of the channels in this work, namely, the 414 

oligomeric hydroperoxide forming channel (i.e. channel 1) and the ether oxide forming channel (i.e. 415 

channel 2). Figure 6 shows the computed koverall values of these two channels versus temperature. As 416 

mentioned before, koverall is dominated by kouter (evaluated at the PST level) from 200 K to 250 K. In 417 

PST, the rate coefficient of the barrierless association reaction is proportional to T1/6, so the computed 418 

koverall values of channel 2 increase from 200 K to 250 K. At T > 250 K, the kinner of channel 2 (evaluated 419 

at the ICVT level), which has negative temperature dependence, starts to dominate the koverall values. 420 

Thus, the koverall values decrease from 250 K to 400 K, leading to the wavy appearance of the koverall 421 

versus T curve for channel 2. 422 

  423 

Figure 6 Computed (BD(T)/AVTZ//B2PLYP-D3/AVTZ) koverall (cm3 molecule-1 second-1) of 424 

channels 1 (CH2OO + HOCH2OOH  HOCH2OOCH2OOH) and 2 (CH2OO + HOCH2OOH  425 

HOCH2O(O)CH2OOH) using two-transition state theory.  426 

 427 



In general, the koverall of channel 2 is greater than that of channel 1 at the same temperature from 428 

200 K to 400 K, as shown in Figure 6. Therefore, the generation of the ether oxide product is faster 429 

than that of the oligomeric hydroperoxide product from the OHCH2OOH + CH2OO reaction in the 430 

temperature range considered. By taking the ratio of k2/k1 (compiled in Table S10), where k2 is the 431 

koverall of channel 2 and k1 is the koverall of channel 1, one can quantify the difference in the production 432 

rate of the two species at different temperatures. In the troposphere, where the temperature ranges from 433 

210 K to 320 K, the production rate of the ether oxide product is higher than that of the oligomeric 434 

hydroperoxide product by a factor of 1.6 (at 210 K) to 22.8 (at 320 K). Under normal atmospheric 435 

conditions, the production rate of the ether oxide product is at least 10 times more   436 

 As shown in Figure 2, although the transition state of channel 2 is the lowest in energy among 437 

the three channels studied, the ether oxide product formed is about 30 kcal/mol higher in energy than 438 

the other two hydroperoxide products. It is more reactive and may react with the more abundant species 439 

in the atmosphere, such as water and sulfur dioxide. Studies on the reactions of ether oxide are 440 

relatively rare. Vereecken et al. performed calculations to examine the reaction of the ether oxide from 441 

the reaction between the CH3OOH and CH2OO 22 and concluded that it is not reactive towards water. 442 

They also examined the possibility of the ether oxide reacting with SO2 and concluded that the reaction 443 

might only be important in areas with a high concentration of SO2 as the rate coefficient at the TST 444 

level was rather slow (2 x 10-13 cm3molecule-1second-1) at 298K. The reaction HOCH2O(O)CH2OOH 445 

+ SO2  HOCH2OCH2OOH + SO3 has been examined to see whether it is a possible sink of HMHP.  446 

In view of the large size of this reacting system, geometry optimizations of the stationary points 447 

were performed at the M06-2X/AVDZ level only and the electronic energies were refined at the 448 

BD(T)/AVTZ level. The potential energy surface of this reaction obtained at the BD(T)/AVTZ//M06-449 

2X/AVDZ level showed that the two reactants underwent barrierless association to form a reactant 450 

complex, with stabilization energy of 12.07 kcal.mol-1 (at the BD(T)/AVTZ//M06-2X/AVDZ level), 451 

then the reaction proceeded via a submerged barrier of -8.13 kcal.mol-1. It then proceeded to form a 452 

product complex with relative electronic energy of -81.27 kcal.mol-1 and finally, it dissociated to form 453 

separate products with reaction energy of -64.35 kcal.mol-1. The reaction between 454 

HOCH2O(O)CH2OOH and SO2 was a very exothermic reaction with a very negative barrier height. 455 

To obtain reliable rate coefficients for this reaction, the two-transition state theory was employed to 456 

compute the rate coefficients from 200 K to 400 K. However, since the experimental ionization energy 457 

of ether oxide, HOCH2O(O)CH2OOH, was not available, the kouter at the PST level could not be 458 

calculated accurately. Regarding kinner, in view of the high computational costs of the Hessians of the 459 

reacting system along the IRC, kinner was only computed at the TST level and the results are compiled 460 



in Table S11. At 298 K, the computed rate coefficient of the HOCH2O(O)CH2OOH + SO2  461 

HOCH2OCH2OOH + SO3 reaction was 5.15 x 10-10 cm3molecule-1second-1 at the TST level, which 462 

was three orders of magnitude greater than that of the HOOCH2O(O)CH3 + SO2  HOOCH2OCH3 + 463 

SO3 reaction at the TST level. Although the TST rate coefficient might be overestimated by an order 464 

of magnitude, our results still suggest that HMHP reaction with CI may result in oxidizing of SO2 into 465 

SO3. Thus, the title reaction may be a source of H2SO4, which facilitates the production of clouds, 466 

leading to a relief of global warming 57. 467 

In order to further understand the potential of HMHP in the production of SO3, we tried to 468 

compare the rate of titled reaction with that of the reaction with OH, the reaction that had been thought 469 

to be the major loss pathway of HMHP in the atmosphere. There was a theoretical study on the reaction 470 

of HMHP with OH using CCSD(T)/6-311++G(2df,2p)//MP2/6-31G(d) level of theory 16. In that study, 471 

hydrogen abstraction from the OH, OOH, and the CH2 group was examined. The channel with the 472 

lowest barrier height was hydrogen abstraction from the CH2 group which was slightly negative (-0.2 473 

kcal.mol-1). The barrier height was quite high compared with that of the reaction between HMHP and 474 

CH2OO in the current study.  There were reports suggesting that MP2 tends to overestimate barrier 475 

heights of gas-phase hydrogen abstraction reactions 58. Moreover, the 6-31G(d) basis set lacks diffuse 476 

functions and may not be sufficient in locating the accurate transition state structure and barrier heights 477 

59. Thus, BD(T)/AVTZ//M06-2X/AVTZ calculations were conducted to obtain the stationary points 478 

structures and energies for the hydrogen abstraction of OH from the CH2 group of HMHP (which has 479 

been concluded as the most favorable channel 58). Surprisingly, the barrier height obtained is -1.77 480 

kcal.mol-1 which agrees reasonably well with the value reported previously. The kinetic calculation 481 

was performed to obtain the kinner and the results can be found in Table S12 of the supplemental 482 

material. At 298K, the kinner is 6.90 x 10-13 cm3molecule-1second-1 at the ICVT level. The kinner is very 483 

small compared with kouter (3.81 x 10-9 cm3molecule-1second-1), so  koverall basically equals to kinner. Thus, 484 

the reaction of HMHP with sCI (CH2OO) would be about 300-fold faster than that with OH.  485 

The concentration of OH is typically around 1 × 106 molecules cm−3 and peak concentration 486 

could be more than twice of that 60. The concentration of sCI in the atmosphere has not been determined 487 

reliably. A modelling study suggested that the peak concentration of sCI was at a level of 1 × 105   488 

molecules cm−3. A study based on field data and reaction model estimated the average concentration 489 

of sCI in boreal forests and rural environments of Finland and Germany was at a level of 5.0×104 490 

molecules cm−3 (with an order of magnitude uncertainty) 61. Another similar study in urban and urban 491 

sites in the UK suggested a lower average sCI concentration of 30 – 3000 molecules cm−3 with about 492 

13% accounted by CH2OO 62. Since HMHP is a product of CH2OO reacting with water (dimer), one 493 



could safely assume that in areas where HMHP content is high, the concentration of  CH2OO would 494 

be at the high side as well. Assuming 13% of sCI are CH2OO, the concentration of CH2OO could be 495 

about 5.0×103 molecules cm−3. Thus, the concentration of OH is about 200-fold higher than that of 496 

CH2OO, and the rate of HMHP with OH is 300-fold slower. From this point of view, the reaction 497 

CH2OO could be a competitive reaction partner and OH may not be the only major loss process of 498 

HMHP. 499 

For sCI like CH2OO, unimolecular decay is responsible for just over half of the loss. Besides its 500 

reaction with water vapor being the major loss pathway, the remaining loss pathways would give 501 

HMHP. From this perspective, CH2OO would be an important partner of HMHP in the rural area 502 

leading to an ether oxide product, which could oxidize SO2 into SO3.  Although reactions of sCI with 503 

SO2 have a negligible impact on the global gas phase H2SO4, the titled reaction may provide an indirect 504 

pathway for CH2OO to contribute to the formation of gas-phase H2SO4.  505 

  506 

Conclusion 507 

 The addition of CH2OO to the three different oxygen atoms on HOCH2OOH has been 508 

investigated computationally using density functionals (M06-2X, MN15-L, and B2PLYP-D3) and 509 

high-level ab initio methods (QCISD(T) and BD(T)). The B2PLYP-D3 functional is found to 510 

outperform the M06-2X and the MN15-L functionals in geometry optimization and it has been used 511 

to obtain the geometry of all the stationary points in this study. Channel 2, the addition channel forming 512 

an ether oxide, CH2OO + HOCH2OOH  HOCH2O(O)CH2OOH, is found to have the smallest barrier. 513 

This channel has not been considered in a recent theoretical study of the same reaction.   514 

All the channels have a negative barrier and two transition state theory has been used to obtain 515 

the rate coefficients. For the major channel, the two-transition state theory calculation shows that the 516 

outer transition state dominates the overall reactive flux below 270 K while both outer and inner 517 

transition states become important from 270 K to 330 K. Thus, it is crucial to account for the 518 

contributions from the two transition states to the overall reactive flux to obtain reliable rate 519 

coefficients at the tropospheric temperature range (220 – 320 K). Furthermore, the pressure-dependent 520 

behaviour of the rate coefficients of this channel was also investigated using the SS-QRRK method 521 

from 200 K to 400 K.  The SS-QRRK rate coefficients show the expected behaviour of the falloff 522 

curves in the temperature range considered. The rate of channel 2 is an order of magnitude faster than 523 

that of channel 1. 524 



Extended calculations have shown that the reaction between HOCH2O(O)CH2OOH (a 525 

hydroxy-substituted ether oxide) and SO2 proceeds quickly with the rate constant of 5.15 x 10-10 526 

cm3molecule-1second-1 at 298 K. Thus, the major channel of the titled reaction, CH2OO + HOCH2OOH 527 

 HOCH2O(O)CH2OOH, could be responsible for the production of SO3 in the troposphere. We have 528 

also calculated the overall reaction rate of HMHP with OH using BD(T)//M06-2X/AVTZ and obtained 529 

a rate coefficient about 300-fold smaller than the reaction. Our results suggest that the titled reaction 530 

may provide an indirect way for sCI to contribute to the production of SO3. Since SO3 reacts with H2O 531 

to form H2SO4, which plays the role of a nucleating agent in the atmosphere, the formation of clouds 532 

could be facilitated by this process. Thus, the major channel of the titled reaction could promote the 533 

formation of clouds in the atmosphere, leading to an overall reduction in the temperature of the Earth’s 534 

surface, thereby relieving global warming. 535 
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