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Abstract 6 

Reactions of the simplest Criegee intermediate (CH2OO) with a series of alcohols have been studied 7 

in a flash photolysis flow reactor.  Laser photolysis of diiodomethane at 355 nm in the presence of 8 

molecular oxygen was used to produce CH2OO and absolute number densities were determined as a 9 

function of delay time from analysis of broadband transient absorption spectra obtained using a 10 

pulsed LED.  The kinetics for the reactions of CH2OO with methanol, ethanol, and isopropanol was 11 

measured under pseudo-first order conditions at 295 K, yielding rate constants of (1.4±0.4)×10–13 12 

cm3 s–1, (2.3±0.6)×10–13 cm3 s–1, and (1.9±0.5)×10–13 cm3 s–1, respectively.  Complementary ab initio 13 

calculations were performed at the CCSD(T)/aug-cc-pVTZ//CCSD/cc-pVDZ level of theory to 14 

characterize stationary points on the reaction enthalpy and free energy surfaces, and to elucidate the 15 

thermochemistry and mechanisms.  The reactions proceed over free energy barriers of ~8 kcal mol–16 

1 to form geminal alkoxymethyl hydroperoxides: methoxymethyl hydroperoxide (MMHP), 17 

ethoxymethyl hydroperoxide (EMHP), and isopropoxymethyl hydroperoxide (PMHP).  The 18 

experimental and theoretical results are compared to reactions of CH2OO with other hydroxylic 19 

compounds, such as water and carboxylic acids, and trends in reactivity are discussed.  20 

  21 
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Introduction 22 

Ozonolysis of unsaturated hydrocarbons is an important oxidation process in the troposphere,1,2 with 23 

the reaction proceeding initially via the mechanism established following decades of work in 24 

condensed phases.3  Ozone first adds across the olefinic bond to form a cyclic primary ozonide that 25 

promptly decomposes to form a carbonyl and a carbonyl oxide, or Criegee intermediate (R1R2COO).  26 

In the gas phase, the energized Criegee intermediate either decomposes or is collisionally stabilized, 27 

subsequently reacting with trace atmospheric gases.  Despite extensive research activity, Criegee 28 

intermediates evaded direct detection in the gas phase until relatively recently,4,5 when 29 

photoionization mass spectrometry using tunable VUV was shown to allow specific detection of 30 

formaldehyde oxide (CH2OO), the simplest Criegee intermediate, over its more stable isomers 31 

dioxirane and formic acid.  Equally important for direct studies was the discovery that the fast 32 

reaction of photolytically-produced iodoalkyl radicals with molecular oxygen provided a convenient, 33 

high yield route to stabilized Criegee intermediate production.5,6  Photolysis of geminal diiodoalkane 34 

precursors in the presence of molecular oxygen has been shown to be a generally viable route for 35 

production of various alkyl-substituted Criegee intermediates.7–9 36 

Subsequently, there has been a proliferation of work characterizing the spectroscopy of several 37 

simple Criegee intermediates, as well as direct measurements of the kinetics of their reactions with 38 

trace atmospheric gases.10–12  The major atmospheric sink for CH2OO is reaction with water vapor, 39 

which is ubiquitous throughout the troposphere.  While reaction with water monomer is slow, having 40 

rate constants in the range 10–15 to 10–16 cm3 s–1,5,13–15 water dimer reacts significantly faster with 41 

reported rate constants spanning 4.0–7.4×10–12 cm3 s–1 and is present at concentrations greater than 42 

many other trace gases.14,16,17  We will use “water vapor” to refer collectively to both monomer and 43 

dimer.  For larger Criegee intermediates, reactivity and unimolecular dissociation rates vary 44 

dramatically with molecular structure.  Acetaldehyde oxide (CH3CHOO) exists as syn and anti 45 
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conformers, and the reactions of anti-CH3CHOO with water vapor are an order of magnitude or more 46 

faster than those of either the syn-CH3CHOO or CH2OO.7,18,19  Acetone oxide [(CH3)2COO], on the other 47 

hand, is relatively unreactive to water vapor but undergoes rapid reaction with SO2, suggesting that 48 

this reaction may be competitive, even in humid conditions.8,20  Reactions of Criegee intermediates 49 

with SO2 can contribute to sulfate aerosol particle formation and have been studied 50 

extensively.5,7,8,15,18,21  Thermal unimolecular decomposition is also an important sink at higher 51 

temperatures, particularly for Criegee intermediates that can access the vinoxy + OH pathway, such 52 

as syn-CH3CHOO and (CH3)2COO.20,22  Reactions with trace gases that are sufficiently fast may be 53 

locally competitive with water vapor and thermal decomposition under specific conditions.  54 

Reactions with organic and inorganic acids fall into this category, with rate constants exceeding 10–55 

10 cm3 s–1,23–25 and could be significant at lower temperatures and relative humidity, particularly in 56 

polluted urban environments. 57 

While rate constants for reactions with carboxylic acids have been directly quantified relatively 58 

recently,24,25 they have long been known as efficient gas-phase scavengers of CH2OO from gas-phase 59 

ethene ozonolysis experiments.26–28  Neeb et al. detected substituted hydroperoxide products 60 

following ethene ozonolysis in the presence of HCOOH, CH3COOH or CH3OH using FTIR.  The 61 

products, thought to result from breaking the O–H bond of the added scavenger, were 62 

hydroperoxymethyl formate, hydroperoxymethyl acetate, and methoxymethyl hydroperoxide, 63 

respectively.  From analysis of product yields, they ranked the reactivity of CH2OO with hydroxylic 64 

compounds H2O ≪ CH3OH ≪ HCOOH ≈ CH3COOH.28  Hydroperoxide products were also detected by 65 

Wolff et al. using HPLC/HPIC during ethene ozonolysis in the presence of HCOOH, CH3OH, C2H5OH, 66 

H2O2, and H2O.  The expected substituted hydroperoxides were produced with particularly high 67 

yields upon addition of CH3OH (methoxymethyl hydroperoxide, 46% yield) and CH3CH2OH 68 

(ethoxymethyl hydroperoxide, 38% yield).  The ethene ozonolysis results suggest that rate constants 69 

for the reactions of alcohols with CH2OO should lie between those for water and carboxylic acids.   70 
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Numerous theoretical studies have characterized Criegee intermediate reactions; Vereecken and 71 

Francisco’s extensive review of theoretical studies of tropospheric reactions summarizes the period 72 

up until 2012.29  Here we focus on theoretical studies of reactions between CH2OO and hydroxyl 73 

compounds.  The reactions of Criegee intermediates with water have been studied extensively 74 

computationally,30–38 with most groups using model chemistries that involve geometries and 75 

harmonic frequencies calculated using varieties of density functional theory and subsequent 76 

refinement of electronic energies using CCSD(T).  Mechanistically, the CH2OO + H2O reaction 77 

proceeds via an entrance channel complex, followed by addition to form the stable adduct 78 

hydroxymethyl hydroperoxide (HMHP).  The transition state is calculated to be higher in energy than 79 

the reactants, presenting a small barrier to reaction.  The presence of a second water molecule 80 

suppresses the energy of the transition state, leading to a submerged barrier, and consequently larger 81 

rate constants.  The transition state for the CH2OO + (H2O)2 reaction involves a double H-atom 82 

transfer, but can also be viewed overall as an addition reaction that leads to the HMHP–H2O complex.  83 

Transition state theory calculations predict rate constants at 298 K in the range 10–18–10–15 cm3 s–1 84 

for the CH2OO + H2O reaction32–35,38 and 10–12–10–10 cm3 s–1 for the CH2OO + (H2O)2 reaction,32,34,35 in 85 

relatively good agreement with experimental measurements.  Fewer theoretical studies have 86 

investigated the reactions of Criegee intermediates with acids,23,30,39–41 for which the primary 87 

addition products are also substituted hydroperoxides.  Entrance channel complexes and transition 88 

states are significantly more stable for the inorganic acids HCl and HNO3, and the submerged barriers 89 

are only a few kcal mol–1.23,40,41  For carboxylic acids, the reactions with CH2OO can proceed without 90 

a barrier to form hydroperoxymethyl esters.39,41  Consequently, reactions with acids are significantly 91 

faster, with calculated rate constants of order 10–10 cm3 s–1.  Vereecken classifies the mechanisms as 92 

1,2-insertion (e.g. water) or 1,4-insertion reactions (e.g. formic acid),41 and the insertion designation 93 

has been used by others previously.11,12  However, these reactions are entirely consistent with the 94 

IUPAC definition of addition reactions,42 and we prefer the terms 1,2-addition and 1,4-addition, 95 
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reserving insertion to describe reactions involving atomic species that insert into chemical bonds e.g. 96 

O(1D) + CH4.  To the best of our knowledge, there have been no previous theoretical studies of Criegee 97 

intermediate reactions with alcohols. 98 

The kinetics of the reactions of Criegee intermediates with the alcohols methanol, ethanol and 99 

isopropanol is the subject of this work.  Alcohols are found throughout the troposphere and have 100 

primarily biogenic sources.  After methane, methanol is the most abundant organic compound in the 101 

atmosphere and is primarily released during plant growth, although other sources include plant 102 

decay, biomass burning, and industrial and vehicular emissions.43  Average methanol mixing ratios 103 

range from 1 ppbv over the remote ocean to 20 ppbv for urban areas and forests.44  Ethanol is 104 

produced from vegetation and plant litter, with smaller anthropogenic contributions from the use of 105 

commercial and industrial solvents, resulting in typical mixing ratios of 100 pptv in remote areas and 106 

1–10 ppbv in urban areas.45  In regions where a sizeable proportion of vehicles run on ethanol-107 

blended fuels, peak mixing ratios of several hundred ppbv have been measured.46  A study of alcohol 108 

concentrations in Osaka reported average mixing ratios of isopropanol that are close to those of 109 

methanol and ethanol.47  Other alcohols have been identified in plant emissions,48 though field 110 

measurements of the mixing ratios are scarce. 111 

In this paper, we describe a combined experimental and computational study exploring the kinetics 112 

and mechanisms of the reactions between CH2OO and a series of alcohols.  Rate constants for the 113 

reactions of methanol, ethanol, and isopropanol have been measured at 295 K using broadband 114 

transient absorption spectroscopy.  Complementary ab initio calculations have been performed to 115 

map out the reaction pathways on the enthalpy and free energy surfaces.  Reactivity trends across 116 

families of hydroxylic and related compounds are shown to correlate well with the reactant gas-117 

phase acidities, moderated by the mechanism of the reactions.  Possible atmospheric implications 118 
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and the fates of the substituted hydroperoxide products of reactions between Criegee intermediates 119 

and alcohols are discussed. 120 

Experimental and computational methods 121 

Flash kinetics measurements were performed in a flow reactor using single-pass broadband 122 

transient absorption spectroscopy, the details of which have been described previously, with some 123 

minor modifications.23,49  All measurements were performed at 295 K and a total pressure of 80–100 124 

Torr.  Briefly, CH2OO formation is initiated by pulsed laser photolysis of CH2I2 (Alfa Aesar, 99%) at 125 

355 nm (Continuum Surelite III-10 or Quantel Brilliant B, typical pulse energies 10–14 mJ cm–2) in 126 

the presence of a large excess O2.  Photolytically generated CH2I radicals react rapidly with O2 to form 127 

CH2OO with high yield.50–53  Transient absorption spectra were recorded in the wavelength range 128 

360–390 nm as a function of time after photolysis by dispersing the transmitted output of a pulsed 129 

broadband UV LED (LightSpeed Technologies, HPLS-36, 500 ns duration) in a spectrograph (Andor 130 

SR303i with iDus 420).  The UV LED was nominally centered at 365 nm and had an approximately 131 

Gaussian output with FWHM of ~10 nm.  Absorption spectra were collected at a repetition rate of 10 132 

Hz and 300 individual spectra were averaged for each photolysis-probe time delay. 133 

For the present experiments, the length of the stainless-steel flow reactor was increased from 50 cm 134 

to 160 cm (total volume ~1.5 L), improving the sensitivity, and choked flow orifices of various 135 

diameters (O’Keefe) were used to regulate the gas flows rather than mass flow controllers.  The 136 

orifices were calibrated using a mass flow controller (Alicat) to accurately determine the mass flows 137 

under the experimental backing pressure conditions.  The total gas flow to the cell was ~3 sLpm, with 138 

individual flows set to yield fractional concentrations of ~0.1% CH2I2, ~10% O2, and N2 balance.  For 139 

the kinetics measurements, the alcohols CH3OH (Fisher Scientific, 99.8%), CH3CH2OH (Sigma Aldrich, 140 

99.5%), and (CH3)2CHOH (Fisher Scientific, 99.9%) were introduced by flowing N2 through a bubbler 141 

containing the liquid sample.  The bubbler was immersed in a temperature-controlled water bath to 142 
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stabilize the vapor pressure of the alcohol.  For the kinetics measurements, fractional alcohol 143 

concentrations were varied over the range 0.3%–4.0% (absolute concentrations of 1016 to 1017 cm–144 

3) by using choked flow orifices with different diameters.  Alcohol concentrations were three to four 145 

orders of magnitude greater than typical peak concentrations of CH2OO (~1013 cm–3), ensuring 146 

pseudo-first order conditions.  Alcohol concentrations in the flow reactor (in cm–3) were estimated 147 

using 148 

[ROH] = 𝜒𝐹𝑃tot
𝑁A

103𝑅𝑇
 (E1) 

where χ is the mole fraction of the alcohol in the ROH/N2 gas flow, F is the fraction of that flow relative 149 

to the total gas flow, Ptot is the total pressure (in atm) maintained in the flow reactor during the 150 

measurements, and R is the gas constant in L atm mol–1 K–1.  The vapor pressures (and corresponding 151 

mole fractions) for methanol, ethanol, and isopropanol were 108 Torr (χ = 0.092), 49 Torr (χ = 0.044), 152 

and 36 Torr (χ = 0.033), respectively, at the water bath temperature of 295 K.  The smaller values of 153 

χ for ethanol and isopropanol necessitated increased ROH/N2 gas flows to achieve a range of 154 

concentrations like that of methanol.  An independent flow of N2 controlled by a mass flow controller 155 

was used to balance changes in F and maintain a constant total pressure.  Potential sources of error 156 

in using Equation E1 to determine alcohol concentration are evaporative cooling of the liquid and 157 

lack of vapor/liquid equilibration in the N2 flow, both of which could potentially lead to systematic 158 

overestimation of the alcohol concentration, especially at higher flow rates.  Instability and non-159 

linearity in the CH2OO loss rate with flow rate were observed only in the absence of temperature 160 

stabilization. 161 

Complementary ab initio calculations were performed to characterize stationary points on the 162 

potential energy surfaces for the reactions of CH2OO with methanol, ethanol, and isopropanol.  163 

Optimized geometries and harmonic frequencies for reactants, entrance channel complexes, 164 
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transition states, and products were calculated at the CCSD/cc-pVDZ level of theory and the 165 

electronic energies were subsequently refined using single point CCSD(T)/aug-cc-pVTZ calculations.  166 

Intrinsic reaction coordinate (IRC) calculations were used to confirm correspondence of the 167 

transition states with the correct reactant and product species.  The ab initio calculations are not 168 

exhaustive, and the reported structures represent only the lowest energy conformations identified.  169 

Thermodynamic functions at 298.15 K were evaluated within the rigid-rotor harmonic oscillator 170 

(RRHO) approximation and may be subject to some degree of error due to the presence of low 171 

frequency modes or internal rotors.  All calculations were performed using the MOLPRO 2012.1 172 

program.54 173 

Results 174 

Broadband transient absorption spectroscopy following laser flash photolysis was used to directly 175 

measure rate constants for the reactions of CH2OO with methanol, ethanol, and isopropanol: 176 

 CH2OO + CH3OH → products (R1) 177 

 CH2OO + CH3CH2OH → products (R2) 178 

 CH2OO + (CH3)2CHOH → products (R3) 179 

All experiments were performed at a temperature of 295 K and at total pressures of 80–100 Torr. 180 

Photolysis of CH2I2 at 355 nm was used to generate CH2I radicals, which react rapidly (k4 = 1.37–181 

1.82×10–12 cm3 s–1) with O2, to yield CH2OO and other products:6,55,56 182 

 CH2I + O2 → CH2OO + I (R4a) 183 

 CH2I + O2 → HCHO + IO (R4b) 184 

 CH2I + O2 + M → CH2IOO + M (R4c) 185 
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Branching between reactions R4a–c is pressure-dependent and, across the 80–100 Torr range used 186 

in the current experiments, the fractional yield of CH2OO is estimated to be ~0.67.52,53 187 

1. Transient absorption spectroscopy 188 

Single-pass transient absorption spectra of the B̃1A′–X̃1A′ transition of CH2OO were recorded over the 189 

wavelength range 360–390 nm, using a UV LED with an approximately Gaussian spectral profile 190 

(centered at 365 nm, FWHM 10 nm), capturing several characteristic vibronic features on the red 191 

edge of the absorption band.49,56,57  IO, an unavoidable by-product of the CH2I + O2 reaction, also 192 

absorbs in the probe spectral window.58  A small fraction of the total IO is produced directly via 193 

Reaction R4b but it is formed predominantly by secondary chemistry, resulting in very different 194 

kinetics.52,55,59–61  The upper panel of Figure 1 shows transient absorption spectra recorded at 195 

selected time delays after the photolysis laser pulse in the absence of alcohol and in the presence of 196 

9.7×1016 cm–3 of methanol .  The absorbance reaches a maximum rapidly (Δt < 10 μs) and clearly 197 

shows the diffuse vibrational structure that is characteristic of CH2OO.  The overall absorbance 198 

decreases at longer delays, and the vibrational structure becomes increasingly indistinct; at the 199 

longest delay times, the spectrum is dominated by the IO continuum absorption.  The addition of 200 

alcohol has little effect on the spectra acquired at either short or long delays, but increases the rate 201 

at which CH2OO is lost. 202 

Absolute concentrations of CH2OO and IO were obtained by fitting the transient spectra at each time 203 

delay to a linear combination of the wavelength-dependent absorption cross sections of CH2OO and 204 

IO,49,58 205 

𝐴(𝜆) 𝑙⁄ = [CH2OO]𝜎CH2OO
(𝜆) + [IO]𝜎IO(𝜆) (E2) 

The absorbance at early times is almost exclusively due to CH2OO, which is both formed and removed 206 

much faster than IO.  The maximum CH2OO concentration of ~2.5×1013 cm–3 is reached 207 



11 

approximately 10 µs after photolysis.  The peak [CH2OO] is consistent with the initial [CH2I2] of 4×1015 208 

cm–3, measured directly using absorption spectroscopy, and a fractional dissociation of <1%,23 209 

estimated using the photolysis laser fluence and the CH2I2 absorption cross section at 355 nm.62,63  210 

The residence time of the gas in the cell is ~4 s and while the effect of varying the repetition rate was 211 

not directly examined, the measured absorbance was observed to return to background within the 212 

100 ms period between photolysis pulses and the peak concentrations of CH2OO were consistent 213 

over extended time periods. 214 

In the absence of additional reactants, [CH2OO] decayed over several hundred microseconds, and was 215 

completely removed by 400 µs.  Over the range of concentrations used, the addition of alcohol left 216 

the rise time and peak concentrations of CH2OO unaffected but increased the overall loss rate.  The 217 

lower panel of Figure 1 shows typical [CH2OO] time profiles in the absence and presence of methanol 218 

in the flow reactor.  Several processes contribute to CH2OO loss, even in the absence of alcohol.  On 219 

the sub-millisecond time scale of the measurements, diffusion followed by wall loss is negligible and 220 

thermal unimolecular decomposition, for which rates of 0.2–11.6 s–1 have been reported,13,21,64,65 is 221 

also much too slow to contribute significantly.  The major loss processes are gas-phase reactions with 222 

other species that are present in the flow reactor, in particular I atoms and residual CH2I2 precursor, 223 

as well as the self-reaction.  The kinetic model used to describe the time dependence of [CH2OO] 224 

incorporates formation and loss processes, the former depending on the reaction of the 225 

photolytically-produced CH2I with O2.  The coupled differential rate equations for [CH2I] and [CH2OO] 226 

can be written as  227 

𝑑[CH2I]

𝑑𝑡
= −𝑘4

′ [CH2I] (E3) 

𝑑[CH2OO]

𝑑𝑡
= +𝑘form

′ [CH2I] − 𝑘loss
′ [CH2OO] − 2𝑘self[CH2OO]

2 (E4) 
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where primes indicate pseudo-first order rate constants.  CH2I is consumed (Equation E3) in a 228 

pseudo-first order process by reaction with excess O2, with rate constant 𝑘4
′ = 𝑘4[O2].  Equation E4 229 

describes the time dependence of the CH2OO concentration.  The first term describes the formation 230 

rate, where 𝑘form
′ = 𝑘4a[O2] = Φ4a𝑘4[O2].  The second term approximates losses due to reactions 231 

with other species as pseudo-first order processes; that is, 𝑘loss
′ = 𝑘0

′ + 𝑘ROH[ROH] where 𝑘0
′ = ∑𝑘X,𝑖

′  232 

and the 𝑘X,𝑖
′  are pseudo-first order rate constants for background reactions that occur in the absence 233 

of the alcohol reactant.  Finally, the third term describes loss via self-reaction.  Values for kself in the 234 

range 6.0–8.0×10–11 cm3 s–1 have been reported,21,52,66 indicating that self-reaction is fast.  However, 235 

numerically modeling the [CH2OO] time dependence by neglecting pseudo-first order loss and 236 

considering only loss due to self-reaction predicts a CH2OO lifetime of about 2 ms while the 237 

experimentally observed lifetime is <0.5 ms.  While the self-reaction is fast, it is not sufficiently fast 238 

on its own to account for the observed loss of CH2OO. 239 

Equation E4 is a Ricatti differential equation, for which the analytical solution is too complicated to 240 

be useful as a fitting function.  In our previous work on the reactions of CH2OO with inorganic acids, 241 

we found that loss was well-described by a simple exponential decay, which suggested that self-242 

reaction did not contribute significantly.23  As will be demonstrated below, neglecting the self-243 

reaction term in Equation E4 has no effect on the change in 𝑘loss
′  measured as a function of added 244 

alcohol concentration.  If self-reaction is neglected, the integrated rate equation describing the 245 

[CH2OO] time dependence becomes a simple exponential rise and fall: 246 

[CH2OO]𝑡 = [CH2I]0
𝑘form
′

𝑘loss
′ − 𝑘form

′ (𝑒−𝑘form
′ 𝑡 − 𝑒−𝑘loss

′ 𝑡) (E5) 

Equation E5 provides an excellent fit to the experimental data, as shown in Figure 1.  The rising edge 247 

is characterized by the greater of 𝑘form
′  and 𝑘loss

′ , and typical values of ~105 s–1 are consistent with 248 
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the expected rate of formation based on reported rate constants for Reaction R4, the O2 249 

concentration, and the pressure-dependent Criegee intermediate yield. 250 

To explore the effect on the loss rates of neglecting the self-reaction, CH2OO concentration time 251 

profiles were simulated by solving Equation E4 numerically for a selected range of 𝑘loss
′  values 252 

spanning the approximate range determined by fitting the experimental data.  The CH2OO formation 253 

and self-reaction rate constants were fixed using previously reported values.6,21,67  Fitting the 254 

simulated [CH2OO] time profiles to Equation E5 yielded values of 𝑘loss
′  that were systematically, but 255 

uniformly, larger than the input value.  The addition of alcohol increases the observed CH2OO loss 256 

rate, as determined by fitting to the exponential rise and fall.  While neglecting self-reaction leads to 257 

a systematic overestimate of 𝑘loss
′ , the uniformity of the overestimate means that it has no significant 258 

effect on the increase in the loss rate that occurs in the presence of the alcohol.  Using kself = 7×10–11 259 

cm3 s–1,21,52,66 we estimate that the fraction of CH2OO lost to self-reaction is less than 0.06 in 260 

background measurements, and decreases even further in the presence alcohol.  261 

Figure 2 shows pseudo-first order plots of 𝑘loss
′  as a function of [ROH] for each of the three alcohols.  262 

The horizontal line represents the average background loss rate, 𝑘0
′ , which incorporates any 263 

systematic overestimate of 𝑘loss
′  introduced by neglecting the CH2OO self-reaction.  For all three 264 

alcohols, 𝑘loss
′  increases linearly with alcohol concentration and the intercept agrees with 𝑘0

′  to 265 

within their mutual uncertainties.  The slopes of the pseudo-first order plots correspond to the 266 

bimolecular rate constants kROH and are similar for all three alcohols.  Reaction with ethanol is fastest, 267 

with rate constant kEtOH = (2.3±0.6)×10–13 cm3 s–1, followed by isopropanol with kiPrOH= (1.9±0.5)×10–268 

13 cm3 s–1, and finally methanol with kMeOH = (1.4±0.4)×10–13 cm3 s–1.  Reported error limits are 269 

propagated from the 1σ statistical uncertainties from the fits, which are weighted by the uncertainty 270 

in 𝑘loss
′ , and an estimated 25% systematic uncertainty in the alcohol concentration.   271 
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Ab initio calculations at the CCSD(T)/aug-cc-pVTZ//CCSD/ac-pVDZ level were performed to 272 

characterize minima and saddle points on the potential energy surfaces for the reactions of CH2OO 273 

with methanol, ethanol, and isopropanol.  Cartesian coordinates and images are collated in the 274 

Supplementary Information.  Figure 3 shows the standard enthalpy and standard free energy profiles 275 

relative to the reactants for the CH2OO + CH3OH reaction, evaluated at a pressure of 1 am and a 276 

temperature of 298.15 K.  Very similar enthalpy and free energy profiles are found for the ethanol 277 

and isopropanol reactions, with differences at each point typically being only a few kcal mol–1.  The 278 

calculated thermochemical data for all three alcohol reactions are compiled in Table 1.   279 

The reactions proceed by first forming hydrogen-bonded complexes between the alcohol and CH2OO 280 

(ΔH ≈ –8 kcal mol–1 relative to reactants).  Modest geometrical rearrangements are required to reach 281 

the transition states from the complexes.  The reactions proceed via an 1,2-addition mechanism, in 282 

which the alcohol adds across the Criegee intermediate to form geminal alkoxymethyl hydroperoxide 283 

(ROCH2OOH) primary products.  Overall, forming methoxymethyl hydroperoxide (MMHP), 284 

ethoxymethyl hydroperoxide (EMHP), and isopropoxymethyl hydroperoxide (PMHP), is exothermic 285 

by ΔH ≈ –48 kcal mol–1.  The addition transition states, TSadd, are first order saddle points on the 286 

reaction potential energy surface, characterized by imaginary frequencies in the range 360i–390i cm–287 

1 and located at ΔH ≈ +4 kcal mol–1 with respect to the complexes.  That is, the enthalpic barrier to 288 

reaction is submerged.  For the CH2OO + CH3OH reaction, an alternative transition state was identified 289 

in which the alcohol undergoes 1,2-addition across CH2OO via the C–H bond of the methyl group in 290 

the eclipsed position relative to the OH group, forming 2-hydroxyethyl hydroperoxide (2-HEHP).  291 

While the reaction forming 2-HEHP is slightly more exothermic than that leading to MMHP, the 292 

barrier of ΔH ≈ +21 kcal mol–1 is significantly higher and inaccessible at 298 K.  Analogous pathways 293 

likely exist for reactions of ethanol and isopropanol, but were not pursued computationally.   294 
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Two energetically accessible decomposition pathways were identified for the alkoxymethyl 295 

hydroperoxide primary products.  First, homolytic cleavage of the weak peroxide bond leads to 296 

formation of OH and an alkoxymethoxy radical (ROCH2O), which lie at ΔH ≈ –4 kcal mol–1 relative to 297 

the reactants.  The second decomposition pathway is the highly exothermic (ΔH ≈ –70 kcal mol–1 with 298 

respect to the hydroperoxide) elimination of water to produce the corresponding alkyl formates 299 

(ROCHO).  The H2O elimination transition states, TSelim, are characterized by imaginary frequencies 300 

of approximately 1620i cm–1, and involve formation of water from the peroxy OH group and an α-H 301 

atom.  The enthalpic barrier to water elimination from the alkyl hydroperoxide is almost 302 

thermoneutral with respect to the reactants.  The free energy surface paints a slightly different 303 

picture (see Figure 3 and Table 1).  The entrance channel complexes are entropically unstable with 304 

respect to the reactants, with ΔG ≈ +3 kcal mol–1 and the free energy barriers for the initial 1,2-305 

addition reactions are not submerged, and are found at ΔG ≈ +8 kcal mol–1.  Decomposition of the 306 

alkoxymethyl hydroperoxides via water elimination is inhibited by +10 kcal mol–1 barriers for TSelim 307 

on the free energy surfaces, but the radical pathways remain accessible. 308 

Discussion 309 

The rate constants for the reactions of CH2OO with methanol, ethanol, and isopropanol are similar, 310 

with 𝑘ROH ≈ 10–13 cm3 s–1 at 295 K.  The alcohol reactions are significantly faster than reaction with 311 

water monomer, 𝑘H2O ≈ 10–15 cm3 s–1,5,13,15 but much slower than reactions with carboxylic acids, 312 

𝑘RCOOH ≈ 10–10 cm3 s–1.24,25  While this article was under review, Orr-Ewing and co-workers reported 313 

direct kinetics measurements of reactions R1 and R2 using cavity ring-down spectroscopy.  They 314 

found a small negative temperature dependence for the reactions, with rate constants of kMeOH = 315 

(1.1−0.6
+1.0)×10–13 cm3 s–1 and kEtOH = (1.2−0.8

+1.9)×10–13 cm3 s–1 at 295 K, in good agreement with this work.68  316 

The relative magnitudes of the rate constants determined from direct kinetics measurements agree 317 

with the reactivity trend inferred from ethene ozonolysis studies using hydroxylic species as Criegee 318 
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intermediate scavengers by Neeb et al.: H2O ≪ CH3OH ≪ HCOOH ≈ CH3COOH.28  Tobias and Ziemann 319 

found the same reactivity trend for the C13 Criegee intermediate formed in the ozonolysis of 1-320 

tetradecene and noted that the reaction rates depended primarily on the reactant functionality with 321 

little variation among different alcohols or carboxylic acids.69  In all the reactions of CH2OO involving 322 

hydroxylic compounds, the primary products in both the gas and liquid phases are substituted 323 

hydroperoxides.3,27,28  Considering methanol and formic acid to be representative of alcohols and 324 

carboxylic acids, the primary products are methoxymethyl hydroperoxide (CH3OCH2OOH, MMHP) 325 

and hydroperoxymethyl formate (HC(O)OCH2OOH, HPMF), while the reaction of CH2OO with water 326 

forms hydroxymethyl hydroperoxide (HOCH2OOH, HMHP).  While these reactions all proceed via 327 

addition mechanisms to form substituted hydroperoxides, the rate constants span six orders of 328 

magnitude. 329 

The ab initio calculations find a submerged barrier for the CH2OO + CH3OH reaction of ΔH = –4.1 kcal 330 

mol–1 at 298 K, while analogous calculations for the CH2OO + H2O reaction locate the transition state 331 

at ΔH = +0.7 kcal mol–1.  On the free energy surface the respective barriers are +12.2 kcal mol–1 and 332 

+8.3 kcal mol–1.  The ratio of the rate constants for the methanol and water reactions can be estimated 333 

using the Eyring equation 334 

𝑘CH3OH

𝑘H2O
= exp (−

ΔΔ𝐺

𝑅𝑇
) 335 

where ΔΔG is the difference between the ab initio free energy barriers.  The reaction of CH2OO with 336 

methanol is predicted to have a rate constant 740 times larger than that of water at 298 K.  Using the 337 

rate constant of kMeOH = 1.4×10–13 cm3 s–1 determined in this work, the rate constant for the CH2OO + 338 

H2O reaction is predicted to be 1.9×10–16 cm3 s–1, in good agreement with experimental 339 

measurements.5,13,14 340 



17 

If complex formation is assumed to be a pre-requisite for reaction and equilibrium is established, the 341 

reactions of CH2OO + ROH [R = H, CH3, C2H5, (CH3)2CH] can modelled as two step composite reaction:  342 

 CH2OO + ROH ⇌ [CH2OO∙∙∙ROH] → products 343 

The overall rate constant kROH can therefore be expressed as  344 

𝑘ROH = 𝐾eq𝑘add 345 

Keq is the equilibrium constant for complex formation, which can be evaluated from the standard free 346 

energy change in going from reactants to the complex, [CH2OO∙∙∙ROH].  The rate constant for the 347 

addition step, kadd, can be evaluated using canonical transition state theory (CTST) 348 

𝑘add = 𝜅
𝑘𝐵𝑇

ℎ
exp (−

Δ𝐺

𝑅𝑇
) 349 

where κ is the tunneling correction factor and ΔG is the standard free energy change associated with 350 

going from the complex to the transition state.  Previous calculations characterizing the CH2OO + H2O 351 

reaction have found relatively small tunneling correction factor of κ  = 1.24 by modelling potential 352 

energy as an unsymmetrical Eckart potential, and never greater than a factor of three for reactions 353 

involving a range of Criegee intermediates.33  A crude estimate of the tunneling correction factor can 354 

be obtained using the one-dimensional Wigner approximation 355 

𝜅 = 1 +
𝑢⋆

2

24
 356 

where 𝑢⋆ = ℎ𝜈⋆/𝑘𝑇 and ν⋆ is the frequency of the imaginary mode.  For the CH2OO + H2O reaction, ν⋆ 357 

= 475i cm–1, suggesting a tunneling correction factor of 1.22.  The imaginary frequencies and relative 358 

barrier heights for the 1,2-addition reactions are similar, and we estimate values for κ in the range 359 

1.12–1.14.  Uncertainties in the values of ΔG arising from use of the RRHO approximation are likely 360 

to introduce errors of a similar or larger magnitude.  The predicted rate constants are in surprisingly 361 
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good agreement with the values determined experimentally.  The calculated rate constant of 3.1×10–362 

16 cm3 s–1 for the CH2OO + H2O reaction is in excellent agreement with the value reported by Berndt 363 

et al.13 and consistent with the upper limits reported by Welz et al. and Chao et al.5,14  The rate 364 

constants for the reaction of methanol, ethanol, and isopropanol are calculated to be 2.5×10–13 cm3 s–365 

1, 4.8×10–13 cm3 s–1, and 6.6×10–13 cm3 s–1, respectively.  The CTST calculations predict rate constants 366 

that are the correct order of magnitude, although the experimental trend is not reproduced.  This 367 

approach cannot, however, be used to calculate a rate constant for the HCOOH reaction, which 368 

proceeds by a barrierless association to form hydroperoxymethyl formate (HPMF) without the 369 

formation of a stable reactant complex.30,39  The rate constants predicted for the reactions  of the 370 

inorganic acids HCl and HNO3 are significantly overestimated, suggesting that the large rate constants 371 

observed for reactions of carboxylic and inorganic acids approach the collision limit and may be 372 

controlled by long-range interactions between the reactants.23,25 373 

While reactions of CH2OO with hydroxylic compounds form analogous substituted hydroperoxide 374 

products, the ab initio results indicate that the mechanism for the fast reactions of nitric acid and 375 

carboxylic acids with CH2OO is different from that of the far slower reactions of water and alcohols.  376 

Figure 4 shows transition state geometries and force vectors associated with the imaginary mode for 377 

the reactions of CH2OO with H2O, CH3OH, and HNO3, calculated at the CCSD/cc-pVDZ level of theory.  378 

Water and methanol (and alcohols more generally) add across CH2OO i.e. the hydroxyl H-atom is 379 

transferred to the terminal O-atom of the Criegee intermediate, while a new bond simultaneously 380 

forms between the hydroxyl O-atom and the Criegee C-atom.  For HNO3 (and HCOOH) however, the 381 

new C–O bond is formed not between the hydroxylic O-atom, but rather the nitrosyl (carbonyl) O-382 

atom.23,30,39–41  Consequently, we make a distinction between a 1,2-addition mechanism for the 383 

reactions of water and alcohols, and a 1,4-addition mechanism for the reactions of nitric acid and 384 

carboxylic acids.41  The CH2OO + HCl reaction can also be classified as a 1,2-addition, while CH2OO + 385 

(H2O)2 can be construed as a 1,4-addition of the water dimer across the Criegee intermediate leading 386 
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to the HMHP–H2O complex as the adduct.23,31–34  In general, the 1,4-addition mechanism is associated 387 

with reactions of hydroxylic compounds that have larger rate constants, viz. HNO3, RCOOH, and 388 

(H2O)2.  One possible reason for the lower energies of the 1,4-addition transition states (where they 389 

exist) is structural.  The distance between the C-atom and the terminal O-atom of CH2OO (the atoms 390 

that participate in bond-formation) is about 2.2 Å.  The distance between the hydroxylic H-atom and 391 

carbonyl/nitrosyl O-atom in formic and nitric acids is 2.4 Å and 2.1 Å, respectively, while the OH bond 392 

in alcohols is < 1 Å.  The O–H···O moiety in both the entrance channel complex and transition state 393 

has a bend angle of ~150° in the CH2OO + ROH reactions and the resulting strained five-membered 394 

transition states lead to greater barrier heights.  The geometric constraints are relaxed to some 395 

degree in the fast reaction of HCl with CH2OO (kHCl = 4.6×10–11 cm3 s–1), which also proceeds by a 1,2-396 

addition mechanism and a five-membered transition state,23 by the longer HCl bond length of rHCl ≈ 397 

1.28 Å.  As a result, the free energy barrier is reduced to +0.6 kcal mol–1, calculated at the same level 398 

of theory.  In contrast, the species that react by the 1,4-addition mechanism can adopt a geometrically 399 

more favorable interaction41 with the Criegee intermediate, allowing a near collinear geometry for 400 

the O–H···O moiety that increases the effectiveness of H-bonding and facilitates H-atom transfer and 401 

C–O bond formation.  Equivalent transition states have been predicted for the reactions of Criegee 402 

intermediates with H2SO4 and the reactions are likely to be fast.70  The larger rate constant for the 403 

CH2OO reaction with water dimer over that of the monomer can also be justified by geometrical 404 

considerations and the relaxed seven-membered transition state.31,32,34,35   405 

Tobias and Ziemann found that the relative rates for reactions of the C13 Criegee intermediate with 406 

hydroperoxide-forming species correlated well with the gas-phase acidities, ΔHacid, but not with the 407 

OH bond strengths, ΔHbond, indicating that the reactions proceeded via highly polar transition states.69  408 

Figure 5 show Hammett-like plots, equivalent to that of Tobias and Ziemann, showing the correlation 409 

of ΔHacid and ΔHbond with ln(k) for 1,2-addition reactions (H2O, ROH, and HCl) and 1,4-addition 410 

reactions (HNO3, RCOOH, (H2O)2) involving CH2OO.  The rate constants are taken from the recent 411 
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literature for reactions with water and water dimer,13,14,17, carboxylic acids,24,25 and inorganic acids23 412 

and are restricted to direct measurements.  Values for ΔHacid and ΔHbond are taken from the ATcT 413 

database where available,71 and also from collision-induced dissociation measurements by DeTuri 414 

and Ervin for the alcohols.72  For water dimer, the gas phase acidity was approximated from estimates 415 

of the binding energy of the hydroxide-water complex [(OH–)H2O].73,74  The gas phase acidity values 416 

are summarized in Table 2, alongside the rate constants determined from direct kinetics 417 

measurements, and ab initio values of the transition state dipole moments. 418 

As in the earlier work by Tobias and Ziemann,69 we find a reasonably strong correlation between 419 

ΔHacid and ln(k) as shown in Figure 5(a).  Faster reactions are associated with reactants that have 420 

smaller values of gas-phase acidity and reactant ΔHacid is a predictor of likely reactivity with CH2OO.  421 

The rate constant for the CH2OO + H2O reaction is a significant outlier, however.  Furthermore, 422 

Hammett plots are strictly valid only for a single reaction mechanism.  Figure 5(b) shows the 423 

relationship between ΔHbond for OH (or HCl) and ln(k); as noted by Tobias and Ziemann, the 424 

correlation overall is poor, but the data naturally separate into the reactions that proceed via 1,2-425 

addition and those that proceed via the 1,4-addition mechanism.  Within the set of reactions that 426 

proceed via a specific mechanism, the rate constants generally increase as the bond strength 427 

decreases, but non-linearly.  For the 1,2-addition reactions, the relationships of ln(k) with ΔHacid and 428 

ΔHbond shown in Figure 5(a) and (b) have opposite curvatures.  We report, as an empirical 429 

observation, that ln(k) for the 1,2-addition reaction correlates strongly with the geometric mean of 430 

ΔHacid and ΔHbond, as shown in Figure 5(c).  For the 1,4-addition reactions, which are generally 431 

characterized by larger rate constants for an equivalent bond strength or gas-phase acidity, the 432 

general trends are the same, but the curvature is universally negative, suggesting that the rate 433 

constants are converging on a limit.  As noted earlier, the rate constants for the faster barrierless (or 434 

effectively barrierless) reactions may be controlled instead by long-range attractive interactions 435 

between the Criegee intermediate and the reactant molecules. 436 
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The ab initio calculations for the alcohol reactions show the formation of alkoxymethyl 437 

hydroperoxides, in agreement with the products seen in gas-phase ethene ozonolysis experiments 438 

using hydroxylic compounds as Criegee intermediate scavengers.27,28  The calculations identify two 439 

pathways for the decomposition of the alkoxymethyl hydroperoxides products: a barrierless 440 

cleavage of the peroxide bond and a water elimination reaction.  The former yields the radicals OH 441 

and ROCH2O, and while energetically accessible, is unlikely to be significant at higher pressures which 442 

will allow collisional stabilization of the hydroperoxide.  Any ROCH2O radicals produced, however, 443 

will react promptly with O2 to yield HO2 radicals and the corresponding alkyl formate.75  The second 444 

pathway, in which water is eliminated to produce an alkyl formate, has a large free energy and 445 

enthalpic barrier (ΔH ≈ ΔG ≈ +45 kcal mol–1) relative to alkoxymethyl hydroperoxide.  While the 446 

enthalpy of the elimination transition state lies slightly below the reactant asymptote, a true barrier 447 

exists on the free energy surface that is +10 kcal mol–1 above the reactant asymptote.  This 448 

decomposition pathway is also unlikely, particularly in collisional environments that favor 449 

stabilization of the alkoxymethyl hydroperoxide.  Neeb et al. detected trace amounts of methyl 450 

formate (CH3OCHO) from ethene ozonolysis in the presence of methanol,28 but suggested that it 451 

resulted from heterogenous chemistry.  However, methyl formate production is also possible from 452 

reaction of methoxymethoxy (CH3OCH2O) radical with O2, which was also present in the reaction 453 

mixture.75  454 

Finally, we consider the possible role of reactions between Criegee intermediates and alcohols in the 455 

atmosphere.  While reaction with water vapor is the major global atmospheric sink for CH2OO, recent 456 

studies have suggested that reactions with trace atmospheric gases may be locally competitive under 457 

certain conditions.23  At 295 K and 50% relative humidity (RH), the loss rate of CH2OO due to water 458 

vapor is about 2000 s–1, with water dimer (~1900 s–1) dominating over water monomer (~90 s–459 

1).13,14,17  In sharp contrast, CH2OO loss rates due to reactions with alcohols are estimated to be < 0.1 460 

s–1 for typical alcohol concentrations consistent with urban environments (20 ppbv for methanol, 461 
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and 10 ppbv for ethanol and isopropanol) and consequently are uncompetitive even under 462 

exceptionally dry conditions.  McGillen et al. found a negative temperature dependence for reaction 463 

of CH2OO with methanol and ethanol, likely due to formation of moderately stable entrance channel 464 

complexes.68  However, at lower temperatures the rate remains minor relative to reaction with water 465 

vapor, which continues to dominate.  The measured rate constants for the CH2OO + ROH reactions 466 

are an order of magnitude smaller than previous estimates for hydroxylic compounds used in box 467 

modelling,76,77 although substitution of the Criegee intermediate can profoundly affect reactivity.33 468 

Conclusions 469 

Rate constants for the reactions of a series of alcohols with the Criegee intermediate CH2OO have 470 

been measured at 295 K using transient absorption spectroscopy.  Alcohols react more rapidly than 471 

water monomer, but much more slowly than carboxylic acids, with rate constants of order 10–13 cm3 472 

s–1.  For the reactions of water and alcohols, complementary ab initio calculations find entrance 473 

channel complexes and free energy barriers of ~10 kcal mol–1 that qualitatively explain the observed 474 

rate constants and reactivity trends among hydroxylic compounds.  The transition state geometries 475 

and imaginary modes indicate that mechanism for the reactions of CH2OO with alcohols and water 476 

can be viewed as a 1,2-addition, while carboxylic acids undergo 1,4-addition across the Criegee 477 

intermediate. Both mechanism lead to formation of substituted hydroperoxides.  The rate constants 478 

for reactions of CH2OO with hydroxylic compounds correlate reasonably well with the gas-phase 479 

acidities of the reactants, indicating highly polar transition states, as confirmed by the ab initio 480 

calculations.  Under typical atmospheric conditions, alcohols are likely to make a negligible 481 

contribution to Criegee intermediate loss rates in the atmosphere. 482 
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Tables 700 

Table 1  Ab initio thermochemical data calculated at the CCSD(T)/aug-cc-701 

pVDZ//CCSD/cc-pVDZ level of theory.  All values are reported relative to the 702 

reactants.  Values of E + ZPE are at 0 K, while values of ΔH and ΔG are at 298.15 K. 703 

Alcohol CH3OH C2H5OH (CH3)2CHOH 

 E + ZPE (ΔH) [ΔG] / kcal mol–1 

Entrance channel complex –7.4 (–7.5) [+2.0] –7.9 (–8.4) [+2.9] –8.0 (–8.5) [+2.9] 

OH insertion, TSadd –2.9 (–4.1) [+8.3] –3.6 (–4.6) [+7.9]  –4.0 (–4.9) [+7.7] 

Alkoxymethyl 
hydroperoxide 

(MMHP, EMHP, PMHP) 
–45.6 (–46.4) [–34.8] –48.2 (–48.9) [–37.1] –47.5 (–48.1) [–36.1] 

H2O elimination, TSelim –0.8 (+10.5) {-0.1} –0.7 (–1.2) [+10.1] +0.2 (–0.8) [+12.3] 

Alkyl formates + H2O 
(MF, EF, PF) 

–120.5 (–120.1) [–118.9] –120.8 (–120.1) [–119.0] –118.1 (–117.5) [–115.9] 

Radicals + OH –4.7 (–4.3) [–3.4] –5.3 (–4.6) [–4.2] –4.1 (–3.4) [–2.7] 

CH addition TSadd,CH +22.0 (+20.8) [+33.3]   

Alkoxymethyl 
hydroperoxide 

(2HEHP) 
–49.9 (–51.0) [–38.6]   

  704 
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Table 2 Rate constants, gas-phase acidities, and calculated transition state dipole 705 

moments (CCSD/cc-pVDZ) for reactions of CH2OO with hydroxylic compounds and 706 

HCl.  Values of ΔHacid are taken from the Active Thermochemical Tables,71 and have 707 

uncertainties of ≤ 0.1 kcal mol–1, unless indicated.  For the alcohols, the bottom ΔHacid 708 

value is taken from DeTuri and Ervin72 while the value for (H2O)2 is calculated from 709 

values reported by Paul and Kebarle73 and Price et al.74 710 

 k / 10–13 cm3 s–1 ΔHacid / kcal mol–1 μTS / D References 

CH3OH 1.43±0.10 
382.5 

382±1 
3.88 

This work C2H5OH 2.34±0.22 
379.0 

379±1 
3.73 

(CH3)2CHOH 1.93±0.24 377±1 3.79 

H2O 

< 0.04 

0.0032±0.0012 

<0.015 

390.3 3.95 

Welz et al.5 

Berndt et al.13 

Chao et al.14 

(H2O)2 

65±8 

40±12 

74±6 

367 4.74 

Chao et al.14 

Lewis et al.16 

Smith et al.17 

HCOOH 1100±100 344.8 3.45 

Welz et al.24 

CH3COOH 
1300±100 

1200±100 
348±1 3.59 

CF3COOH 3400±300 324±3  Chhantyal-Pun et al.25 

HONO2 5400±1000 324.5 5.24 

Foreman et al.23 

HCl 460±100 333.4  

 711 
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Figures 713 

 714 

Figure 1.  Top panel: transient absorption spectra recorded at the indicated time 715 

delays in the absence (black) and presence of 9.7×1016 cm–3 methanol (blue).  716 

Experimental data are represented as dots, with the best fit spectra (see text) shown 717 

as solid lines.  The absorbance is dominated by CH2OO at short delays and by IO at 718 

longer delays.  The more rapid removal of the Criegee intermediate in the presence of 719 

methanol is apparent at intermediate delays as the loss of the characteristic 720 

vibrational structure.  Bottom panel: [CH2OO] time profiles determined from the 721 

transient absorption spectra and fits (dashed lines, with shaded areas representing 722 

95% confidence intervals) to an exponential rise and fall. 723 
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 725 

Figure 2. Pseudo-first order plots for reaction of CH2OO with CH3OH (blue), 726 

CH3CH2OH (green), and (CH3)2CHOH (red) as indicated. The individual data points are 727 

shown with 1σ error bars representing the uncertainty in the fit of the corresponding 728 

[CH2OO] time profile.  Linear fits to each data set are shown as dashed lines. The solid 729 

horizontal black line denotes 𝑘0
′ , the background loss rate in the absence of alcohol, 730 

with shading used to represent the uncertainty. 731 
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  733 

Figure 3.  Ab initio calculated energy (E + ZPE) at 0 K (black), enthalpy (blue), and free 734 

energy (red) at 298.15 K profiles for the CH2OO + CH3OH reaction.  TSadd and TSelim are 735 

the transition states for the initial addition reaction to form methoxymethyl 736 

hydroperoxide (MMHP) and the subsequent water elimination reaction that may lead 737 

to production of methyl formate (MF). 738 
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Figure 4  Transition state structures and force vectors for the reactions of CH2OO with 740 

H2O, CH3OH, and HNO3 calculated at the CCSD/cc-pVDZ level of theory. 741 
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 743 

Figure 5 Hammett-like plots showing correlations between reactant (a) bond energy, 744 

ΔHbond, (b) gas-phase acidity, ΔHacid, and (c) the geometric mean ΔHbond and ΔHacid, and 745 

ln(k) for CH2OO addition reactions.  Points shown in red correspond to reactions that 746 

proceed via 1,4-addition (water, carboxylic acids, nitric acid), while points shown in 747 

blue correspond to reactions that proceed via 1,2-addition (water monomer, alcohols, 748 

hydrochloric acid), as described in the text. 749 
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