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Abstract

Reactions of the simplest Criegee intermediate (CH,O0) with a series of alcohols have been studied
in a flash photolysis flow reactor. Laser photolysis of diiodomethane at 355 nm in the presence of
molecular oxygen was used to produce CH,00 and absolute number densities were determined as a
function of delay time from analysis of broadband transient absorption spectra obtained using a
pulsed LED. The kinetics for the reactions of CH,00 with methanol, ethanol, and isopropanol was
measured under pseudo-first order conditions at 295 K, yielding rate constants of (1.4+0.4)x10-13
cm3 s-1, (2.3+0.6)x10-13 cm3 s-1, and (1.9£0.5)x10-13 cm3 s-1, respectively. Complementary ab initio
calculations were performed at the CCSD(T)/aug-cc-pVTZ//CCSD/cc-pVDZ level of theory to
characterize stationary points on the reaction enthalpy and free energy surfaces, and to elucidate the
thermochemistry and mechanisms. The reactions proceed over free energy barriers of ~8 kcal mol-
1 to form geminal alkoxymethyl hydroperoxides: methoxymethyl hydroperoxide (MMHP),
ethoxymethyl hydroperoxide (EMHP), and isopropoxymethyl hydroperoxide (PMHP). The
experimental and theoretical results are compared to reactions of CH,00 with other hydroxylic

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

Ozonolysis of unsaturated hydrocarbons is an important oxidation process in the troposphere,.2 with
the reaction proceeding initially via the mechanism established following decades of work in
condensed phases.3 Ozone first adds across the olefinic bond to form a cyclic primary ozonide that
promptly decomposes to form a carbonyl and a carbonyl oxide, or Criegee intermediate (R1R2C0OO0).
In the gas phase, the energized Criegee intermediate either decomposes or is collisionally stabilized,
subsequently reacting with trace atmospheric gases. Despite extensive research activity, Criegee
intermediates evaded direct detection in the gas phase until relatively recently,%5 when
photoionization mass spectrometry using tunable VUV was shown to allow specific detection of
formaldehyde oxide (CH,00), the simplest Criegee intermediate, over its more stable isomers
dioxirane and formic acid. Equally important for direct studies was the discovery that the fast
reaction of photolytically-produced iodoalkyl radicals with molecular oxygen provided a convenient,
high yield route to stabilized Criegee intermediate production.5¢ Photolysis of geminal diiodoalkane
precursors in the presence of molecular oxygen has been shown to be a generally viable route for

production of various alkyl-substituted Criegee intermediates.”-9

Subsequently, there has been a proliferation of work characterizing the spectroscopy of several
simple Criegee intermediates, as well as direct measurements of the kinetics of their reactions with
trace atmospheric gases.19-12 The major atmospheric sink for CH,00 is reaction with water vapor,
which is ubiquitous throughout the troposphere. While reaction with water monomer is slow, having
rate constants in the range 10-15 to 10-16 cm3 s-1,513-15 water dimer reacts significantly faster with
reported rate constants spanning 4.0-7.4x10-12 cm3 s-1 and is present at concentrations greater than
many other trace gases.141617 We will use “water vapor” to refer collectively to both monomer and
dimer. For larger Criegee intermediates, reactivity and unimolecular dissociation rates vary

dramatically with molecular structure. Acetaldehyde oxide (CH3;CHOO) exists as syn and anti
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conformers, and the reactions of anti-CH;CHOO with water vapor are an order of magnitude or more
faster than those of either the syn-CH3;CHOO or CH200.7.1819 Acetone oxide [(CH3).COOQ], on the other
hand, is relatively unreactive to water vapor but undergoes rapid reaction with SO, suggesting that
this reaction may be competitive, even in humid conditions.820 Reactions of Criegee intermediates
with SO2 can contribute to sulfate aerosol particle formation and have been studied
extensively.578151821  Thermal unimolecular decomposition is also an important sink at higher
temperatures, particularly for Criegee intermediates that can access the vinoxy + OH pathway, such
as syn-CH3CHOO and (CH3).C00.2022 Reactions with trace gases that are sufficiently fast may be
locally competitive with water vapor and thermal decomposition under specific conditions.
Reactions with organic and inorganic acids fall into this category, with rate constants exceeding 10-
10 cm3 s-1,23-25 and could be significant at lower temperatures and relative humidity, particularly in

polluted urban environments.

While rate constants for reactions with carboxylic acids have been directly quantified relatively
recently,2425 they have long been known as efficient gas-phase scavengers of CH,00 from gas-phase
ethene ozonolysis experiments.26-22 Neeb et al. detected substituted hydroperoxide products
following ethene ozonolysis in the presence of HCOOH, CH3;COOH or CH3OH using FTIR. The
products, thought to result from breaking the O-H bond of the added scavenger, were
hydroperoxymethyl formate, hydroperoxymethyl acetate, and methoxymethyl hydroperoxide,
respectively. From analysis of product yields, they ranked the reactivity of CH,00 with hydroxylic
compounds H20 « CH30H « HCOOH = CH3COOH.2¢8 Hydroperoxide products were also detected by
Wolff et al. using HPLC/HPIC during ethene ozonolysis in the presence of HCOOH, CH30H, C;Hs0H,
H202, and H;0. The expected substituted hydroperoxides were produced with particularly high
yields upon addition of CH3OH (methoxymethyl hydroperoxide, 46% yield) and CH3;CHOH
(ethoxymethyl hydroperoxide, 38% yield). The ethene ozonolysis results suggest that rate constants

for the reactions of alcohols with CH,00 should lie between those for water and carboxylic acids.
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Numerous theoretical studies have characterized Criegee intermediate reactions; Vereecken and
Francisco’s extensive review of theoretical studies of tropospheric reactions summarizes the period
up until 2012.29 Here we focus on theoretical studies of reactions between CH,00 and hydroxyl
compounds. The reactions of Criegee intermediates with water have been studied extensively
computationally,30-38 with most groups using model chemistries that involve geometries and
harmonic frequencies calculated using varieties of density functional theory and subsequent
refinement of electronic energies using CCSD(T). Mechanistically, the CH,00 + H;0 reaction
proceeds via an entrance channel complex, followed by addition to form the stable adduct
hydroxymethyl hydroperoxide (HMHP). The transition state is calculated to be higher in energy than
the reactants, presenting a small barrier to reaction. The presence of a second water molecule
suppresses the energy of the transition state, leading to a submerged barrier, and consequently larger
rate constants. The transition state for the CH,00 + (H:0): reaction involves a double H-atom
transfer, but can also be viewed overall as an addition reaction that leads to the HMHP-H>0 complex.
Transition state theory calculations predict rate constants at 298 K in the range 10-18-10-15 cm3 s-1
for the CH200 + H;0 reaction32-3538 and 10-12-10-10 cm3 s-! for the CH200 + (H20) reaction,323435 in
relatively good agreement with experimental measurements. Fewer theoretical studies have
investigated the reactions of Criegee intermediates with acids,233039-41 for which the primary
addition products are also substituted hydroperoxides. Entrance channel complexes and transition
states are significantly more stable for the inorganic acids HCl and HNO3, and the submerged barriers
are only a few kcal mol-1.234041 For carboxylic acids, the reactions with CH,00 can proceed without
a barrier to form hydroperoxymethyl esters.3941 Consequently, reactions with acids are significantly
faster, with calculated rate constants of order 10-10 cm3 s-1. Vereecken classifies the mechanisms as
1,2-insertion (e.g. water) or 1,4-insertion reactions (e.g. formic acid),*! and the insertion designation
has been used by others previously.1112 However, these reactions are entirely consistent with the

IUPAC definition of addition reactions,*? and we prefer the terms 1,2-addition and 1,4-addition,



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

reserving insertion to describe reactions involving atomic species that insert into chemical bonds e.g.
0(!D) + CH4. To the best of our knowledge, there have been no previous theoretical studies of Criegee

intermediate reactions with alcohols.

The kinetics of the reactions of Criegee intermediates with the alcohols methanol, ethanol and
isopropanol is the subject of this work. Alcohols are found throughout the troposphere and have
primarily biogenic sources. After methane, methanol is the most abundant organic compound in the
atmosphere and is primarily released during plant growth, although other sources include plant
decay, biomass burning, and industrial and vehicular emissions.43 Average methanol mixing ratios
range from 1 ppbv over the remote ocean to 20 ppbv for urban areas and forests.#¢ Ethanol is
produced from vegetation and plant litter, with smaller anthropogenic contributions from the use of
commercial and industrial solvents, resulting in typical mixing ratios of 100 pptv in remote areas and
1-10 ppbv in urban areas.*> In regions where a sizeable proportion of vehicles run on ethanol-
blended fuels, peak mixing ratios of several hundred ppbv have been measured.4¢ A study of alcohol
concentrations in Osaka reported average mixing ratios of isopropanol that are close to those of
methanol and ethanol.#” Other alcohols have been identified in plant emissions,*® though field

measurements of the mixing ratios are scarce.

In this paper, we describe a combined experimental and computational study exploring the kinetics
and mechanisms of the reactions between CH,00 and a series of alcohols. Rate constants for the
reactions of methanol, ethanol, and isopropanol have been measured at 295 K using broadband
transient absorption spectroscopy. Complementary ab initio calculations have been performed to
map out the reaction pathways on the enthalpy and free energy surfaces. Reactivity trends across
families of hydroxylic and related compounds are shown to correlate well with the reactant gas-

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

and alcohols are discussed.

Experimental and computational methods

Flash kinetics measurements were performed in a flow reactor using single-pass broadband
transient absorption spectroscopy, the details of which have been described previously, with some
minor modifications.2349 All measurements were performed at 295 K and a total pressure of 80-100
Torr. Briefly, CH,00 formation is initiated by pulsed laser photolysis of CH:I, (Alfa Aesar, 99%) at
355 nm (Continuum Surelite I1I-10 or Quantel Brilliant B, typical pulse energies 10-14 m] cm-2) in
the presence of alarge excess 0,. Photolytically generated CH:I radicals react rapidly with O; to form
CH»00 with high yield.>0-53 Transient absorption spectra were recorded in the wavelength range
360-390 nm as a function of time after photolysis by dispersing the transmitted output of a pulsed
broadband UV LED (LightSpeed Technologies, HPLS-36, 500 ns duration) in a spectrograph (Andor
SR303i with iDus 420). The UV LED was nominally centered at 365 nm and had an approximately
Gaussian output with FWHM of ~10 nm. Absorption spectra were collected at a repetition rate of 10

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

For the present experiments, the length of the stainless-steel flow reactor was increased from 50 cm
to 160 cm (total volume ~1.5 L), improving the sensitivity, and choked flow orifices of various
diameters (O’Keefe) were used to regulate the gas flows rather than mass flow controllers. The
orifices were calibrated using a mass flow controller (Alicat) to accurately determine the mass flows
under the experimental backing pressure conditions. The total gas flow to the cell was ~3 sLpm, with
individual flows set to yield fractional concentrations of ~0.1% CHzl;, ~10% O, and N; balance. For
the kinetics measurements, the alcohols CH30H (Fisher Scientific, 99.8%), CH;CH;0H (Sigma Aldrich,
99.5%), and (CH3)2CHOH (Fisher Scientific, 99.9%) were introduced by flowing N through a bubbler

containing the liquid sample. The bubbler was immersed in a temperature-controlled water bath to
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stabilize the vapor pressure of the alcohol. For the kinetics measurements, fractional alcohol
concentrations were varied over the range 0.3%-4.0% (absolute concentrations of 1016 to 1017 cm-
3) by using choked flow orifices with different diameters. Alcohol concentrations were three to four
orders of magnitude greater than typical peak concentrations of CH200 (~1013 cm-3), ensuring
pseudo-first order conditions. Alcohol concentrations in the flow reactor (in cm-3) were estimated

using

Ny
ROH] = xFPiot === E1l
[ 1 = XF Pt 103RT (E1)

where yis the mole fraction of the alcohol in the ROH/N; gas flow, F is the fraction of that flow relative
to the total gas flow, P is the total pressure (in atm) maintained in the flow reactor during the
measurements, and R is the gas constant in L atm mol-! K-1. The vapor pressures (and corresponding
mole fractions) for methanol, ethanol, and isopropanol were 108 Torr (x = 0.092), 49 Torr (xy = 0.044),
and 36 Torr (x = 0.033), respectively, at the water bath temperature of 295 K. The smaller values of
x for ethanol and isopropanol necessitated increased ROH/N; gas flows to achieve a range of
concentrations like that of methanol. An independent flow of N, controlled by a mass flow controller
was used to balance changes in F and maintain a constant total pressure. Potential sources of error
in using Equation E1 to determine alcohol concentration are evaporative cooling of the liquid and
lack of vapor/liquid equilibration in the N> flow, both of which could potentially lead to systematic
overestimation of the alcohol concentration, especially at higher flow rates. Instability and non-
linearity in the CH,00 loss rate with flow rate were observed only in the absence of temperature

stabilization.

Complementary ab initio calculations were performed to characterize stationary points on the
potential energy surfaces for the reactions of CH,00 with methanol, ethanol, and isopropanol.

Optimized geometries and harmonic frequencies for reactants, entrance channel complexes,
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transition states, and products were calculated at the CCSD/cc-pVDZ level of theory and the
electronic energies were subsequently refined using single point CCSD(T)/aug-cc-pVTZ calculations.
Intrinsic reaction coordinate (IRC) calculations were used to confirm correspondence of the
transition states with the correct reactant and product species. The ab initio calculations are not
exhaustive, and the reported structures represent only the lowest energy conformations identified.
Thermodynamic functions at 298.15 K were evaluated within the rigid-rotor harmonic oscillator
(RRHO) approximation and may be subject to some degree of error due to the presence of low
frequency modes or internal rotors. All calculations were performed using the MOLPRO 2012.1

program.>

Results

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

measure rate constants for the reactions of CH,00 with methanol, ethanol, and isopropanol:

CH200 + CH30H — products (R1)
CH200 + CH3CH0H — products (R2)
CH»00 + (CH3).CHOH — products (R3)

All experiments were performed at a temperature of 295 K and at total pressures of 80-100 Torr.
Photolysis of CH:I; at 355 nm was used to generate CH:I radicals, which react rapidly (ks = 1.37-

1.82x10-12 cm3 s-1) with O, to yield CH,00 and other products:6-55.56

CH,l + 0, - CH,00 +1 (R4a)
CH,I + 0, - HCHO + 10 (R4b)
CH,l + 02 + M - CH2100 + M (R4c)
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Branching between reactions R4a—c is pressure-dependent and, across the 80-100 Torr range used

in the current experiments, the fractional yield of CH,0O0 is estimated to be ~0.67.5253

1. Transient absorption spectroscopy

Single-pass transient absorption spectra of the B!A’-X!A’ transition of CH,00 were recorded over the
wavelength range 360-390 nm, using a UV LED with an approximately Gaussian spectral profile
(centered at 365 nm, FWHM 10 nm), capturing several characteristic vibronic features on the red
edge of the absorption band.4%5657 [0, an unavoidable by-product of the CHI + O reaction, also
absorbs in the probe spectral window.58 A small fraction of the total 10 is produced directly via
Reaction R4b but it is formed predominantly by secondary chemistry, resulting in very different
kinetics.525559-61  The upper panel of Figure 1 shows transient absorption spectra recorded at
selected time delays after the photolysis laser pulse in the absence of alcohol and in the presence of
9.7x1016 cm-3 of methanol . The absorbance reaches a maximum rapidly (At < 10 ps) and clearly
shows the diffuse vibrational structure that is characteristic of CH,00. The overall absorbance
decreases at longer delays, and the vibrational structure becomes increasingly indistinct; at the
longest delay times, the spectrum is dominated by the 10 continuum absorption. The addition of
alcohol has little effect on the spectra acquired at either short or long delays, but increases the rate

at which CH200 is lost.

Absolute concentrations of CH,00 and 10 were obtained by fitting the transient spectra at each time
delay to a linear combination of the wavelength-dependent absorption cross sections of CH,00 and

10,4958

A(4)/l = [CH;00]ocH,00(A) + [10]a10(4) (E2)

The absorbance at early times is almost exclusively due to CH,00, which is both formed and removed

much faster than 10. The maximum CH;00 concentration of ~2.5x1013 cm-3 is reached

10
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approximately 10 ps after photolysis. The peak [CH200] is consistent with the initial [CH2I,] of 4x1015
cm-3, measured directly using absorption spectroscopy, and a fractional dissociation of <1%,23
estimated using the photolysis laser fluence and the CH:I, absorption cross section at 355 nm.62.63
The residence time of the gas in the cell is ~4 s and while the effect of varying the repetition rate was
not directly examined, the measured absorbance was observed to return to background within the
100 ms period between photolysis pulses and the peak concentrations of CH,00 were consistent

over extended time periods.

In the absence of additional reactants, [CH,00] decayed over several hundred microseconds, and was
completely removed by 400 ps. Over the range of concentrations used, the addition of alcohol left
the rise time and peak concentrations of CH,00 unaffected but increased the overall loss rate. The
lower panel of Figure 1 shows typical [CH,00] time profiles in the absence and presence of methanol
in the flow reactor. Several processes contribute to CH200 loss, even in the absence of alcohol. On
the sub-millisecond time scale of the measurements, diffusion followed by wall loss is negligible and
thermal unimolecular decomposition, for which rates of 0.2-11.6 s-1 have been reported,13216465 js
also much too slow to contribute significantly. The major loss processes are gas-phase reactions with
other species that are present in the flow reactor, in particular I atoms and residual CH:I; precursor,
as well as the self-reaction. The kinetic model used to describe the time dependence of [CH200]
incorporates formation and loss processes, the former depending on the reaction of the
photolytically-produced CH.I with 0. The coupled differential rate equations for [CH2I] and [CH200]

can be written as

d[CH,I] ,
dtz = —k,[CH,I] (E3)
d[CH,00] , ,
d—i = +kform[CH1] — kioss[CH,00] — 2kge1¢[CH,00]? (E4)

11
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where primes indicate pseudo-first order rate constants. CH:l is consumed (Equation E3) in a
pseudo-first order process by reaction with excess 02, with rate constant k; = k,[0,]. Equation E4
describes the time dependence of the CH200 concentration. The first term describes the formation
rate, where k¢ = k4a[02] = @42k4[0,]. The second term approximates losses due to reactions
with other species as pseudo-first order processes; that s, kj,ss = ko + krou[ROH] where kg = ¥ ky ;
and the ky ; are pseudo-first order rate constants for background reactions that occur in the absence
of the alcohol reactant. Finally, the third term describes loss via self-reaction. Values for kscr in the
range 6.0-8.0x10-11 cm3 s-1 have been reported,215266 indicating that self-reaction is fast. However,
numerically modeling the [CH200] time dependence by neglecting pseudo-first order loss and
considering only loss due to self-reaction predicts a CH,00 lifetime of about 2 ms while the
experimentally observed lifetime is <0.5 ms. While the self-reaction is fast, it is not sufficiently fast

on its own to account for the observed loss of CH,00.

Equation E4 is a Ricatti differential equation, for which the analytical solution is too complicated to
be useful as a fitting function. In our previous work on the reactions of CH.00 with inorganic acids,
we found that loss was well-described by a simple exponential decay, which suggested that self-
reaction did not contribute significantly.23 As will be demonstrated below, neglecting the self-
reaction term in Equation E4 has no effect on the change in k;,,, measured as a function of added
alcohol concentration. If self-reaction is neglected, the integrated rate equation describing the

[CH200] time dependence becomes a simple exponential rise and fall:

!

k ! !
[CH,00], = [CH,I] &(e‘kmrmt - e-klosst) (E5)

0,7 [
kloss - kform

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

is characterized by the greater of k¢, and kj,s, and typical values of ~105 s-1are consistent with

12
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the expected rate of formation based on reported rate constants for Reaction R4, the O,

concentration, and the pressure-dependent Criegee intermediate yield.

To explore the effect on the loss rates of neglecting the self-reaction, CH200 concentration time
profiles were simulated by solving Equation E4 numerically for a selected range of kj s, values
spanning the approximate range determined by fitting the experimental data. The CH,00 formation
and self-reaction rate constants were fixed using previously reported values.62167 Fitting the
simulated [CH200] time profiles to Equation E5 yielded values of k|, that were systematically, but
uniformly, larger than the input value. The addition of alcohol increases the observed CH200 loss
rate, as determined by fitting to the exponential rise and fall. While neglecting self-reaction leads to
a systematic overestimate of kj,, the uniformity of the overestimate means that it has no significant
effect on the increase in the loss rate that occurs in the presence of the alcohol. Using kseir = 7x10-11
cm3 s-1215266 we estimate that the fraction of CH,00 lost to self-reaction is less than 0.06 in

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

Figure 2 shows pseudo-first order plots of ki, as a function of [ROH] for each of the three alcohols.
The horizontal line represents the average background loss rate, kjy, which incorporates any
systematic overestimate of k.. introduced by neglecting the CH,00 self-reaction. For all three
alcohols, ki, increases linearly with alcohol concentration and the intercept agrees with kg to
within their mutual uncertainties. The slopes of the pseudo-first order plots correspond to the
bimolecular rate constants kroy and are similar for all three alcohols. Reaction with ethanol is fastest,
with rate constant kgwon = (2.3+£0.6)x10-13 cm3 s-1, followed by isopropanol with kipron= (1.9£0.5)x10-
13 ¢cm3 s-1, and finally methanol with kwmeon = (1.4+0.4)x10-13 cm3 s-1. Reported error limits are
propagated from the 1o statistical uncertainties from the fits, which are weighted by the uncertainty

in kj,ss, and an estimated 25% systematic uncertainty in the alcohol concentration.

13
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Ab initio calculations at the CCSD(T)/aug-cc-pVTZ//CCSD/ac-pVDZ level were performed to
characterize minima and saddle points on the potential energy surfaces for the reactions of CH,00
with methanol, ethanol, and isopropanol. Cartesian coordinates and images are collated in the
Supplementary Information. Figure 3 shows the standard enthalpy and standard free energy profiles
relative to the reactants for the CH,00 + CH30H reaction, evaluated at a pressure of 1 am and a
temperature of 298.15 K. Very similar enthalpy and free energy profiles are found for the ethanol
and isopropanol reactions, with differences at each point typically being only a few kcal mol-1. The

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

The reactions proceed by first forming hydrogen-bonded complexes between the alcohol and CH,00
(AH = -8 kcal mol-! relative to reactants). Modest geometrical rearrangements are required to reach
the transition states from the complexes. The reactions proceed via an 1,2-addition mechanism, in
which the alcohol adds across the Criegee intermediate to form geminal alkoxymethyl hydroperoxide
(ROCH200H) primary products. Overall, forming methoxymethyl hydroperoxide (MMHP),
ethoxymethyl hydroperoxide (EMHP), and isopropoxymethyl hydroperoxide (PMHP), is exothermic
by AH = -48 kcal mol-!. The addition transition states, TS.qq4, are first order saddle points on the
reaction potential energy surface, characterized by imaginary frequencies in the range 360i-390i cm-
1 and located at AH = +4 kcal mol-! with respect to the complexes. That is, the enthalpic barrier to
reaction is submerged. For the CH200 + CH30H reaction, an alternative transition state was identified
in which the alcohol undergoes 1,2-addition across CH200 via the C-H bond of the methyl group in
the eclipsed position relative to the OH group, forming 2-hydroxyethyl hydroperoxide (2-HEHP).
While the reaction forming 2-HEHP is slightly more exothermic than that leading to MMHP, the
barrier of AH = +21 kcal mol-! is significantly higher and inaccessible at 298 K. Analogous pathways

likely exist for reactions of ethanol and isopropanol, but were not pursued computationally.
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Two energetically accessible decomposition pathways were identified for the alkoxymethyl
hydroperoxide primary products. First, homolytic cleavage of the weak peroxide bond leads to
formation of OH and an alkoxymethoxy radical (ROCH20), which lie at AH = -4 kcal mol-! relative to
the reactants. The second decomposition pathway is the highly exothermic (AH = -70 kcal mol-! with
respect to the hydroperoxide) elimination of water to produce the corresponding alkyl formates
(ROCHO). The H;0 elimination transition states, TSeiim, are characterized by imaginary frequencies
of approximately 1620i cm-!, and involve formation of water from the peroxy OH group and an a-H
atom. The enthalpic barrier to water elimination from the alkyl hydroperoxide is almost
thermoneutral with respect to the reactants. The free energy surface paints a slightly different
picture (see Figure 3 and Table 1). The entrance channel complexes are entropically unstable with
respect to the reactants, with AG = +3 kcal mol-! and the free energy barriers for the initial 1,2-
addition reactions are not submerged, and are found at AG = +8 kcal mol-1. Decomposition of the
alkoxymethyl hydroperoxides via water elimination is inhibited by +10 kcal mol-! barriers for TSeiim

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

Discussion

The rate constants for the reactions of CH,00 with methanol, ethanol, and isopropanol are similar,
with kgoy ® 10-13 cm3 s-! at 295 K. The alcohol reactions are significantly faster than reaction with
water monomer, ky,o # 10-15 cm3 s-1,51315 but much slower than reactions with carboxylic acids,
krcoon ® 10-10 cm3 s-1.2425 While this article was under review, Orr-Ewing and co-workers reported
direct kinetics measurements of reactions R1 and R2 using cavity ring-down spectroscopy. They
found a small negative temperature dependence for the reactions, with rate constants of kmeon =
(1.123:9)x10-13 cm3 s~ and kewon = (1.2 §:3)x10-13 cm3 s-1 at 295 K, in good agreement with this work.68
The relative magnitudes of the rate constants determined from direct kinetics measurements agree

with the reactivity trend inferred from ethene ozonolysis studies using hydroxylic species as Criegee
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intermediate scavengers by Neeb et al.: H;0 < CH30H <« HCOOH ~ CH3COOH.28 Tobias and Ziemann
found the same reactivity trend for the C13 Criegee intermediate formed in the ozonolysis of 1-
tetradecene and noted that the reaction rates depended primarily on the reactant functionality with
little variation among different alcohols or carboxylic acids.®® In all the reactions of CH200 involving
hydroxylic compounds, the primary products in both the gas and liquid phases are substituted
hydroperoxides.327.28 Considering methanol and formic acid to be representative of alcohols and
carboxylic acids, the primary products are methoxymethyl hydroperoxide (CHsOCH,OOH, MMHP)
and hydroperoxymethyl formate (HC(0)OCH,OOH, HPMF), while the reaction of CH,00 with water
forms hydroxymethyl hydroperoxide (HOCH,OO0H, HMHP). While these reactions all proceed via
addition mechanisms to form substituted hydroperoxides, the rate constants span six orders of

magnitude.

The ab initio calculations find a submerged barrier for the CH,00 + CH30H reaction of AH = -4.1 kcal
mol-! at 298 K, while analogous calculations for the CH,00 + H,0 reaction locate the transition state
at AH = +0.7 kcal mol-1. On the free energy surface the respective barriers are +12.2 kcal mol-! and
+8.3 kcal mol-1. The ratio of the rate constants for the methanol and water reactions can be estimated

using the Eyring equation

where AAG is the difference between the ab initio free energy barriers. The reaction of CH,00 with
methanol is predicted to have a rate constant 740 times larger than that of water at 298 K. Using the
rate constant of kveon = 1.4x10-13 cm3 s-1 determined in this work, the rate constant for the CH,00 +
H,0 reaction is predicted to be 1.9x10-'¢ cm3 s-!, in good agreement with experimental

measurements.513.14
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If complex formation is assumed to be a pre-requisite for reaction and equilibrium is established, the

reactions of CH200 + ROH [R = H, CH3, C2Hs, (CH3)2CH] can modelled as two step composite reaction:

CH200 + ROH = [CH200--ROH] - products

The overall rate constant kron can therefore be expressed as

krou = Keqkadd

Keq is the equilibrium constant for complex formation, which can be evaluated from the standard free
energy change in going from reactants to the complex, [CH,00---ROH]. The rate constant for the

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

kyT

AG
baaa = =5 ()

RT

where k is the tunneling correction factor and AG is the standard free energy change associated with
going from the complex to the transition state. Previous calculations characterizing the CH,00 + H,0
reaction have found relatively small tunneling correction factor of k¥ = 1.24 by modelling potential
energy as an unsymmetrical Eckart potential, and never greater than a factor of three for reactions
involving a range of Criegee intermediates.33 A crude estimate of the tunneling correction factor can

be obtained using the one-dimensional Wigner approximation

*2

— 142
Y

where u* = hv*/kT and v* is the frequency of the imaginary mode. For the CH,00 + H;0 reaction, v*
= 475i cm-1, suggesting a tunneling correction factor of 1.22. The imaginary frequencies and relative
barrier heights for the 1,2-addition reactions are similar, and we estimate values for k in the range
1.12-1.14. Uncertainties in the values of AG arising from use of the RRHO approximation are likely

to introduce errors of a similar or larger magnitude. The predicted rate constants are in surprisingly
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good agreement with the values determined experimentally. The calculated rate constant of 3.1x10-
16 cm3 s-1 for the CH,00 + H20 reaction is in excellent agreement with the value reported by Berndt
et al.13 and consistent with the upper limits reported by Welz et al. and Chao et al51* The rate
constants for the reaction of methanol, ethanol, and isopropanol are calculated to be 2.5x10-13 cm3 s-
1,4.8x10-13 cm3 s-1, and 6.6x10-13 cm3 s-1, respectively. The CTST calculations predict rate constants
that are the correct order of magnitude, although the experimental trend is not reproduced. This
approach cannot, however, be used to calculate a rate constant for the HCOOH reaction, which
proceeds by a barrierless association to form hydroperoxymethyl formate (HPMF) without the
formation of a stable reactant complex.3039 The rate constants predicted for the reactions of the
inorganic acids HCl and HNOs3 are significantly overestimated, suggesting that the large rate constants
observed for reactions of carboxylic and inorganic acids approach the collision limit and may be

controlled by long-range interactions between the reactants.23.25

While reactions of CH,00 with hydroxylic compounds form analogous substituted hydroperoxide
products, the ab initio results indicate that the mechanism for the fast reactions of nitric acid and
carboxylic acids with CH200 is different from that of the far slower reactions of water and alcohols.
Figure 4 shows transition state geometries and force vectors associated with the imaginary mode for
the reactions of CH,00 with H,0, CH30H, and HNOs3, calculated at the CCSD/cc-pVDZ level of theory.
Water and methanol (and alcohols more generally) add across CH200 i.e. the hydroxyl H-atom is
transferred to the terminal O-atom of the Criegee intermediate, while a new bond simultaneously
forms between the hydroxyl O-atom and the Criegee C-atom. For HNO3z (and HCOOH) however, the
new C-0 bond is formed not between the hydroxylic O-atom, but rather the nitrosyl (carbonyl) O-
atom.233039-41  Consequently, we make a distinction between a 1,2-addition mechanism for the
reactions of water and alcohols, and a 1,4-addition mechanism for the reactions of nitric acid and
carboxylic acids.#! The CH,00 + HCl reaction can also be classified as a 1,2-addition, while CH,00 +

(H20)2 can be construed as a 1,4-addition of the water dimer across the Criegee intermediate leading

18



387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

to the HMHP-H;0 complex as the adduct.z331-34 In general, the 1,4-addition mechanism is associated
with reactions of hydroxylic compounds that have larger rate constants, viz. HNO3;, RCOOH, and
(H20)2. One possible reason for the lower energies of the 1,4-addition transition states (where they
exist) is structural. The distance between the C-atom and the terminal 0-atom of CH,00 (the atoms
that participate in bond-formation) is about 2.2 A. The distance between the hydroxylic H-atom and
carbonyl/nitrosyl O-atom in formic and nitric acids is 2.4 A and 2.1 A, respectively, while the OH bond
in alcohols is < 1 A. The 0-H---O moiety in both the entrance channel complex and transition state
has a bend angle of ~150° in the CH200 + ROH reactions and the resulting strained five-membered
transition states lead to greater barrier heights. The geometric constraints are relaxed to some
degree in the fast reaction of HCI with CH200 (kuc = 4.6x10-11 cm3 s-1), which also proceeds by a 1,2-
addition mechanism and a five-membered transition state,?3 by the longer HCI bond length of ruc =
1.28 A. As aresult, the free energy barrier is reduced to +0.6 kcal mol-1, calculated at the same level
of theory. In contrast, the species that react by the 1,4-addition mechanism can adopt a geometrically
more favorable interaction! with the Criegee intermediate, allowing a near collinear geometry for
the O-H---O moiety that increases the effectiveness of H-bonding and facilitates H-atom transfer and
C-0 bond formation. Equivalent transition states have been predicted for the reactions of Criegee
intermediates with H,SO4 and the reactions are likely to be fast.”® The larger rate constant for the
CH200 reaction with water dimer over that of the monomer can also be justified by geometrical

considerations and the relaxed seven-membered transition state.31.32.34.35

Tobias and Ziemann found that the relative rates for reactions of the C13 Criegee intermediate with
hydroperoxide-forming species correlated well with the gas-phase acidities, AHacq, but not with the
OH bond strengths, AHpong, indicating that the reactions proceeded via highly polar transition states.6°
Figure 5 show Hammett-like plots, equivalent to that of Tobias and Ziemann, showing the correlation
of AHaca and AHpona with In(k) for 1,2-addition reactions (H.O, ROH, and HCI) and 1,4-addition

reactions (HNOs;, RCOOH, (H20);) involving CH,00. The rate constants are taken from the recent
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literature for reactions with water and water dimer,13.1417, carboxylic acids,?425 and inorganic acids23
and are restricted to direct measurements. Values for AHaciq and AHpona are taken from the ATcT
database where available,”! and also from collision-induced dissociation measurements by DeTuri
and Ervin for the alcohols.”? For water dimer, the gas phase acidity was approximated from estimates
of the binding energy of the hydroxide-water complex [(OH-)H20].737¢ The gas phase acidity values
are summarized in Table 2, alongside the rate constants determined from direct kinetics

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

As in the earlier work by Tobias and Ziemann,®® we find a reasonably strong correlation between
AH,ciq and In(k) as shown in Figure 5(a). Faster reactions are associated with reactants that have
smaller values of gas-phase acidity and reactant AH.q is a predictor of likely reactivity with CH,00.
The rate constant for the CH,00 + H;0 reaction is a significant outlier, however. Furthermore,
Hammett plots are strictly valid only for a single reaction mechanism. Figure 5(b) shows the
relationship between AHyona for OH (or HCl) and In(k); as noted by Tobias and Ziemann, the
correlation overall is poor, but the data naturally separate into the reactions that proceed via 1,2-
addition and those that proceed via the 1,4-addition mechanism. Within the set of reactions that
proceed via a specific mechanism, the rate constants generally increase as the bond strength
decreases, but non-linearly. For the 1,2-addition reactions, the relationships of In(k) with AHaq and
AHpona shown in Figure 5(a) and (b) have opposite curvatures. We report, as an empirical
observation, that In(k) for the 1,2-addition reaction correlates strongly with the geometric mean of
AH,aeiq and AHpong, as shown in Figure 5(c). For the 1,4-addition reactions, which are generally
characterized by larger rate constants for an equivalent bond strength or gas-phase acidity, the
general trends are the same, but the curvature is universally negative, suggesting that the rate
constants are converging on a limit. As noted earlier, the rate constants for the faster barrierless (or
effectively barrierless) reactions may be controlled instead by long-range attractive interactions

between the Criegee intermediate and the reactant molecules.
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The ab initio calculations for the alcohol reactions show the formation of alkoxymethyl
hydroperoxides, in agreement with the products seen in gas-phase ethene ozonolysis experiments
using hydroxylic compounds as Criegee intermediate scavengers.2”.28 The calculations identify two
pathways for the decomposition of the alkoxymethyl hydroperoxides products: a barrierless
cleavage of the peroxide bond and a water elimination reaction. The former yields the radicals OH
and ROCH:0, and while energetically accessible, is unlikely to be significant at higher pressures which
will allow collisional stabilization of the hydroperoxide. Any ROCH0 radicals produced, however,
will react promptly with O to yield HO; radicals and the corresponding alkyl formate.”> The second
pathway, in which water is eliminated to produce an alkyl formate, has a large free energy and
enthalpic barrier (AH = AG = +45 kcal mol-1) relative to alkoxymethyl hydroperoxide. While the
enthalpy of the elimination transition state lies slightly below the reactant asymptote, a true barrier
exists on the free energy surface that is +10 kcal mol-! above the reactant asymptote. This
decomposition pathway is also unlikely, particularly in collisional environments that favor
stabilization of the alkoxymethyl hydroperoxide. Neeb et al. detected trace amounts of methyl
formate (CH30CHO) from ethene ozonolysis in the presence of methanol,28 but suggested that it
resulted from heterogenous chemistry. However, methyl formate production is also possible from
reaction of methoxymethoxy (CH30CH:0) radical with O,, which was also present in the reaction

mixture.’s

Finally, we consider the possible role of reactions between Criegee intermediates and alcohols in the
atmosphere. While reaction with water vapor is the major global atmospheric sink for CH200, recent
studies have suggested that reactions with trace atmospheric gases may be locally competitive under
certain conditions.?3 At 295 K and 50% relative humidity (RH), the loss rate of CH,00 due to water
vapor is about 2000 s-1, with water dimer (~1900 s-!) dominating over water monomer (~90 s-
1).131417 [n sharp contrast, CH200 loss rates due to reactions with alcohols are estimated to be < 0.1

s-1 for typical alcohol concentrations consistent with urban environments (20 ppbv for methanol,
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and 10 ppbv for ethanol and isopropanol) and consequently are uncompetitive even under
exceptionally dry conditions. McGillen et al. found a negative temperature dependence for reaction
of CH200 with methanol and ethanol, likely due to formation of moderately stable entrance channel
complexes.68 However, at lower temperatures the rate remains minor relative to reaction with water
vapor, which continues to dominate. The measured rate constants for the CH,00 + ROH reactions
are an order of magnitude smaller than previous estimates for hydroxylic compounds used in box

modelling,7677 although substitution of the Criegee intermediate can profoundly affect reactivity.33
Conclusions

Rate constants for the reactions of a series of alcohols with the Criegee intermediate CH,00 have
been measured at 295 K using transient absorption spectroscopy. Alcohols react more rapidly than
water monomer, but much more slowly than carboxylic acids, with rate constants of order 10-13 cm3
s-1. For the reactions of water and alcohols, complementary ab initio calculations find entrance
channel complexes and free energy barriers of ~10 kcal mol-! that qualitatively explain the observed
rate constants and reactivity trends among hydroxylic compounds. The transition state geometries
and imaginary modes indicate that mechanism for the reactions of CH,00 with alcohols and water
can be viewed as a 1,2-addition, while carboxylic acids undergo 1,4-addition across the Criegee
intermediate. Both mechanism lead to formation of substituted hydroperoxides. The rate constants
for reactions of CH,00 with hydroxylic compounds correlate reasonably well with the gas-phase
acidities of the reactants, indicating highly polar transition states, as confirmed by the ab initio
calculations. Under typical atmospheric conditions, alcohols are likely to make a negligible

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

701 Table 1 Ab initio thermochemical data calculated at the CCSD(T)/aug-cc-
702 pVDZ//CCSD/cc-pVDZ level of theory. All values are reported relative to the
703 reactants. Values of E + ZPE are at 0 K, while values of AH and AG are at 298.15 K.
Alcohol CH3;0H C,HsOH (CH3).CHOH

E +ZPE (AH) [AG] / kcal mol-!

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 -45.6 (-46.4) [-34.8] -48.2 (-48.9) [-37.1] -47.5 (-48.1) [-36.1]

(MMHP, EMHP, PMHP)

H0 elimination, TSeiim -0.8 (+10.5) {-0.1} -0.7 (-1.2) [+10.1] +0.2 (-0.8) [+12.3]

Alkyl formates + Hz0 ~120.5 (-120.1) [-118.9] -120.8 (-120.1) [-119.0] -118.1 (-117.5) [-115.9]

(MF, EF, PF)
Radicals + OH -4.7 (-4.3) [-3.4] -5.3 (-4.6) [-4.2] -4.1 (-3.4) [-2.7]
CH addition TSaad,cu +22.0 (+20.8) [+33.3]
Alkoxymethyl
hydroperoxide -49.9 (-51.0) [-38.6]
(2ZHEHP)

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

706 moments (CCSD/cc-pVDZ) for reactions of CH200 with hydroxylic compounds and
707 HCI. Values of AH,.q are taken from the Active Thermochemical Tables,’! and have
708 uncertainties of < 0.1 kcal mol-1, unless indicated. For the alcohols, the bottom AH.ciq
709 value is taken from DeTuri and Ervin72 while the value for (H20): is calculated from
710 values reported by Paul and Kebarle?3 and Price et al.74

k/10-13 cm3s-1 AH,cq / kcal mol-t urs /D References
382.5
+
CH3;0H 1.43+0.10 28241 3.88
379.0 .
+
C2Hs0H 2.34+0.22 37941 3.73 This work
(CH3).CHOH 1.93+0.24 377+1 3.79
<0.04 Welz et al 5
H.0 0.0032+0.0012 390.3 3.95 Berndt et al.13
<0.015 Chao et al.14
658 Chao et al.14
(H20): 40+12 367 4.74 Lewis et al.16
746 Smith et al.l”
HCOOH 1100+£100 344.8 3.45
Welz et al.24
1300+100
+
CH3COOH 1200100 348+1 3.59
CFsCOOH 3400+£300 324+3 Chhantyal-Pun et al.25
HONO; 5400+1000 324.5 5.24
Foreman et al.23
HCI 460+100 333.4
711
712
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715 Figure 1. Top panel: transient absorption spectra recorded at the indicated time
716 delays in the absence (black) and presence of 9.7x1016 cm-3 methanol (blue).
717 Experimental data are represented as dots, with the best fit spectra (see text) shown
718 as solid lines. The absorbance is dominated by CH,00 at short delays and by IO at
719 longer delays. The more rapid removal of the Criegee intermediate in the presence of
720 methanol is apparent at intermediate delays as the loss of the characteristic
721 vibrational structure. Bottom panel: [CH,00] time profiles determined from the
722 transient absorption spectra and fits (dashed lines, with shaded areas representing
723 95% confidence intervals) to an exponential rise and fall.
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Figure 2. Pseudo-first order plots for reaction of CH,00 with CH3OH (blue),
CH3CH2OH (green), and (CH3).CHOH (red) as indicated. The individual data points are
shown with 1o error bars representing the uncertainty in the fit of the corresponding
[CH200] time profile. Linear fits to each data set are shown as dashed lines. The solid
horizontal black line denotes kg, the background loss rate in the absence of alcoho],

with shading used to represent the uncertainty.
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Figure 3. Ab initio calculated energy (E + ZPE) at 0 K (black), enthalpy (blue), and free
energy (red) at 298.15 K profiles for the CH,00 + CH30H reaction. TSaq¢ and TSeiim are
the transition states for the initial addition reaction to form methoxymethyl
hydroperoxide (MMHP) and the subsequent water elimination reaction that may lead

to production of methyl formate (MF).
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740 Figure 4 Transition state structures and force vectors for the reactions of CH,00 with
741 H0, CH30H, and HNOj3 calculated at the CCSD/cc-pVDZ level of theory.
742
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Figure 5 Hammett-like plots showing correlations between reactant (a) bond energy,
AHyong, (b) gas-phase acidity, AHacig, and (c) the geometric mean AHpond and AHacig, and
In(k) for CH200 addition reactions. Points shown in red correspond to reactions that
proceed via 1,4-addition (water, carboxylic acids, nitric acid), while points shown in

blue correspond to reactions that proceed via 1,2-addition (water monomer, alcohols,
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hydrochloric acid), as described in the text.
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