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ABSTRACT OF THE DISSERTATION 

Direct Spectroscopic and Kinetic Measurements of the Simplest Criegee Intermediate 

By 

Elizabeth Stack Foreman 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2017 

Professor Craig Murray, Chair 

 

Atmospheric chemistry is driven largely by free radical species whose reactions determine 

both the composition and oxidative capacity of the atmosphere.  Carbonyl oxides, or 

Criegee Intermediates, formed in the ozonolysis of alkenes in the troposphere are highly 

reactive biradicals/zwitterions that are implicated in the production of secondary organic 

aerosol and particulate matter.  This thesis will focus on the following aspects of the 

spectroscopy and kinetics related to the simplest Criegee Intermediate, formaldehyde 

oxide: (1) kinetics of IO radical formation from the CH2I + O2 reaction, (2) spectroscopy and 

dynamics of electronically excited states of CH2OO, (3) the kinetics of reactions of CH2OO 

with trace atmospheric pollutants.  The spectroscopic and kinetic study of IO radicals 

formed as minor products in the laboratory synthesis of Criegee Intermediates is 

performed using cavity ring-down spectroscopy (CRDS).  We observe experimentally that 

IO radicals exhibit vibrational state specific formation kinetics and suggest that this is due 

to a product branching ratio controlled by the degree of internal excitation in the reactants.  



xviii 
 

IO and CH2OO are produced simultaneously in the reaction of CH2I with O2 and exhibit 

overlapping absorption bands in the near-ultraviolet/visible.  This poses a challenge for 

direct detection of CH2OO using a linear absorption technique.  The measured rate constant 

for the formation of IO is used to deconvolute the total observed absorption spectrum into 

individual molecular components.  Both CRDS and single-pass broadband transient 

absorption spectroscopy (BBTAS) are used to independently measure the absolute 

absorption cross sections for the second electronically excited state of CH2OO in the near-

ultraviolet/visible.  We show that the absorption spectra do not exhibit fine structure, even 

at the lowest excitation energies, and that the observed broad lineshapes cannot be 

attributed hot bands.  This suggests that the photolysis quantum yield is ≪1 and the 

observed structure in the electronic absorption spectrum, that is absent from the action 

spectrum, is the result of relaxation via nonradiative population transfer to a long-lived 

state or fluorescence.  BBTAS is subsequently used to probe the kinetics of the reactions of 

CH2OO with two inorganic acids: HCl and HNO3.  We find that these reactions occur at or 

near the collision limit and that nitric acid in particular may be locally competitive with 

water vapor, which is widely accepted as the dominant sink for Criegee Intermediates in 

the atmosphere.  Taken together these studies provide a deeper understanding of the role 

Criegee Intermediates play in tropospheric chemistry. 
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1 Introduction 

Gas phase reactions of ozone with alkenes are an important source of reactive radicals in 

the troposphere which influence atmospheric oxidation and aerosol particle formation.  

The outcome of these processes hinge on the fate of the highly reactive carbonyl oxide 

intermediate, commonly referred to as a Criegee Intermediate. 

1.1 Criegee Mechanism of Alkene Ozonolysis 

Current understanding of the ozonolysis mechanism is based on the solution phase studies 

of Rudolf Criegee.  The reaction proceeds by a [2+3] cycloaddition of ozone across the C–C 

double bond of an unsaturated hydrocarbon to form a highly exothermic cyclic primary 

ozonide.  The primary ozonide subsequently decomposes by O–O and C–C bond cleavage to 

form two fragments: a carbonyl and a highly vibrationally excited carbonyl oxide, R1R2COO, 

which will hereon be referred to as the Criegee Intermediate (CI).1  The CI is resonance 

stabilized and can be described as either a biradical or a peroxidic zwitterion;2,3 the latter 

terminology will be adopted for the remaining discussion. 

 

 
Scheme 1.1.  Ozonolysis mechanism proposed by Rudolf Criegee and resonance structures 

for a general Criegee Intermediate R1R2COO. 
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Like the isoelectronic ozone, CIs are 1,3–dipolar compounds and readily undergo 

cycloaddition with their partner carbonyl fragment to form the more stable secondary 

ozonide.1  In solution, the carbonyl and CI fragments remain in close proximity to one 

another due to solvent caging.  The mechanism was experimentally supported by the direct 

detection of secondary ozonides and CI decomposition products from the reactions of 

various alkenes with ozone in the condensed phase.4,5   

In the gas phase, the fate of the energized CI differs from that in the condensed phase 

because the collision rate is reduced, molecules are unbound by a solvent cage, and so 

unimolecular decomposition becomes competitive with other bimolecular processes.  

Scheme 1.3 depicts the three major reaction pathways for acetone oxide formed from the 

ozonolysis of 1,1,2,2–tetramethylethylene (TME) in the gas phase: the hot acid/ester 

channel (red), the hydroperoxide channel (blue), and collisional stabilization (black).  The 

first step in the hot acid/ester channel is isomerization to dimethyldioxirane, followed by a 

ring opening step though the cleavage of the O–O bond, and isomerization to methyl 

acetate.  The “hot ester” may be collisionally stabilized or may decompose further until the 

final thermodynamic sink is found.  This channel is the dominant 

isomerization/decomposition pathway for the unsubstituted CI, CH2OO, and anti 

monosubstituted CIs.  For di- and syn monosubstitued CIs, a large barrier to the dioxirane 

isomerization implies this is at most a minor channel.6  Here syn and anti refer to the 

orientation of the C–O–O group in an asymmetrically substituted CI (see scheme 1.2). 
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syn–CH3CHOO 

 
anti–CH3CHOO 

 
Scheme 1.2.  Syn and anti conformers of acetaldehyde oxide, CH3CHOO. 

The hydroperoxide channel proceeds first by an H-atom transfer from the syn methyl 

substituent to the terminal O atom to form 2-hydroperoxypropene, followed by fission of 

the O-O bond to form the acetonyl radical and OH radical.  This is the dominant 

isomerization/decomposition channel for both di- and syn substituted CIs.6  The 

hydroperoxide may also isomerize by an OH migration to the terminal methyl group to 

produce hydroxyacetone, although this is expected to be minor compared to the OH + 

carbonyl channel due to the 20 kcal mol–1 barrier relative to the CI.7  Lastly, excited CIs may 

be collisionally relaxed to produce stabilized CIs that undergo bimolecular reactions with 

other trace gases in the atmosphere resulting in the formation of secondary organic aerosol 

particles, inorganic particles, organic acids, hydroperoxides, and ketones. 8  
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Scheme 1.3:  Gas-phase ozonolysis mechanism of TME.  Three unimolecular reaction 
pathways are shown:  the stabilized Criegee intermediate channel (black), the 

hydroperoxide channel (blue), and the hot ester/acid channel (red). 
 

1.2 Role of Criegee Intermediates in Tropospheric Chemistry 

Alkene ozonolysis is an important atmospheric process in both urban and remote 

environments.  Although the rate constants for ozone–alkene reactions are small (10–15–

10–18 cm3 s–1) relative to other major oxidants such as hydroxyl radical (10–10–10–12 cm3 s–

1), O3 concentrations (1011–1013 cm–3) are much higher than OH (106 cm–3) throughout the 

troposphere, making alkene ozonolysis an important sink for both alkenes and ozone.9  OH 

radicals are produced primarily through photochemistry, making alkene ozonolysis 

particularly important for night-time chemistry.   
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1.2.1 Chemistry in polluted environments 

Tropospheric ozone is produced primarily from anthropogenic emissions.  NO, emitted as a 

primary pollutant from vehicle exhaust, is oxidized to NO2 in the presence of volatile 

organic compounds which photolytically generates ozone.10 

 NO2 + hν → NO + O(3P) 

O(3P) + O2 + M → O3 + M 

(R1) 

(R2) 

 Alkenes are also emitted in urban environments due to anthropogenic activities such as 

the incomplete combustion of fossil fuels and biomass burning.  Typically short chain (C2–

C5) alkenes are emitted from vehicle exhaust, where ethene and propene are emitted in the 

highest abundance.11  Fuel combustion is also responsible for sizeable sulfur emissions, 

90% of which is emitted as SO2, which is produced at a rate of millions of tons of SO2 per 

year.9  The reaction of stabilized CIs with SO2 may contribute to the formation of sulfuric 

acid,12,13 a known precursor to the nucleation of new particles and facilitator of particle 

growth.14  

 R1R2COO + SO2 → R1R2CO + SO3 

SO3 + H2O → H2SO4 

(R3) 

(R4) 

By a similar mechanism, CIs may also act an important sink for NO2 in polluted urban 

environments. 

 R1R2COO + NO2 → R1R2CO + NO3 (R5a) 

The reaction may produce nitrate radical which is photolyzed rapidly during the day but 

acts as an important tropospheric oxidant and source of radicals at night.9 However, the 

direct production of NO3 via reaction R5a remains highly contested.15–17 
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1.2.2 Chemistry in remote environments 

Alkene ozonolysis is also important in environments in which the chemistry is dominated 

by biogenic emissions.  Although remote locations are typically characterized as “low NOx” 

environments, ozone concentrations remain elevated above pre–industrial levels in the 

parts per billion (ppb) range.  Tropospheric ozone has a considerable atmospheric lifetime 

of 19 days, and can be transported far downwind of its anthropogenic sources.11  The 

majority of alkenes in the troposphere are emitted biogenically from vegetation.11  These 

alkenes are volatile organic compounds (VOC) that are typically classified as terpenoid 

compounds that are composed of repeat units of isoprene, C5H8. Isoprene and α–pinene, 

C10H16, are the most abundant of these species.18  The products of the ozonolysis of high 

molecular weight alkenes are further oxidized in the atmosphere to form extremely low 

volatility organic compounds (ELVOCs) which condense into droplets.  The least volatile 

compounds contribute to nucleation of new particles, upon which other low volatility 

compounds can condense and grow into larger particles, referred to as secondary organic 

aerosol (SOA) particles.9  The mechanism by which alkene ozonolysis results in the 

formation of SOA varies greatly depending on the volatility of the reaction products and 

reactivity towards atmospheric oxidants.19,20  CIs are thought to play a crucial role in the 

aerosol nucleating process for some cases, such as: ozonolysis of trans–3–hexene, trans–4–

octene, 2,3–dimethyl–2–butene, and several vinyl ethers. 20–22   The products of these 

alkene ozonolysis reactions are substantially volatile, and undergo further oxidation 

through bimolecular reactions to produce LVOCs. Under laboratory conditions, CIs 

oligomerize due to bimolecular reactions with RO2, HO2, and other CIs to form long chain 

oligoperoxides, in which the repeat unit is the CI, that comprise a substantial fraction of the 
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total SOA material produced from the reaction.20  Other alkene ozonolysis reactions that 

produce LVOCs directly may contribute to new particle formation by a mechanism that 

does not involve CI oligomerization.19,20 

1.2.3 CIs as a Source of Night-time OH radicals 

Hydroxyl radical acts as the predominant reactive sink for organic compounds during 

daylight hours, for example, methane which is a potent greenhouse gas, and is widely 

considered the most important oxidant in the atmosphere.23  The oxidation of 

hydrocarbons is initiated by a H abstraction and propagates through a cycle that 

regenerates OH.24 

 OH + RH → H2O + R 

R + O2 + M → RO2 + M 

RO2 + NO → RO + NO2 

RO + O2 → R=O + HO2 

HO2 + NO → OH + NO 

(R6a) 

(R6b) 

(R6c) 

(R6d) 

(R6e) 

In this way, even very small concentrations of OH radicals can have a drastic impact on the 

oxidizing capacity of the atmosphere. 

OH radicals are typically produced by the following photochemical reactions involving 

ozone, or to a lesser extent, nitrous acid (HONO) and formaldehyde (HCHO):25,26,23 

 O3 + hν (λ ≤ 336 nm) → O2 + O(1D) 

O(1D) + H2O → 2OH 

O(1D) + M → O(3P) + M 

(R7a) 

(R7b) 

(R7c) 
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O(3P) + O2 → O3 (R7d) 

 HONO + hν (λ ≤ 400 nm) → OH + NO 

H2CO + hν (λ ≤ 338 nm) → H + HCO 

HCO + O2 → HO2 + CO 

HO2 + NO → OH + NO2 

(R8) 

(R9a) 

(R9b) 

(R9c) 

Reaction of O(1D) with water competes with collisional stabilization, and subsequent 

regeneration of ozone by reaction with molecular oxygen.  Although the branching between 

R7b and R7c–d will vary with location, temperature, and humidity, the fraction of O(1D) 

that reacts with water typically varies between 8–18%, trending linearly with relative 

humidity.27   

OH levels exhibit strong diurnal and seasonal variation, with average global levels in the 

0.5–5×106 cm−3 range.25  Summertime field studies by Paulson and Orlando in both rural 

(forested) and urban sites in the United States demonstrate that alkene–ozone reactions 

are a significant source of HOx (OH +HO2) around 8 am and 4 pm when O3 levels have built 

up and the photolysis rate is low.24  A field study of HOx levels downwind of an urban 

center in the UK has shown that although the flux of O(1D) in summer is 15 times larger 

than in winter, the concentration of OH is only two times higher in summer.28  Another field 

study in a remote location in the Germany found peak OH levels around 3×106 cm–3 in both 

December and September.29  These studies indirectly demonstrate the importance of non–

photolytic OH generation by ozone–alkene chemistry, particularly at night and during 

winter months. 
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The ozonolysis of terpenes typically results in the formation of singly or doubly alkyl 

substituted CIs with both syn and anti conformers.  The decomposition of di- and syn 

mono–substituted CIs, as discussed earlier, typically proceeds by the hydroperoxide 

channel producing OH radicals.  The OH yield from the ozonolysis of a given alkene 

typically increases with the degree of alkyl substitution, varying from 0.16 for the 

ozonolysis of ethene to 0.90 for the ozonolysis of 2,3–dimethyl–2–butene.6  This trend is 

generally consistent with the proposed hydroperoxide channel as a route to OH, in which 

only CIs with syn alkyl substitution make the H atom transfer to the terminal O atom.  

Yields are typically calculated using a tracer method, in which a tracer molecule that reacts 

rapidly with OH is added in large excess to the alkene and the tracer’s concentration is 

monitored as a function of the amount of ozone or alkene consumed.30–32 

In recent years, direct measurements have verified the production of OH, via a H–shift 

mechanism consistent with the hydroperoxide channel, from the unimolecular 

decomposition of several C2 and C3 CIs: CH3CHOO, (CH3)2COO, and CH3CH2CHOO.33–35  

These studies have also experimentally determined that the barrier height to form the vinyl 

hydroperoxides are only 16–17 kcal mol–1 above the CI energies, which is significantly 

lower than had been predicted theoretically.33–35 Consequently, production of OH over a 

small submerged barrier relative to the ozone–alkene energy may be more facile at 

atmospheric pressure than initially thought. 
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1.3 Laboratory Production of Criegee Intermediates for Direct 

Measurements 

1.3.1 Challenges of direct detection of CIs from alkene ozonolysis 

Historically, direct detection of CIs produced in the ozonolysis of alkenes under ambient 

conditions has proven to be incredibly difficult.  The main challenges lie with the kinetics 

and energetics of ozone–alkene reactions in general.  Rate constants for alkene ozonolysis 

are typically small, 10–15–10–18 cm3 s–1,9 and the CI produced is lost rapidly by both 

unimolecular processes and bimolecular reactions with other species that are unavoidably 

present in the reaction mixture, such as: other CIs, carbonyls, and organic acids.8  

Furthermore, alkene ozonolysis is a highly exothermic process, and following the 

decomposition of the highly energized primary ozonide, the CI + carbonyl products are 

formed with a substantial amount of excess energy.  From there, isomerization and/or 

decomposition of the energized CI is exothermic for both major pathways.  As a result, the 

steady state concentration of CIs under atmospherically relevant conditions is small and 

therefore very difficult to detect.  Figure 1.1 shows the energetics for the ozonolysis of two 

alkenes with differing branching ratios between the hydroperoxide and hot acid/ester 

channels: ethene (black) and tetramethylethene (blue).  The CI is not only highly energized 

upon formation, but it is also the least energetically stable of all the structural isomers of 

CR2O2.  The calculated energies were taken from Olzmann et al. and Antonovskii and 

Khursan. 37,36 
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Figure 1.1.  Energetics of the ozonolysis of ethene tetramethylethene by hydroperoxide 
(black, blue) and hot acid/ester (grey, light blue) channels.  A3 and C3 represent the CI + 
carbonyl products.  Assignments for reactants and products are listed in Table 1.1. 

 

Table 1.1.  Reactants and Products of the ozonolysis of ethene and tetramethylethene 

A1 O3 + C2H4 C1 O3 + TME 

A2 POZ C2 POZ 

A3 CH2OO + H2CO C3 (CH3)2COO + CH3C(O)CH3 

A4 OH+ HCO + H2CO C4 CH2C(CH3)OOH + CH3C(O)CH3 

  C5 OH + CH2C(O)CH3 + CH3C(O)CH3 

B4 Dioxirane + H2CO D4 Dimethyldioxirane + CH3C(O)CH3 

B5 dioxymethane + H2CO D5 2,2-dioxypropane + CH3C(O)CH3 

B6 HC(O)OH + H2CO D6 CH3C(O)OCH3 + CH3C(O)CH3 
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Existence of other energetically accessible and stable structural isomers also complicates 

detection by mass selective techniques. Figure 1.2 displays the structures of four the 

isomers of CH2O2, where formic acid is the most stable.  The availability of multiple 

energetically accessible unimolecular reaction pathways in addition to the collisional 

stabilization of the CI leads to a host of problems when interpreting the reaction 

mechanism.38  Many of the decomposition products of the CI may interfere with the 

ozonolysis reaction, such as the release of OH which will compete with O3 for reaction with 

alkenes and form additional radical products.  Stabilized CIs also react rapidly with 

themselves and their more stable acid/ester isomer,39–41 which further obscures end 

product analyses.  

Consequently, studies of the reactivity of CIs produced from alkene ozonolysis incur large 

variability.  Relative rate constants measured for CI reactions with H2O, SO2, H2CO, and NO2 

each span four orders of magnitude.13  These large uncertainties make it difficult to assess 

the importance of the scavenging of CIs by a variety of trace gases in the atmosphere. 

In recent years, CIs have been detected directly from the ozonolysis of ethene42 and β-

pinene43 using fourier transform microwave spectroscopy and fourier transform infrared 

 
 

Formaldehyde oxide 
 

-44.1 

 
 

dioxymethane 
 

-47.2 

 
 

Dioxirane 
 

-68.3 

 
 

Formic acid 
 

-163.2 
 

Figure 1.2.  Structural isomers of CH2O2 (m/z=46) and their energies (kcal mol–1) relative 
to O3+C2H4. 
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spectroscopy.  These groundbreaking studies have been instrumental in solidifying the 

Criegee mechanism of ozonolysis in the gas phase.  However, the microwave detection of 

CH2OO from the ozonolysis of ethene was performed in a supersonic expansion, far from 

atmospherically relevant conditions.  Furthermore, the extremely low number density of 

CIs generated from ozone-alkene reactions severely limits the applicability of alkene 

ozonolysis for direct kinetic studies of CI reactions in the laboratory.  

1.3.2 Alternative route to CIs  

Criegee Intermediates have attracted significant interest in recent years, spurred by the 

first direct spectroscopic observation by Taatjes et al. in 2008.44  The first direct detection 

of formaldehyde oxide, CH2OO, was performed using tunable synchrotron vacuum 

ultraviolet (VUV) photoionization mass spectrometry (PIMS), a technique that takes 

advantage of the relatively low ionization energy of the CI compared to other isomers.  

CH2OO can be ionized at relatively low energy, 9.85 eV, compared to dioxirane and formic 

acid which ionize above 10.8 eV.44  CH2OO was produced by the chlorine atom initiated 

oxidation of dimethyl sulfoxide in the presence O2. 

 CH3S(O)CH3 + Cl → CH2S(O)CH3 + HCl 

CH2S(O)CH3 + O2 → CH2OO + CH3SO 

(R10a) 

(R10b) 

Although this production enabled the first direct detection of a CI, the signal to noise was 

low, due to the small number density of CIs generated by reaction R10, making 

implementation for future direct studies problematic.   

Investigations of reaction CH2I + O2 by Eskola et al. demonstrated that I atoms are 

produced rapidly and in a large yield, although the co–product was not determined.45  
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Shortly after, another study by Welz et al. demonstrated the implementation of the UV 

photolysis of 1,1-diiodoalkanes in O2 as an source of CIs.44 

 CH2I2 + hν → CH2I + I 

CH2I + O2 → CH2OO + I 

(R11) 

(R12) 

The same VUV-PIMS technique was used to unambiguously establish the production of 

CH2OO.  The rate constant for the formation of CIs from the reaction of iodomethyl radical 

with O2 is large, 1.5×10–12 cm3 s–1,40 which translates to a six order of magnitude increase 

compared to ethene ozonolysis.  Additionally, CH2OO is produced nearly thermoneutral 

from reaction R12, with a lifetime on the order of milliseconds.  Consequently, substantial 

number densities of CH2OO can be generated by reaction R12, 44 allowing direct detection 

via a range of experimental techniques. The applicability of this chemistry to produce a 

wider range of substituted CIs is limited only by the ability to synthesize geminal 

diiodoalkane precursors (CR2I2).  This synthetic route in particular has spurred a flurry of 

spectroscopic and kinetic studies for simple (C1–C3) CIs. 

1.3.3 Direct Spectroscopic Studies 

Following the measurement of the photoionization spectrum of CH2OO,44 Beames et al. 

used a UV-VUV depletion technique to reveal a strong and diffuse band centered at 324 nm 

that was assigned to the B̃1A′–X̃1A′ electronic transition.46  The absorption spectrum of the 

B̃1A′–X̃1A′ transition was measured shortly after by broadband time-resolved cavity 

enhanced spectroscopy, revealing a structured vibrational progression extending to longer 

wavelengths that was absent in the action spectrum.47  The long wavelength structure was 

later confirmed using single-pass broadband transient absorption spectroscopy,48 although 
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the magnitude of the peak absorption cross section varies by a factor of 5 between the 

three measurements.  The UV/vis action46,49,50 and absorption spectra48,51–54 for several C1-

C3 CIs have since been measured in recent years and several examples are summarized in 

Figure 1.3. The discrepancies between the action and absorption spectra are discussed in 

detail in Chapter 3. 

 

 

Figure 1.3. Summary of action (left) and absorption (right) spectra for several C1-C3 Criegee 
Intermediates. 

The absorption spectra of CH2OO and CH3CHOO have also been directly measured in the 

infrared55–58 and microwave59–63 regions.  Infrared studies have been particularly useful in 

determining the relative abundance of syn and anti conformers, as well as the conformer 

dependent reactivity of acetaldehyde oxide.58  Both infrared and microwave spectroscopy 

studies of CIs have been crucial in defining the geometry of the electronic ground state of 

the CI and also identifying the zwitterion, rather than the biradical, as the dominant ground 

state structure.55,60,64  

1.3.4 Direct Kinetic Studies 

Direct spectroscopic studies of the CI via PIMS and absorptions spectroscopy in the 

UV/visible and infrared spectral regions using the UV photolysis of 1,1–diiodoalkanes in 
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the presence in O2 has enabled direct kinetic studies of CIs with a variety of trace gases.  A 

summary of direct kinetic measurements of CH2OO, CH3CHOO, and (CH3)2COO at 298 K is 

given in Tables 1.2, 1.3, and 1.4. 

1.3.4.1 H2O and (H2O)2 

Kinetics of the reactions of CIs with water have been studied extensively, primarily because 

water vapor is ubiquitous in the atmosphere.  Even in dry climates, water vapor 

concentrations are orders of magnitude larger than most other trace pollutants.  CIs react 

with water to form hydroperoxides which have been well characterized as products of the 

reaction.13   

 CR2OO + H2O → CR2(OH)OOH (R13) 

However, direct measurements of the reactions of CIs with water have been incredibly 

challenging, due to the small rate constant for the reaction.  Nearly all directly measured 

rate constants for the reactions of CIs with H2O are reported as upper limits, ranging from 

7.3–40×10–16 cm3 s–1 for reaction with CH2OO.44,65,66  Theoretically, reaction R13 should 

exhibit Arrhenius–like behavior67 and therefore becomes less significant at lower 

temperatures characteristic of the upper troposphere, although the temperature 

dependence has not been measured,.  The anti conformer of CH3CHOO, on the other hand, 

exhibits enhanced reactivity towards H2O with a readily measurable rate constant of 

1.0×10–14 cm3 s–1, 68 that is not predicted to depend strongly on temperature. 67 

An additional complication in measuring the rate constant for reaction R13 is the presence 

of water dimer.  Lewis et al. and Chao et al. determined that the loss rate of CH2OO varies 

quadratically with relative humidity, and that CIs react primarily with the water dimer, 
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rather than the monomer, with a considerably larger rate constant (4–6.5×10–12 cm3 s-1) 

that depends negatively on temperature.15,65,69   

 CR2OO + (H2O)2 → CR2(OH)OOH + H2O (R14) 

Water dimer is an ever-present component of water vapor, with an equilibrium constant 

that shifts towards the formation of the dimer with decreasing temperature. 63,71 Although 

the water dimer concentration is considerably lower than water monomer, water dimer is 

still at least ten times more abundant than other competitive reactants, such as SO2, NOx, 

and carboxylic acids, and contributes ~1000 s–1 to the atmospheric loss rate of CH2OO (at 

50% relative humidity, 760 Torr, and 298 K).65 Similar to the trend for the water monomer, 

anti–CH3CHOO reacts with water dimer an order of magnitude more rapidly than CH2OO. 72  

Therefore, water vapor, particularly water dimer, is accepted as the primary sink for 

stabilized CIs of the form anti–CRHOO in the atmosphere.  It is possible that CIs of the form 

syn–CRHOO or CR2OO may participate in other reactions that are locally competitive with 

reactions 13 and 14. 

1.3.4.2 SO2 

The reactions of CIs with SO2 are particularly important in the atmosphere due to the 

production H2SO4 and, ultimately, the formation of new particles. Reaction R3 has gained 

substantial attention following the first direct kinetic studies by Welz et al. in which a 

surprisingly large rate constant for the reaction of CH2OO with SO2 was measured 

(3.9×10−11 cm3 s−1) compared to expectations based on indirect studies (10−15−10−11 cm3 

s−1).44,73  Reaction 3 has been studied extensively, and measurements of the kinetics of 

reaction 3 have been incredibly consistent, ranging from 3.6−4.1×10−11 cm3 s−1.39,44,52,54,74 
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Multiple studies have since demonstrated that the reactivity of a CI towards SO2 is highly 

dependent upon the alkyl substitution of the CI.  Both (CH3)2COO and anti−CH3CHOO 

exhibit enhanced reactivity towards SO2 compared with formaldehyde oxide.48,50,58,63  The 

reaction of (CH3)2COO with SO2 is particularly interesting when compared to its reactivity 

with water and water dimer.  Similar to CH2OO, (CH3)2COO reacts slowly with water 

monomer and also with the dimer (<1.5×10–16 and <1.3×10–13 cm3 s−1).52  The depressed 

reactivity of the dimethyl substituted CI towards water, especially water dimer, permits a 

longer atmospheric lifetime, and increases the likelihood of reaction with SO2 in polluted 

environments.  This result suggests that other disubstituted CIs may be exceptionally 

efficient at oxidizing SO2 in the atmosphere.   However, for larger CIs, such as (CH3)2COO, 

unimolecular decomposition rates are also competitive (361 s−1 at 298 K) with the 

atmospheric loss rate for SO2 (50 s−1 at 298 K and 50 ppb SO2).75 

1.3.4.3 Organic Acids 

Reactions of CIs with organic acids produce highly oxidized hydroperoxides that react with 

other CIs to form low volatility hydroperoxide oligomers that have been identified as 

components of SOA.76 

 CR1R2OO + R3(O)OH → R3(O)O–CR1R2OO–H 

(n–1)⋅CR1R2OO + R3(O)O–CR1R2OO–H → R3(O)O–(CR1R2OO)n–H 

(R15a) 

(R15b) 

Direct kinetic studies of C1 and C2 CIs with formic acid and acetic acid have shown that the 

first step in this process occurs at a near-collision limited rate.41  These reactions also 

exhibit a dependence on the substitution of the CI, where CH3CHOO reacts more rapidly 

with both formic and acetic acids than CH2OO, although the conformer specific reactivity is 
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negligible.  These results suggest that larger CIs produced from the ozonolysis of 

biogenically emitted terpenes would also occur with a large rate constant.  Even using a 

conservative estimate of 1×10−10 cm3 s−1 for the reaction of all CH2OO with all organic acids, 

Welz et al. predict that 10% of CH2OO in a boreal forest environment would react with 

organic acids.41  These reactions may have an even greater impact on atmospheric 

chemistry for disubstituted CIs that have a reduced reactivity towards water and water 

dimer. 

1.3.4.4 Self Reaction 

The self reaction has long been considered an important loss process for CIs in solution, 

where solvent caging effects result in rapid dimerization to form cyclic 1,2,4,5–

tetraoxanes.1 However, laboratory experiments implementing diiodoalkane photolysis will 

also produce CIs with  a high spatial density along the path of the photolysis beam.  Even in 

the absence of other added reagents, the decay of CH2OO under such laboratory conditions 

is rapid (τ=50–2000 μs) and seems to scale inversely with the peak CH2OO number 

density.44,64  Su et al. determined that the differences observed in the lifetime of the CI 

result from rapid self reaction, where k=4×10–10 cm3 s–1 at 298 K.64 Similar to the solution 

phase mechanism, the lowest energy path for the self reaction of CH2OO begins with the 

highly exothermic formation of the dimer (−92.4 kcal mol−1).  In the gas phase, the dimer is 

not stabilized efficiently, and decomposes over a 58.1 kcal mol−1 submerged barrier to form 

two formaldehyde molecules and one electronically excited oxygen molecule (–75.9 kcal 

mol−1).64 

 CH2OO + CH2OO → 2H2CO + O2(1Δg) (R16) 
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This reaction is central to the interpretation of experimental data in which the number 

density of CIs is large and the lifetime of CIs is short.  The generation of two units of 

formaldehyde may also aid in the interpretation of alkene ozonolysis experiments in which 

the carbonyl yield is often greater than unity.38  Production of electronically excited 

molecular oxygen is also an interesting, but as of yet unexplored aspect of CI chemistry. 

1.3.4.5 NO2 

To date there exists only one direct measurement of the rate constant for reaction R5 

between CH2OO and NO2.  The reaction rate constant of 7×10−12 cm3 s−1 is also greater than 

that predicted by relative rate measurements (10−17−10−13 cm3 s−1). 13,44 Direct 

experimental evidence of the production of NO3 from reaction 5a remains to be found, and 

it is possible that the main product is actually the CI-NO2 radical adduct.17 

 R1R2COO + NO2 → R1R2COO-NO2 adduct (R5b) 

However, NO3 may be produced but eludes detection due to rapid titration to N2O5 by 

reaction with NO2 that is present in excess in laboratory experiments.  Rate constants for 

the reaction of CH3CHOO and (CH3)2COO with NO2 have also been measured,14,68,71,77  and 

exhibit a slight conformer dependence between the anti– and syn-CH3CHOO (2.3×10−12 and 

1.4×10−12 cm3 s−1).68  Although reaction with NO2 is unlikely to dominate over water dimer 

reactions with CIs, CIs may still be a crucial source of the important night–time oxidant 

NO3. 

1.3.4.6 Other Reactants 

Direct kinetic studies of C1–C3 CIs have been extensive in the wake of the discovery of their 

synthesis from the photolysis of geminal diiodoalkanes in O2.  In addition to the species 
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discussed above [H2O, (H2O)2, SO2, carboxylic acids, self reaction, and NO2], rate constants 

have also been measured for reactions with aldehydes, ketones, sulfur compounds, NO, and 

alkenes.  A summary of all direct kinetic measurements of C1–C3 CIs is listed in Tables 1.2, 

1.3, and 1.4.  Vereecken et al. have published comprehensive theoretical investigation of 

atmospherically relevant CI reactions in which the mechanisms by which these reactions 

most likely proceed are discussed.78 

Table 1.2. Summary of direct kinetics measurements of CH2OO + X at 298 K 

X k(298) / cm3 s–1 Reference 

HC(O)OH 1.1×10–10 Welz (2014)41 

CH3C(O)OH 1.2-1.3×10–10 Welz (2014)41 

CH2OO 4×10–10 

8×10–11 

7.35×10–11 

Su (2014)64 

Ting (2014)40 

Chhantyal-Pun(2014)39 

CF3COCF3 3.0×10–10 Taatjes (2012)79 

SO2 4.1×10–11  

3.9×10–11 

3.8×10–11 

3.6×10–11 

Sheps (2013)47 

Welz (2012)44 

Chhantyal-Pun(2014)39 

Stone (2014)74 

NO2 7×10–12 Welz (2012)44 

(H2O)2 6.5×10–12 

4×10–12 

Chao (2015)65 

Lewis (2015)15 

CH3CHO 9.5×10–13 Taatjes (2012)79 

CH3COCH3 2.3×10–13 Taatjes (2012)79 
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H2S 2.3×10–13 Smith (2017)80  

NO ≤6×10–14 Welz (2012)44 

H2O ≤4×10–15 

≤1.5×10–15 

7.3×10–16 

Welz (2012)44 

Chao(2015)65 

Berndt(2015)66 

Isoprene 1.5×10–15 Decker (2017)81 

alkenes 10–15 – 10–16 Buras (2014)82 
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Table 1.3. Summary of direct kinetics measurements of CH3CHOO + at 298 K 

X k(298) / cm3 s–1 Reference 

 syn-CH3CHOO + X  

HC(O)OH 5×10–10 Welz (2014)41 

CH3C(O)OH 2.5×10–10 Welz (2014)41 

SO2 6.4×10–11 Taatjes (2013)68 

NO2 2.3×10–12 Taatjes (2013)68 

 1.7–2×10–12 Caravan (2017)17 

H2O 2.4×10–14 

1.0×10–14 

Sheps (2014)54 

Taatjes (2013)68 

syn-CH3CHOO + X 

HC(O)OH 2.5×10–10 Welz (2014)41 

CH3C(O)OH 1.7×10–10 Welz (2014)41 

SO2 2.4×10–11 

2.9×10–11 

Taatjes (2013)68 

Sheps (2014)54 

NO2 1.7–2×10–12 Caravan (2017)17 

 1.4×10–12 Taatjes (2013)68 

H2O ≤4×10–15 Taatjes (2013)68 
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Table 1.4.  Summary of direct kinetics measurements of (CH3)2COO + X at 298 K 

X k(298) / cm3 s–1 Reference 

(CH3)2COO + X 

(CH3)2COO 6×10–10 Chhantyal-Pun(2017)77 

SO2 1.3×10–10 

0.73-2.24×10–10 

Huang(2015)52  

Chhantyal-Pun(2017)77 

NO2 ≤5×10−12 Chhantyal-Pun(2017)77 

(H2O)2 ≤1.3×10–13 Huang(2015)52  

H2O ≤1.5×10–16 Huang(2015)52 

(CD3)2COO + X 

SO2 1.37×10–10 Chhantyal-Pun(2017)77 

NO2 2.1×10–12 Chhantyal-Pun(2017)77 

 

1.4 Conclusion 

Criegee Intermediates produced in the ozonolysis of alkenes are important reactive species 

that are implicated in new particle formation as well as the night time production of OH 

radicals. Scavenging of CIs by bimolecular reactions with other trace gases in the 

atmosphere impact their contributions to these processes.  Large strides have been made 

in understanding the kinetics of these reactions in light of a new synthetic technique for 

synthesizing large quantities of CIs in laboratory experiments.  Despite the plethora of 

experimental and theoretical studies in the field since the Criegee mechanism was first 



25 
 

proposed in 1949, questions regarding the electronic structure, spectroscopy, and 

reactivity of these exotic intermediates still remain.  
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2 Kinetics of IO Production in the CH2I + O2 Reaction Studied 

by Cavity Ring-Down Spectroscopy 

 

This work is adapted with permission from Foreman, E.S., & Murray, C. J. Phys. Chem. 

A, 2015, 119 (34), 8981–8990. Copyright 2017 American Chemical Society. 

2.1 Abstract 

Cavity ring-down spectroscopy has been used to study the kinetics of formation of IO 

radicals in the reaction of CH2I + O2 in a flow cell at 52±3 Torr total pressure of N2 diluent 

and a temperature of 295 K.  CH2I was produced by photolysis of CH2I2 at 355 nm and IO 

probed on the A2Π3/2–X2Π3/2 (3,0) and (3,1) bands at 435.70 and 448.86 nm, respectively.  

The rates of formation of IO(v″=0) and IO(v″=1) have been measured as a function of O2 

number density using either conventional transient absorption or the simultaneous kinetic 

and ring-down (SKaR) technique, respectively.  IO(v″=1) was found to be formed with a 

significantly larger rate constant, but reached far smaller peak concentrations than 

IO(v″=0).  Hot bands originating in vibrational levels as high as v″=6 were also observed 

and exhibit qualitatively similar kinetics to IO(v″=1).  Kinetic modeling supports the 

conclusion that IO(v″=0) is produced both directly and through secondary chemistry, most 

probably involving the initial formation of the Criegee intermediate CH2OO and subsequent 

reaction with I atoms, while IO(v″>0) is produced exclusively via a direct mechanism.  We 

propose that the reaction mechanism (direct or indirect) depends upon the degree of initial 

excitation of the photolytically-produced CH2I reagent. 
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2.2 Introduction 

Organoiodides, emitted primarily from oceanic sources, are well established precursors to 

radical-initiated catalytic ozone depletion and to new particle formation in the 

troposphere.1–3  Iodine atoms are formed primarily by photolysis and react promptly with 

ozone to form IO, resulting in an average ozone loss rate of 1.67–3.38 ppb per day.4  

Concentrations of IO on the order of 108 cm–3  (approximately 100 times greater than 

average OH radical concentration) near coastal areas may also significantly affect the 

oxidative potential of the atmosphere, as evidenced for example by a rate for the oxidation 

of DMS that is competitive with that by OH radicals.5  Subsequent self-reaction of IO leads 

to higher order iodine oxides (IxOy) which have been linked to particle formation and 

aerosol growth.3 

Diiodomethane (CH2I2) is the largest organoiodide contributor to I atom flux in the marine 

boundary layer.  CH2I2 dissociates promptly after absorption in the near UV; the absorption 

spectrum extends as far as ~360 nm, approximately 80 nm further into the actinic region 

than the most abundant organoiodide, iodomethane (CH3I).  Consequently, the atmospheric 

lifetime of CH2I2 is calculated to be only a few minutes,6,7  while that of CH3I is several days. 

CH2I2 + hν → CH2I + I                                     ΔH = 56.4 kcal mol–1 (R1) 

CH2I radicals can subsequently produce reactive iodine species either by secondary 

photolysis, or more probably, by reaction with O2.   

CH2I + O2 → products (R2) 
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Both CH2I2 and CH3I produce iodomethyl radicals in the atmosphere – the former by direct 

photolysis and the latter by reaction with OH or Cl.  While the relatively slow photolysis is 

the dominant loss process for CH3I, the abstraction reactions with OH (and to some extent 

Cl atoms) to form iodomethyl radicals is not insignificant, accounting for 10–20% of the 

total removal.8  Reaction 2 has been a subject of some interest, as it can regenerate reactive 

iodine species in the atmosphere.  More recently, it has been widely used as a source of 

stabilized Criegee intermediates in laboratory studies, in preference to the slow and highly 

exothermic ozonolysis of unsaturated hydrocarbon species.  Reaction 2 can proceed via 

three pathways, which can lead to either reactive iodine species or stabilized 

peroxyiodomethyl radicals:  

CH2I + O2 → HCHO + IO  ΔH = –48 kcal mol–1 (R2a) 

CH2I + O2 → CH2OO + I  ΔH = –1 kcal mol–1 (R2b) 

CH2I + O2 + M → CH2IO2 + M  ΔH = –29 kcal mol–1 (R2c) 

While most kinetics studies of reaction 2 have been carried out at or close to room 

temperature, the experimental conditions have been otherwise highly dissimilar.  CH2I 

radicals have been synthesized either photolytically, over a broad range of photolysis 

wavelengths, or by hydrogen abstraction.  Photoionization mass spectrometry (PIMS) 

studies of the loss rate of CH2I by Masaki et al.9 and Eskola et al.10 at low pressure (<15 

Torr) measured rate constants for reaction 2 of k2 = (1.6±0.2)×10–12 cm3 s–1  (95% 

confidence limit), and (1.37±0.32)×10–12, respectively.  All errors reported here represent 

1σ uncertainty unless otherwise indicated.  In contrast to the analogous reaction of CH2Br 

with O2, for which falloff behavior was observed,10 reaction 2 was found to display no 

pressure dependence.  Eskola et al. estimated the yield of I atoms to be near unity, while 
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the yield of HCHO was estimated to be less than 0.33.10  There have been several kinetic 

studies monitoring the formation of IO as a product of reaction 2, but significant 

discrepancies exist between the measured rate constants.  Enami et al. used cavity ring-

down spectroscopy to study the kinetics of IO formation after generating CH2I radicals by 

photolysis of CH2I2 at 266 nm,11 transient absorption measurements resulted in a 

bimolecular rate constant of k2a = (4.0±0.4)×10–13 cm3 s–1 and an assumed IO yield of unity.  

The lack of pressure dependence of the IO yield and rate constant between 5–80 Torr led to 

the conclusion that IO was produced directly via reaction R2a.  A later cavity ring-down 

study by the same group used the hydrogen abstraction reaction between Cl + CH3I to 

produce CH2I radicals, with the aim of eliminating absorption of background I2 formed 

from the recombination reaction of photolytically generated I atoms.  These measurements 

resulted in a larger rate constant of k2 = (1.28±0.22)×10−12 cm3 s−1 (2σ uncertainty).  The 

yield of IO from reaction 2 was reported to be 0.17±0.12 at 760 Torr, but around a factor of 

three larger in the low-pressure limit.12  Dillon et al. probed IO using laser-induced 

fluorescence and found an IO yield of < 0.12 at a total pressure of ~15 Torr and found 

evidence that IO formation was a result of secondary chemistry.13 

Gravestock et al. used an array of experimental techniques to examine reaction 2 over a 

range of conditions and also concluded that IO was produced from secondary chemistry.14  

The rate of IO formation was found to depend linearly on both O2 and CH2I2 number 

density, despite pseudo-first order conditions in which the O2 number density was 17,000 

times greater than that of CH2I.  This suggested an indirect formation mechanism involving 

the reaction of a “species X” with I atoms.  By directly monitoring IO absorption at 30 Torr 

total pressure under two different O2 number density regimes (<0.3% and 1–10% O2 in N2 
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balance), they found two different rates constants: (1.0±0.3)×10–13 and (2.2±1.8)×10–15 cm3 

s–1, respectively.  Monitoring the rate of formation of IO as a function of CH2I2 number 

density at constant O2 produced a rate constant of 3.8×10–11 cm3 s–1 which was attributed  

to the reaction between I atoms and the collisionally stabilized peroxyiodomethyl radical 

(CH2IO2) formed in reaction 2c was the source of IO. 

A rate constant of 2.6×10–14 cm3 s–1 was estimated for direct formation via reaction R2a at 

atmospheric pressure, which was interpreted as evidence supporting the indirect 

mechanism due to the discrepancy with earlier measurements.  Further evidence 

supporting IO formation via secondary reactions was the assignment of the absorption 

spectrum of “species X” at 275–425 nm to CH2IO2, following earlier work by Sehested et 

al.15  In light of more recent work, however, it seems likely that the spectrum was in fact the 

B̃1A′–X̃1A′ transition of the Criegee Intermediate formaldehyde oxide, CH2OO.16–18   

Application of the CH2I + O2 reaction to the laboratory synthesis of CH2OO via reaction 2b 

has prompted new interest in reaction 2.  In the atmosphere, ozonolysis of alkenes produce 

a stable carbonyl fragment and a highly internally excited Criegee intermediate fragment in 

a process that is exothermic by 48.8 kcal mol−1.  Criegee intermediates remained 

particularly elusive in the gas phase until Welz et al. conclusively identified CH2OO from 

reaction 2 using tunable VUV ionization mass spectrometry.19,20  In contrast to ozonolysis, 

reaction 2b is only very mildly exothermic and results in stable and hence readily 

detectable Criegee intermediates.  More importantly, the reactions of iodoalkyl radicals 

with oxygen are rapid, unlike alkene ozonolysis reactions which occur so slowly that 

CH2IO2 + I → HCHO + IO + I  ΔH = –19 kcal mol–1 (R3) 
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accumulation of detectable steady state concentrations of highly reactive Criegee 

Intermediates are incredibly challenging.  This development has led to the direct 

spectroscopic detection of CIs in the ultraviolet, infrared, and microwave regions.17,18,21,22  

CH2OO is formed rapidly and the branching fraction for reaction 2b appears to be 

significant although reported yields vary, particularly at low presure.23–25  In light of the 

rapid formation of CH2OO, an alternative indirect reaction mechanism for the formation of 

IO is: 

CH2OO + I → HCHO + IO  ΔH = –47 kcal mol–1 (R4) 

In a detailed study of the CH2I + O2 reaction, Ting et al. ascribed the formation of IO to 

reaction 4 at total pressures below 60 Torr and to reaction 3 at higher pressures where the 

collisional stabilization of CH2IO2 is thought to be increasingly significant.25  An assumed 

pressure-independent rate constant of k4 = 9.0×10−12 cm3 s−1 was found to be necessary in 

the kinetic model to describe the IO formation rate, although this is almost 200 times larger 

than the rate predicted from ab initio calculations characterizing the transition state.26 

In this work, we report on the kinetics of IO formation in the reaction of photolytically-

generated CH2I with O2 using cavity ring-down spectroscopy (CRDS).  IO radicals were 

probed on the A2Π3/2–X2Π3/2 transition and found to be formed in both v″=0 and v″=1.  

IO(v″=1) appears to be formed via a direct mechanism, and the rate constant decreases 

with increasing total pressure.  Interestingly, while the apparent rate constant for IO(v″=0) 

around five times smaller than that of IO(v″=1), the yields are approximately 0.10 and 0.01, 

respectively.  A kinetic model of the CH2I + O2 reaction suggests that IO(v″=0) is formed via 

direct and sequential mechanisms involving secondary reactions.  The rate constant for 

vibrational relaxation of IO(v″=1) by N2 is also determined and found to be a negligible 
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contributor to the formation of IO(v″=0).  The effect that the degree of internal excitation of 

the CH2I radicals produced in the photolysis of CH2I2 has on the detailed mechanism is 

discussed. 

2.3 Experimental 

The reaction between CH2I and O2 was studied in a small stainless steel flow cell.  CH2I 

radicals were generated by the photolysis of CH2I2 precursor and the resulting IO products 

were detected by cavity ring-down spectroscopy.  N2 (Praxair, THC free, 99.998%) was 

bubbled through the precursor CH2I2 (Sigma-Aldrich, 99%) and O2 (Praxair, THC free, 

99.99%) was added to the flow before entering the reaction flow cell.  All gas flows were 

regulated by calibrated mass flow controllers (Alicat) to give a total volumetric flow rate of 

~1.7 sLpm.  The total pressure was monitored with a Baratron pressure transducer (MKS) 

and controlled by throttling the valve connected to a rotary vane pump (Leybold Oerlikon 

D16B).  The ring-down mirrors that form the optical cavity along the long axis of the flow 

cell were purged with a small flow of N2 to prevent damage to the mirror coatings 

CH2I radicals were generated by the photolysis of CH2I2 using the third harmonic of an 

Nd:YAG laser (Continuum Surelite II) at 355 nm.  The unfocused photolysis laser beam was 

steered into the flow cell through a quartz window orthogonal to the probe axis, resulting 

in an interaction length of approximately 6 mm, the diameter of the photolysis beam.  The 

photolysis pulse energy was attenuated to achieve a fluence of approximately 57 mJ cm−2.  

Using an absorption cross section for CH2I2 at 355 nm of 2.05×10–19 cm2, we estimate that 

~2% of the CH2I2 molecules were dissociated giving an initial CH2I number density of  

4±1×1014 cm–3.27  The IO products of the CH2I + O2 reaction were probed using cavity ring-
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down spectroscopy.  First introduced by O’Keefe and Deacon in 1988,28 CRDS has become a 

workhorse for trace-level gas phase linear absorption studies in recent years due to the 

high sensitivity and versatility of the technique.29  A 5 ns pulse of light generated by 

Nd:YAG (Continuum Surelite III) pumped dye laser (Continuum ND6000, 0.08 cm−1 

bandwidth) was coupled into the optical cavity comprising two highly reflective mirrors 

(CRD Optics, center λ = 440 nm, nominal R = 0.9996) separated by 37.5 cm.  The dye laser 

was operated with Coumarin 440 dye and the pulse energy was attenuated to <20 µJ 

pulse−1.  With each pass, a small fraction of each pulse is lost by transmission through the 

ring-down mirrors resulting in an exponential decay with a lifetime of ~3 µs.  The light 

transmitted through the rear mirror was collected with a PMT and is digitized by a high-

resolution 12-bit, 500 MHz digital oscilloscope.  Waveforms were transferred to a PC 

running LabView and fit to single exponential decays in real time.  A digital delay generator 

(Quantum Composers) is used to synchronize the photolysis and probe laser pulses. 

2.4 Results 

2.4.1 Spectroscopic Detection of IO 

Absorption spectra of IO radicals were obtained by stepping the dye laser wavelength over 

known vibronic bands of the A2Π3/2–X2Π3/2 transition while simultaneously measuring the 

ring-down time, τ.  The ring-down time is related to the absorption coefficient α by 

 𝛼 =
1

c
(

1

𝜏
−

1

𝜏0
) = 𝜎(𝜆)𝑛IO 

(E1) 

 

where c is the speed of light, 𝜏0 is the empty cavity ring-down time, 𝜎(𝜆) is the wavelength-

dependent absorption cross section and 𝑛IO is the number density of IO.  A polynomial fit 
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was used to model the empirical wavelength-dependence of 𝜏0 arising from variation in the 

mirror reflectivity.  The reported absorption coefficients have been corrected by a factor of 

62.5 in order to account for the 1.6% overlap of the photolysis beam with the cavity 

enhanced probe beam due to the perpendicular geometry.  As is discussed in the following 

section, IO is removed within the 100 ms period of the measurement, and so we assume 

that photoproducts are only present within the photolysis beam path. 

The spectroscopy of IO has been relatively well characterized.30–32  The absorption 

spectrum of IO in the range 400–470 nm comprises a vibronic progression that converges 

beyond v′=6 into a broad, unstructured band.  Resolvable rotational structure is observable 

only in some A–X bands, as rapid predissociation of the A2Π3/2 state leads to significant line 

broadening that is strongly dependent on the vibrational level.32  In preliminary 

measurements, IO was detected on various A–X bands that fell within the range of 

wavelengths covered by near-optimum mirror reflectivity.  Figure 2.1 shows normalized 

cavity-ring down absorption spectra of the IO A–X(3,0) and (3,1) bands, which have origins 

at 435.70 nm and 448.86 nm, respectively.  Spectra were recorded by averaging 20−30 

laser shots at each probe laser wavelength.  To confirm the identity of the absorber, the IO 

A–X(3,0) and (3,1) bands were simulated in PGOPHER33 using published spectroscopic 

constants.32,34  The 0.8 cm–1spectral linewidth implemented in the simulations was 

determined by homogeneous lifetime broadening resulting from the 6.6 ps lifetime of the 

v′=3 level of the electronically excited state.32  The A–X(3,1) band simulation contains a 

small contribution from high-J lines of the adjacent (2,0) band visible to the blue of the 

bandhead. 
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Figure 2.1.  CRD spectra of the A–X (3,0) [left] and (3,1) [right] bands of IO.  Experimental 
spectra are shown in black and the accompanying simulations are shown in red and offset 

for clarity. 

 
The experimental spectra clearly demonstrate the formation of vibrationally excited IO 

radicals in the CH2I + O2 reaction under the conditions of these experiments.   We were 

unable to conclusively identify any transitions originating in higher vibrational levels of the 

ground state within the ~415−465 nm useful range of our ring-down mirrors.  The (3,2) 

band located at 462.65 nm was not observed, likely due to its small Franck-Condon factor, 

3.88×10−3, compared to those for (3,0) and (3,1) transitions: 0.0958 and 0.1087.  

Transitions to higher vibrational levels such as the (5,2) band at 444.19 nm lack resolvable 

rotational structure and would be difficult to discern, particularly if the population in v″=2 

were small.   The investigation was later extended to longer wavelengths in the 480−550 

nm range using a set of ring-down mirrors centered at 480 nm. These studies revealed hot 

bands originating in vibrational levels as high as v′′=6 that exhibited qualitatively similar 

formation kinetics to v′′=1.  The results of these studies are discussed in the Addendum of 

this section.  For the remainder of this work, we will focus on the A−X (3,0) and (3,1) 

transitions. 
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The peak absorption coefficient observed for the (3,0) band was larger than that for the 

(3,1) band, suggesting greater population in v″=0 than v″=1, although this depends upon 

the relative transition strengths, which are nearly identical, and will be discussed in detail 

in section 1.4.5.  The time delays between the photolysis and probe laser pulses required to 

maximize the absorption coefficients on the (3,0) and (3,1) bands were very different.  

Peak absorbance was observed at delays around 50 μs with the probe laser tuned to the 

(3,0) band head while 6 μs was optimum for detection of the (3,1) band.  IO radicals in v″=0 

and v″=1 appear therefore to be formed with very different rates. 

2.4.2 Kinetics of IO(v″=0) formation 

The time dependence of the number density of IO in its ground vibrational state was 

monitored with the probe laser tuned to the (3,0) band head at 435.70 nm, as indicated in 

Figure 2.1 while stepping the delay between the photolysis and probe lasers.  Kinetic 

profiles, recorded under pseudo–first order conditions with total pressure maintained at 

52±3 Torr, and fraction of O2 varied from 0.05−0.16, are shown in Figure 2.2.  The 

absorption coefficient, which is directly proportional to the IO(v″=0) number density, 

reaches a maximum approximately 40–60 µs after the photolysis pulse.  The growth period 

is ~20 times longer than the ring-down time, hence time profiles were measured by 

stepping the time delay between the photolysis and probe laser pulses.  While this is likely 

to introduce some error at short delays, when the IO population is varying significantly. 
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The loss of IO is significantly slower under these experimental conditions but the ring-

down time does return to τ0 on a timescale shorter than the 100 ms laser repetition period.  

IO removal is likely dominated by the self-reaction: 

IO + IO → products (R5) 

for which k5  = 9.9×10−11 cm3 s−1.35,36  Kinetic traces for IO(v′′=0) were also recorded over a 

longer duration (ms) with a larger (20 μs) timestep in order to characterize the loss 

mechanism.  The expected time dependence of the IO absorption due to self–reaction is 

given by the following rate equation and integrated rate law, equations 2 and 3: 

 
−

1

2

𝑑

𝑑𝑡
𝑛IO = 𝑘𝑛𝐼𝑂

2   
(E2) 

 
Figure 2.2.  Kinetic profiles for IO(v″=0) monitored with the probe laser wavelength tuned 

to the A2Π3/2–X2Π3/2 (3,0) band head at a total pressure of 52 Torr and a range of O2 

fractions.  The grey dashed line shows the result of fitting the experimental data to 
equation E4. 
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 𝑛IO(0)

𝑛IO(𝑡)
= 1 + 2𝑛IO(0)𝑘𝑡 

(E3) 

As shown in Figure 2.3, the removal of IO in the system is characteristic of bimolecular self 

reaction.   

 
Figure 2.3.  Bimolecular plot showing of IO (v′′=0) measured at the (3,0) bandhead. 

 

The diffusion coefficient for IO in an N2 bath at 50 Torr and 295 K is 0.31 cm2 s–1 which 

corresponds to a diffusion distance of only 0.066 mm in 70 μs (or 2.5 mm in 100 ms as an 

upper limit), considerably smaller than the probe beam diameter of ~6 mm.  It is unlikely 

that either diffusion out of the probe region or wall losses would significantly affect the 

kinetic measurements.  

Since the IO formation rate is ~30 times greater than the loss rate, the formation rate is 

modelled by a monotonic exponential rise to obtain a pseudo-first order rate constant, 

𝑘′ = 𝑘2𝑎,0𝑛O2
:  

 𝑛IO(𝑡) = 𝑛IO,max{1 − exp(−𝑘′𝑡)} (E4) 
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Each data point is associated with a standard error of 4–6% resulting from the average of 

30 ring-downs per time step.  The average values of k′ determined from five independent 

experiments are shown as a function of 𝑛O2
 in Figure 2.4 with vertical error bars 

representing the standard deviation between the repeat measurements, and horizontal 

error bars representing the uncertainty in O2 number density arising from fluctuations in 

the total pressure. 

 
Figure 2.4.  Pseudo-first order kinetic plots of rates measured from transient absorption 

experiments for IO (v′′=0) and SKaR experiments for IO (v″=1) as a function of O2 number 
density. 

 
The IO(v″=0) formation rate, k′, increases only modestly with O2 number density, as shown 

in Figure 2.4.  A linear fit yields a bimolecular rate constant for production of IO(v″=0) via 

reaction 2a of k2a,0 = (1.5±0.1)×10–13 cm3 s–1 (see Figure 2.4) but does not pass through the 

origin, implying a measurable rate of IO formation even in the absence of O2.  This 

observation is interpreted as evidence that IO(v″=0) is not (or at least not exclusively) 
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produced by a direct reaction mechanism and that the appearance of first order kinetics is 

misleading.  Gravestock et al. observed a similar trend in their pseudo-first order rate 

constants in the “high O2” regime, which would also lead to a non-zero intercept if 

extrapolated to 𝑛O2
= 0.14 

2.4.3 Kinetics of IO(v″=1) formation 

The formation of vibrationally excited IO is rapid in comparison to that of the ground state.  

The number density of IO(v″=1) typically reaches a maximum in ~6 µs.  The number 

density of IO(v″=1) consequently changes significantly within the duration of a ring-down 

event, which induces non-exponential behavior in the observed ring-down trace.  Under 

these conditions, stepping the time-delay between the photolysis and probe laser is no 

longer a reliable means of measuring the reaction kinetics and the simultaneous kinetics 

and ring-down (SKaR) technique developed by Brown et al. has been implemented.37,38  

The SKaR method enables one to separate the kinetics of the absorbing species from the 

temporal characteristics of the empty cavity for processes occurring on timescales shorter 

than or comparable to the ring-down time. The ring-down waveform for a case where the 

concentration of the absorber is not constant over the ring-down time is given by: 

 𝐼(𝑡) = 𝐼0exp (−
𝑡

𝜏0
− 𝑐𝜎 ∫ 𝑛IO(𝑡)𝑑𝑡

𝑡

0

) (E5) 

All reactions have been carried out under pseudo-first order conditions (large excess of 

O2), and a monotonic exponential rise was assumed to model the time profile of 𝑛IO.  The 

kinetics of the absorber are represented by the ratio, 𝑅(𝑡), of the ring-down waveforms 

with and without absorbers present, 𝐼(𝑡)/𝐼0(𝑡).  The natural logarithm of the ratio is the 
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SKaR profile that is fit to the experimental data and floating both k′ and α∞, where α∞ 

represents the maximum absorption by IO after the reaction has been completed: 

 ln 𝑅(𝑡) = −
𝑐𝛼∞

𝑘′
{𝑘′𝑡 − [1 − exp(−𝑘′𝑡)]} (E6) 

In order to improve the robustness of the fit, α∞ can be determined independently if need 

be and constrained in the two-parameter SKaR fit.  In the long-time limit, ln 𝑅(𝑡) reduces to 

the following expression, in which case α∞ can be extracted from the slope of a linear fit:  

 ln 𝑅(𝑡) = −𝑐𝛼∞ (𝑡 −
1

𝑘′
) (E7) 

Experimentally, ring-down waveforms are recorded in the presence or absence of 

absorbers by alternating the relative time delay between the photolysis and probe laser 

pulse.  Firing the photolysis pulse 100 ns after the probe pulse (“photolysis on”) results in a 

ring-down waveform that contains the time-dependent absorption of IO(v″=1).  As such, 

the entire IO(v″=1) formation process could be captured within the 10 µs observation 

window provided by a ring-down time of ~3 µs.  Delaying the photolysis pulse to fire 8 ms 

after the probe pulse (“photolysis off”) provides the empty-cavity ring-down profile.  

Typically, 300 ring-down waveforms (150 photolysis on and 150 photolysis off) were 

accumulated in order to generate each SKaR profile.   

Figure 2.5 shows SKaR profiles obtained after 355 nm photolysis of CH2I2 at a total 

pressure of 52±3 Torr.  O2 fractions ranged from 0.02−0.15 with N2 balance.  The probe 

laser was tuned near to the IO A–X(3,1) band head, with care taken to avoid (2,0) 

absorption lines.  Absence of ground state absorption in the signal at this wavelength was 
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qualitatively verified by monitoring the absorption while stepping the time delay between 

photolysis and probe pulses using the method discussed in the previous section. 

 
Figure 2.5.  Sample SKaR profiles for IO(v″=1) monitored at the A2Π3/2–X2Π3/2 (3,1) band 

head at a total pressure of 52 Torr and a range of O2 fractions. 

 
Fitting the SKaR profiles yields pseudo-first order rate constants for the formation of 

IO(v″=1) as a function of 𝑛O2
, and the average reaction rates determined from at least five 

repeated experiments are shown in Figure 2.4 alongside the IO(v″=0) data.  The rate of 

formation of vibrationally excited IO radicals also increases linearly with O2 number 

density although it passes through the origin.  In the case of IO(v″=1), the bimolecular rate 

constant was determined to be k2a,1 = (9±1)×10−13 cm3 s−1, a factor of six larger than k2a,0 

(see Table 2.1).   

As an aside, we also used the SKaR method to measure the first 10 μs of transient 

absorption by IO(v″=0).  We were unable to fit this data and extract meaningful rates 
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according to E6, which includes only first order formation.  This is likely due to the two 

distinct mechanisms involved in the formation of IO(v″=0), that are discussed more fully 

below. 

Although not a major aim of this work, the IO(v″=1) loss rate was measured as a function of 

total pressure from 50–150 Torr using conventional transient absorption and stepping the 

time delay between the photolysis and probe laser pulses.  The total pressure was varied 

by increasing 𝑛N2
, while holding the number densities of all other reactants constant 

(𝑛CH2I2
= 0.6 ± 0.1 Torr, 𝑛O2

= 8.5 ± 0.5  Torr).  We assume that IO(v″=1) is lost by the 

bimolecular self-reaction and vibrational relaxation.  The differential rate  for these two 

loss processes is: 

 
−

𝑑

𝑑𝑡
𝑛𝐼𝑂 = 2𝑘5𝑛𝐼𝑂

2 + 𝑛𝐼𝑂𝑛𝑁2
𝑘v,1→0 

(E8) 

The vibrational relaxation rate constant, 𝑘v,1→0, was determined by fitting IO(v″=1) 

transient absorption traces, omitting the rapid rising edge, to the solution of equation 8: 

 𝑛IO(𝑡) =
𝑘v,1→0

′ 𝑛IO,0

𝑘v,1→0
′ exp(𝑘v,1→0

′ 𝑡) − 2𝑘5𝑛IO,0 + 2𝑘5𝑛IO,0 exp(𝑘v,1→0
′ 𝑡)

 (E9) 

where k5 is fixed at 9.9×10–11 cm3 s–1, 𝑘v,1→0
′  is the pseudo-first order loss rate due to 

vibrational relaxation.36  IO(v″=1) was typically lost within 800 μs.  A rate constant for 

IO(v″=1) vibrational relaxation by N2 of kv,1→0 = (1.6±0.4)×10–15 cm3 s–1 was obtained from 

the slope a linear plot of kv,1→0′ as a function of 𝑛N2
, which is in agreement with the value of 

kv,1→0 = (1.9±0.4)×10–15 cm3 s–1 estimated by Gómez-Martin et al.39  A zero-𝑛N2
-limited rate 

of (3.9±0.9)×103 s–1 was determined from the y-intercept of the linear fit, which is 

interpreted as the rate of vibrational relaxation by O2 and residual CH2I2.  The overall rate 
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of vibrational relaxation is an order of magnitude slower than the apparent rate of IO(v″=0) 

formation, indicating that the vibrational ground state products are not a result of 

population cascading down from higher vibrational levels.  Rate constants measured in this 

work are summarized in Table 2.1.  The β0k2 rate constant refers to the rate constant for 

the formation of IO from reaction 2a as determined from our kinetic model, which is 

discussed in detail in section 2.5 

Table 2.1.  IO formation and vibrational relaxation rate constants determined in this work. 

Reaction Rate constant k / 10–13 cm3 s–1 

CH2I + O2 → HCHO + IO(v″=0)1 k2a,0 1.5±0.1 

CH2I + O2 → HCHO + IO(v″=0) k2a,0 = β0k2 1.7±0.2 

CH2I + O2 → HCHO + IO(v″=1) k2a,1 9±1 

IO(v″=1) + N2 → IO(v″=0) + N2 kv,1→0 0.016±0.004 

 

2.4.4 Pressure-dependence of IO formation rates 

The results of a limited study of the dependence of the rates of formation of IO(v″=0) and 

IO(v″=1) on total pressure are shown in Figure 2.6.  Measurements of the IO(v″=0) and 

IO(v″=1) formation rates were made using conventional transient absorption and SKaR 

methods as described previously. The total pressure was changed by varying 𝑛N2
 and 

holding all other reactant number densities constant.  The data shown in Figure 2.6  were 

determined from experiments that used 𝑛O2
 = 5.4×1016 cm–3 and 3.4×1017 cm–3, when 

                                                        
1 Value determined from linear dependence of apparent first order rate on 𝑛O2

. 
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probing v″=0 and 1, respectively.  While k2a,0 is independent of total pressure over this 

range, k2a,1 is strongly pressure dependent and decreases as the pressure is increased. 

 

Figure 2.6.  Pressure dependence of the bimolecular rate constants k2a for formation of 
IO(v″=1) and IO(v″=0) determined from SKaR and conventional transient absorption 

spectroscopy, respectively. 

 

2.4.5 IO(v″=1) and IO(v″=0) yields 

The maximum observed absorption coefficients for the (3,0) and (3,1) bands following 355 

nm photolysis at 52±3 Torr and 20% O2 are 2.16×10–5 cm–1 and 2.66×10–6 cm–1 at ~60 μs 

and ~6 μs after photolysis, respectively.  Since loss rates of both vibrational levels are 

significantly slower than the formation rate, the peak absorption coefficients should be 

proportional to the total populations formed in each vibrational level.  However, the 

relative transition strengths of the A–X(3,0) and (3,1) bands are not well known.  Previous 

measurements of the IO A–X absorption spectra that include hot bands have used the I + O3 

or O(3P) + I2 reactions to form IO.39–41  The IO vibrational population distribution resulting 

from these reactions is not clearly defined, leading to large variability in the experimental 

absorption cross sections for the (3,1) band.  Most recent estimates of absorption cross 

sections for the (3,1) band have assumed that it is diffuse, which is in disagreement with 
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the high resolution studies in this work.39  The experimentally determined absorption 

coefficients are weighted by their Franck-Condon factors in lieu of using absorption cross 

sections from the literature to compare the relative populations in v″=0 and 1.   

Calculations to predict Franck-Condon factors for the IO A–X transition were carried out in 

LEVEL8 using potential curves derived using the Rydberg-Klein-Rees (RKR) method.42,43  

Dunham coefficients (see Table 2.2) for IO in the A2Π3/2 and X2Π3/2 states were taken from 

Miller et al., Durie et al., and Newman et al.32,44,45 Transition probabilities are directly 

proportional to the squares of the Franck-Condon factors, |⟨𝜓𝑣′,𝐽′|𝜓𝑣″,𝐽″⟩|
2

, assuming the 

electronic transition dipole moment is constant.   

Table 2.2.  Spectroscopic Constants for X2Π3/2 and A2Π3/2 states of IO in cm−1 

Constant / cm–1 X2Π3/2 A2Π3/2 
ωe 681.772 514.57 

ωexe –4.35211 –5.52 
ωeye –3.37×10–3  
ωeze –5×10–4  

Be 0.337154 0.266826 
αe –2.75642×10–3 –2.73x10–3 
γe –4.33111×10–6  

 

The calculated Franck-Condon factors (shown in Figure 2.7) are in fairly good agreement 

with those calculated previously by Rao et al.46 using potentials defined by older 

spectroscopic constants; the calculated transition frequencies are generally within 1 cm−1 

of those measured experimentally.32  The FCFs for the (3,0) and (3,1) bands are calculated 

to be 0.0958 and 0.1087, respectively, indicating that the transition probability is ~29% 

larger for the (3,1) band.   
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Figure 2.7.  Franck-Condon factors for A−X(v′,v″) bands. 

 

Using a value of 3.24×10–17 cm2 for the absorption cross section of the (3,0) band head at 

435.72 nm from Spietz et al. (0.07 nm resolution),40 we estimate a peak IO(v″=0) number 

density of approximately 4.2×1013 cm–3, and consequently a yield of 0.10.  After correcting 

for the slightly higher sensitivity for IO(v″=1), we estimate a peak number density of 

4.0×1012 cm–3 and yield of only 0.01.  The factor of ten greater yield of the vibrational 

ground state is surprising given that the apparent rate constant for formation of the 

IO(v″=0) is a factor of six smaller than that for IO(v″=1) and implies that an additional 

mechanism rapidly damps the buildup of IO(v″=1).  The pressure dependence of k2a,1 

indicates that this is a collisional process.  The small overall yield of IO in the reaction of 

CH2I + O2 observed in this work is consistent with previous measurements of large yields of 

I atoms from reaction (2b).10,24  Measurements that probed IO directly have also found a 

relatively small overall yield.12,13  
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2.5 Discussion 

The kinetics and mechanism of the reaction between CH2I and O2 has been the subject of 

some debate in the literature.  Direct measurements of the total loss of CH2I result in 

consistent measurements of k2 in the range 1.4–1.6×10–12 cm3 s–1 and provide good upper 

limits for the individual rate constants associated with the various product pathways of 

reaction (2).9,10  Measurements of the IO(v″=0) formation rate constant, however, have 

resulted in a broad range of rate constants for reaction (2a).  Indeed, whether this 

mechanism proceeds via a direct11,12 or indirect14,25 mechanism is obscured by conflicting 

evidence. 

Existing rate constants for the formation of IO(v″=0) from the reaction of CH2I + O2, 

including both direct and indirect formation models, range from 3.8×10–11 to 2.6×10–14 cm3 

s–1.  The apparent rate constant reported here, k2a,0 = 1.5±0.1×10−13 cm3 s−1, falls within the 

scope of values previously reported in the literature.  However, the non-zero intercept 

observed in the linear fit of the IO(v″=0) formation rate as a function of 𝑛O2
 shown in  

Figure 2.4 indicates that IO(v″=0) is not, or at least not exclusively, formed directly via 

reaction (2a); it reflects the phenomenological dependence of the rate on 𝑛O2
 rather than a 

real bimolecular rate constant.   

The temporal behavior of IO(v″=0) has been modeled numerically using a kinetic scheme 

that is similar to that proposed by Ting et al.25  In the interests of simplicity, we choose to 

omit the CH2IO2 radical (formed in reaction 2c) from the model.  If CH2IOO is formed at all 

under our experimental conditions, the yield is likely to be small and the subsequent 

chemistry relies heavily on estimated rate constants.25  From an operational perspective, 
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inclusion of CH2IOO in the model was found to have a negligible effect on the IO temporal 

profiles.  The reactions included in the simplest possible kinetic model are outlined below.   

 CH2I2 + hν → CH2I + I  (1) 

 CH2I + O2 → HCHO + IO(v″=0) k2a,0 = β0k2 (2a) 

 CH2I + O2 → CH2OO + I k2b = (1 – β0)k2 (2b) 

 CH2OO + I → HCHO + IO(v″=0) k4 (4) 

 IO + IO → products k5 (5) 

 I + I + M→ I2 + M k6 (6) 

 CH2OO + CH2OO → HCHO + HCHO + O2 k7 (7) 

CH2I radicals are initially formed by photolysis and can react with O2 either via reaction 2a 

to form IO(v″=0) directly, controlled by the branching fraction β0, or via reaction 2b to form 

the Criegee intermediate.  We assume k2 = 1.4×10–12 cm3 s–1 following the experimental 

measurements of Eskola et al.10  In addition to reaction 2a, IO(v″=0) radicals are formed by 

the secondary reaction between CH2OO and I atoms, reaction 4.  The rate constant for 

reaction 4 has not been measured directly, although Ting et al.25 assumed a value of k4 = 

9×10–12 cm3 s–1, significantly larger than the predicted value of k4 = 5.5×10–13 cm3 s–1, which 

was based on ab initio calculations.26  Self-reactions 5, 6 and 7 act as irreversible sinks for 

IO, I and CH2OO respectively and are modelled using rate constants of 9.9×10–11 cm3 s–1,35,36 

1×10–32 cm6 s–2,47 and 8×10–11 cm3 s–1.25  All rate constants used in the model are 

summarized in Table 2.3. 
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Table 2.3.  Summary of rate constants used in the kinetic model. 

Reaction k / cm3 s–1 Reference 

2 1.4×10–12 Eskola et al.10  

4 9×10–12(2) Ting et al.25 

5 9.9×10–11 Harwood et al.,36 Bloss et al.35 

6 1.9×10–14(3) Russell and Simons47 

7 8×10–11 Ting et al.25 

 

Early-time IO profiles derived from this kinetic model are shown in Figure 2.8 alongside 

typical experimental data measured with O2 fractions of 0.05, 0.10, and 0.15 of the total 

pressure.  The kinetics are modelled under three conditions: Scheme I in which IO is 

formed only through secondary chemistry, Scheme II in which an 8% direct IO channel is 

included, and Scheme II′ in which both the branching ratio β0 and k4 are varied to improve 

agreement with experiment. In Scheme I, the direct formation pathway is turned off by 

setting β0 = 0, making sequential formation via reactions 2b and 4 the sole source of 

IO(v″=0).  This significantly underestimates the rate of IO(v″=0) formation and results in a 

profile shape that is qualitatively different from the experiment.  Adjusting the estimated 

value of k3 failed to improve the agreement with the experimental results.  The direct 

formation pathway was turned on in Scheme II by adjusting the value of β0; a value of β0 = 

0.08 was found to be optimal and qualitatively describes the very early time behavior, 

although obvious discrepancies still exist.  The best agreement with the experimental data 

                                                        
2 This value is doubled to 1.8×10–11 cm3 s–1 in Scheme II′. 
3 Assuming 𝑛M = 1.7×1018 cm–3; third order rate constant is 1×1032 cm6 s–1. 



56 
 

was found for Scheme II′ for which β0 = 0.12 was assumed and the rate constant for 

reaction 4 was increased to k4= 1.8×10–11 cm3 s–1, a factor of two greater than the estimate 

of Ting et al.25  The larger branching fraction required in this kinetic model implies that the 

bimolecular rate constant for direct production of IO(v″=0) is k2a,0 = (1.7±0.2)×10–13 cm3 s–

1, which agrees with the phenomenological rate constant obtained from the data shown in 

Figure 2.2.  The residual k2b = (1.23±0.15)×10–12 cm3 s–1 is also consistent with previous 

direct measurements of the CH2OO formation rate constant.9,10,1720,25 

 
Figure 2.8.  Experimental (circles) and modelled IO time profiles (lines) at a) 0.06 O2 

fraction,  b) 0.10 O2 fraction, and c) 0.15 O2  fraction.  Scheme I (green) includes only 
sequential, indirect formation of IO i.e. the branching fraction β0 =0.  Scheme II (blue) 

includes a direct pathway with β0 = 0.08.  Scheme II′ (black) uses β0 = 0.12 and k4 = 1.8×10–

11 cm3 s–1. Contributions to the total IO signal from indirect formation (dashed gray) and a 
direct channel (solid gray) under Scheme II′ are also shown. 

 
In marked contrast to IO(v″=0), the kinetic data for formation of IO(v″=1), are consistent 

with direct formation by a bimolecular process involving O2.  The rate constant k2a,1 = 

(9±1)×10–13 cm3 s–1 is 5.3 times greater than the value of k2a,0 inferred from modeling the 
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reaction kinetics.  The IO(v″=1) time profiles also peak at earlier times, consistent with the 

absence of the sequential formation mechanism involving reaction 4 that is important for 

formation of IO(v″=0).  

The mechanism of formation for IO(v″=1) via reaction 2 has not been included in the 

kinetic model for several reasons.  If production of IO(v″=1) is included as an additional 

pathway of reaction 2, the measured rate constant k2a,1 would imply a branching fraction of 

β1 = 0.64.  The rate constant for CH2OO production via reaction 2b would be given by  

 𝑘2b = (1 − 𝛽0 − 𝛽1)𝑘2 (E10) 

A branching fraction of β = 𝛽0 + 𝛽1 = 0.76 for production of IO in both v″=0 and 1 results in 

a value of k2b that is significantly smaller than that determined by previous direct 

measurements of the Criegee intermediate formation rate (approximately 1.4–1.8×10–12 

cm3 s–1).9,10,17,25  Furthermore, this model would suggest that the reaction should produce 

significantly more IO radicals in v″=1 than in v″=0, in marked contrast to the 

experimentally observed peak absorption coefficients.  

Even after allowing for the sequential mechanism, which accounts for around 65% of the 

total IO(v″=0) population (shown in Figure 2.8), there remains a strong propensity for 

production of IO(v′′=0).  The possibility that the rapid formation of IO(v″=1) is damped by 

an even faster loss process can also be discounted as under typical experimental conditions 

the loss rates for IO in v″=0 and v″=1 are broadly similar, and largely determined by the 

self-reaction.  We are forced to conclude that the reaction mechanisms that form IO(v″=0) 

and IO(v″=1) are decoupled, aside from vibrational relaxation induced by collisions with 
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the bath gases which is sufficiently slow to have a negligible influence on the apparent 

IO(v″=0) formation rate. 

The apparent contradiction of small IO(v″=1) yield coupled to a much larger formation rate 

constant k2a,1 can be qualitatively resolved by consideration of the internal energy 

distribution of the reactant CH2I.  Photolysis of CH2I2 produces highly internally excited 

CH2I* radicals; at a photolysis wavelength of 355 nm, the average internal energy of the 

CH2I fragment is 〈𝐸int〉 = 21.7±3.0 kcal mol−1.48  One possible explanation for our 

experimental observation is that the highly internally excited CH2I* radicals produced by 

photolysis react with O2 to produce vibrationally excited IO radicals directly.  If this is the 

case, the small yield of IO(v″=1) is controlled by the reaction being effectively quenched by 

collisional relaxation of the CH2I* reagent, consistent with the pressure-dependence of k2a,1 

(see figure 1.6).  Loss of the CH2I* radical population, through collisional relaxation 

effectively switches off the production of IO(v″=1), preventing the population increasing 

beyond that in v″=0.  Once the CH2I radicals are collisionally relaxed the reaction may 

proceed to form only IO(v″=0), either directly via reaction 2a or sequentially via reactions 

2b and 4.  There is, however, no a priori reason to expect the reaction of CH2I* with O2 to 

produce exclusively IO(v″=1).  An alternative explanation, and one that is preferred, is that 

CH2I* radicals are largely responsible for the direct reaction 2a, forming IO(v″≥0) and 

HCHO; once relaxed, reaction 2b dominates and forms exclusively IO(v″=0) via the 

sequential mechanism involving reaction 4.  The very different time delays at which the 

maximum absorption coefficients are observed are consistent with the sequential 

mechanism producing no IO(v″=1).  A CH2I* reactant pool, that is collisionally relaxed to 

CH2I, has not been included in the kinetic model described earlier, because there are no 
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reported measurements for relaxation of CH2I* by N2 or O2, which are the major 

components of the gas mixture.  Rates of collisional relaxation of CH2I* by CH2I2 have been 

found to be rapid,49 while Ar is a significantly less efficient quencher.50  Nonetheless, a rate 

constant within the observed range predicts a lifetime for CH2I* on the order of a few μs, 

which is consistent with the rise time observed for IO(v″=1) products.  The addition of this 

product channel to the kinetic model would require a modest reduction in the value of β0 to 

restore agreement with the experimental data.  The current model, however, already 

requires several estimated rate constants and it seems unlikely that much new insight 

would be gained by inclusion of additional estimated parameters to allow for collisional 

relaxation of CH2I*.  More fundamentally, the rate constants and branching between 

various pathways may depend more subtly on the internal energy distribution of the CH2I 

reactant.  Detailed master equation modelling of the relaxation of CH2I* may prove useful 

for determining the effects of excess reactant energy on the product branching ratio. 

The effect of “hot” molecules reacting prior to collisional thermalization on product 

branching has been suggested previously in studies of the OH + acetylene reaction.51  While 

this is unlikely to have a profound effect on reaction 2 under atmospheric conditions, the 

mechanism of CH2I radical production could have significant impact on laboratory studies 

of the CH2I + O2 reaction.  Photolysis wavelengths of 266 nm (Nd:YAG 4th harmonic) or 248 

nm (KrF excimer laser) have been used by other groups to photodissociate the CH2I2 

precursor.  At these wavelengths, the nascent CH2I internal energy distributions are 

bimodal, resulting from the formation of both ground and spin-orbit excited iodine atoms, 

and centered around energies of 46.5 and 26.1 kcal mol–1 (266 nm) and 53.9 and 33.7 kcal 

mol–1 (248 nm). 48 The details of the initial CH2I* internal energy distribution could have a 
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particularly important consequence for studies performed under conditions where 

reaction rates are competitive with relaxation rates; it may not be safe to assume that 

reactant species are completely thermalized prior to reacting.   

2.6 Conclusion 

The kinetics of the production of IO in the reaction of CH2I with O2 has been studied using 

time-resolved cavity ring-down spectroscopy following 355 nm photolysis of CH2I2.  We 

conclude that IO(v″=0) is produced primarily from secondary chemistry but also through a 

minor direct channel that contributes at early times.  IO(v″=1) is formed exclusively 

directly with a rate constant that is over five times larger than that for IO(v″=0), yet the 

maximum vibrationally excited population is significantly smaller than that of the ground 

state.  It is proposed that the direct production of IO radicals requires the reaction to 

involve CH2I with some degree of internal excitation; as collisions and reactions remove the 

internally excited CH2I* population, the direct reaction is quenched and the slower 

sequential mechanism continues to result in predominantly IO(v″=0).   

2.7 Addendum 

2.7.1 Introduction 

The following studies are the result of a related spectroscopic investigation of the A1A′′–

X1A′ transition of the simplest Criegee Intermediate, CH2OO, performed after the IO kinetics 

studies had concluded.  The A1A′′state has yet to be experimentally observed and could 

prove to be a useful spectroscopic probe for Criegee Intermediates because the A1A′′ is 

predicted to be properly bound and the spectrum should exhibit rotationally resolved 
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structure.  Ab initio calculations predict that the A1A′′–X1A′ transition of CH2OO originates 

around 500 nm, and that the oscillator strength may be up to a factor of 10–4 weaker than 

that of the strong B1A′–X1A′ transition which is readily detected in a single pass absorption 

measurement.  The B1A′–X1A′ electronic transition of CH2OO in the near–UV/visible has 

been well characterized and is the subject of the following chapter.  Collinear photolysis–

probe cavity ring–down spectroscopy was implemented to scan the spectral region around 

500 nm in search of the weak A1A′′–X1A′ electronic absorption spectrum of CH2OO.  These 

studies revealed a forest of IO hot bands originating in vibrational levels as high as v′′=6 

with a highly non–thermal population distribution.  No bands attributable to the A1A′′–X1A′ 

band of CH2OO were detected.  The results of these studies are discussed below. 

2.7.2 Experimental 

Several modifications to the CRD spectrometer were made in order to scan to longer 

wavelengths and to achieve higher sensitivity.  First, CRD mirrors centered at 480 nm (465-

510 nm) were used in place of those centered at 440 nm (420-465 nm).  The path length of 

the reaction flow cell was increased from 37.5 cm to 1.2 m, and the 355 nm photolysis 

beam was aligned collinearly with the cavity enhanced probe beam.  With these 

modifications, the single-pass path length through the sample is increased from 6 mm (in 

the orthogonal photolysis-probe geometry) to the full length of the reaction vessel.  The 

reaction vessel was also evacuated through a larger orifice, enabling data acquisition at 

lower pressures, thus maximizing the yield of CH2OO from reaction 2 while minimizing the 

three–body recombination of I atoms. 
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The bandwidth of the dye laser is narrow (0.08 cm–1, 0.002 nm), and step scanning over 

tens of nanometers with sub-wavenumber step sizes can be challenging due to drift in laser 

power, ring-down time, and lifetime of the liquid CH2I2 sample with respect to evaporation 

that occur on the timescale of hours.  Therefore, the long survey scans were performed by 

scanning the laser at a speed of 0.0125 nm/s and averaging only 2 waveforms per point at a 

repetition rate of 5 Hz.  This results in an effective wavelength step of 0.005 nm/point.  In 

this way, 20 nm sections of the absorption spectrum could be collected in under 30 minutes 

at high resolution.  

2.7.3 Results and Discussion 

 A survey scan of the 495-535 nm region reveals a forest of IO hot bands with vibrational 

excitation on the ground state up to v′′=6 as well as absorption by the strong B–X electronic 

absorption spectrum of I2 (see Figure 2.9).   

 

Figure 2.9.  Absorption spectrum of the CH2I + O2 reaction mixture after 6 μs at a 5 Hz 
repetition rate and 8 Torr total pressure.  IO hot band assignments are indicated. Shades of 

grey indicate separate, overlapping data acquisitions. 
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It is clear at this repetition rate that I2 is not being entirely removed from the probe volume 

on the 200 ms period of the measurement (see Figure 2.10).  I2 is formed from the 

recombination of I atoms that are unavoidably present during the reaction.  They are 

generated both in the photolysis of CH2I2 and also from the major pathway at low pressure, 

reaction 2b, that forms CH2OO.  Fortunately the secondary formation of I2 is slow, occurring 

on a millisecond timescale, compared to the direct formation of the vibrationally excited IO 

and the I2 contamination is minimal for short delays.  Nevertheless, the I2 spectrum peaks 

near 500 nm, is structured at λ>500 nm, and the dense rovibronic structure obscures the 

weaker IO vibronic bands.   

 

Figure 2.10. [Top]: Absorption spectrum of the CH2I+O2 reaction mixture displaying (2,5) 
vibronic band of IO and background absorption by I2, [Bottom]: 1 nm sample of the above 

spectrum (red) compared to a PGOPHER simulation of the I2 B–X absorption spectrum 
(black) offset for clarity. 
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The I2 spectrum dis reduced below the signal to noise level at a 1 Hz repetition rate.  

Therefore, the CRD spectra of the weaker IO vibronic bands were repeated at 1 Hz to 

confirm their assignments (see Figure 2.11 and Figure 2.12). 

 

Figure 2.11.  CRD spectrum of the A–X (2,5) vibronic band of IO.  Spectrum was recorded 
after 6 μs at a 1 Hz repetition rate and 9 Torr total pressure. Shades of red indicate 

separate, overlapping data acquisitions. 

 

 

Figure 2.12.  CRD spectrum of the A–X (4,6) vibronic band of IO.  Spectrum was recorded 
after 6 μs at a 1 Hz repetition rate and 9 Torr total pressure. 
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2.7.3.1 Band Simulations 

A simulated stick spectrum of the vibronic transitions between v′′=0–6 vibrational levels 

on the X state and v′=0–10 levels on the A state is shown in Figure 2.13.  The calculated 

FCFs are summarized in  
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Table 2.4, and band positions are calculated based on experimentally determined vertical 

excitation energies, vibrational frequencies and anharmonicities from Newman et al. and 

Durie et al.  

 
Figure 2.13. Stick spectrum of IO vibronic band positions between v′′=0–6 ← v′=0–10. 
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Table 2.4.  Calculated Franck-Condon Factors for the IO A–X(v′,v″) bands 

   v′′     

v′ 0 1 2 3 4 5 6 
0 0.00813 0.04909 0.13418 0.21950 0.23972 0.18483 0.10385 
1 0.03051 0.11550 0.16014 0.07994 0.00076 0.05839 0.16690 
2 0.06321 0.13929 0.06912 0.00088 0.08119 0.09646 0.01019 
3 0.09581 0.10871 0.00387 0.05647 0.07239 0.00023 0.06630 
4 0.11877 0.05519 0.01334 0.07686 0.00491 0.04964 0.05659 
5 0.12774 0.01377 0.05082 0.03563 0.01677 0.06025 0.00001 
6 0.12348 0.00000 0.06704 0.00204 0.05254 0.01213 0.03565 
7 0.10979 0.01027 0.05249 0.00824 0.04645 0.00375 0.04999 
8 0.09120 0.03220 0.02493 0.03327 0.01548 0.03170 0.01611 
9 0.07154 0.05385 0.00454 0.04737 0.00003 0.04266 0.00031 
10 0.05339 0.06806 0.00061 0.04061 0.01014 0.02497 0.01815 

2.7.3.2 Population Distribution 

The population distribution from experiments was estimated by integrating over 1 nm of 

the absorption spectrum of each band and dividing by the square of the FCF.  Relative 

populations were determined by normalizing by the population in v′′=0.  Only spectra 

recorded at 1 Hz were used to determine populations due to possible contamination by I2 

absorption.  The vibrationally excited populations were also scaled by a factor of 1.3 

because they were all recorded at 6 μs, the optimal delay determined from extensive 

kinetic experiments described earlier, and subsequent transient absorption measurements 

of the hot bands revealed that the modifications to the experiment had shifted the peak 

absorption to 18 μs.  Population in the ground state was determined via the (0,0) band 

which was recorded at peak timing–200 μs in this case. The experimental relative 

populations should be taken qualitatively. 

The thermal fractional population of vibrational levels was calculated using the Boltzmann 

distribution at 295 K.  
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 𝑁𝑣

𝑁0
= exp (−

𝐸𝑣

𝑘𝐵𝑇
) 

(E11)  

The population distribution is highly non-Boltzmann above v′′=2.  The observed population 

from v′′=3–6 is relatively constant, whereas a thermal population would exhibit an order of 

magnitude decrease in the population with each quantum of vibrational excitation. 

Transitions from higher vibrationally excited levels (v′′>6) may also be present within the 

range of measured excitation wavelengths (495–535 nm), for example: v′′=7← v′≥4, v′′=8← 

v′≥5, etc., but were below the signal to noise of our measurement.   

   

Based on the trend between v′′=0–6, one cannot assume that these higher lying vibrational 

states are negligibly populated.  Overlap with stronger transitions, for example, may 

explain why they were not observed.     

2.7.3.3 Kinetics 

Conventional transient absorption traces for the (0,0), and (0,2) bands and are shown in 

Figure 2.15, which were used to determine the scaling factor for the vibrationally excited 

 
Figure 2.14.  Relative population distribution of IO produced in the CH2I + O2 reaction 

(red) compared to that expected for a thermalized sample (black). 
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fractional populations.  It is clear that the kinetics of IO(v′′≥1) exhibit starkly contrasting 

formation kinetics from IO(v′′=0), indicating different formation mechanisms are 

responsible.  This is consistent with the previously described observations for the 

difference in the formation kinetics v′′=0 and v′′=1 states of IO. 

 

Figure 2.15.  Transient absorption of the IO A–X (0,0) and (0,2) vibronic bands. The 
ground state TA was recorded with 5 μs timesteps.  The vibrationally excited TA was 

recorded with 1 μs timesteps.  Both experiments were run at 10-11 Torr and 1 Hz 
repetition rate. 

2.7.4 Conclusion 

In addition to IO(v′′=1) detected in earlier studies of the kinetics of IO formation from the 

reaction of CH2I + O2, hot bands originating in vibrational levels up to v′′=6 on the ground 

state have been observed at longer wavelengths which also exhibit prompt formation 

kinetics.  The 10 to 1 ratio of IO produced in v′′=0 to v′′=1 determined earlier is verified 

here by measurements of the (0,0) and (0,1) bands.  We have determined that the 

population distribution of vibrationally excited states of IO produced from reaction R2 is 

non–thermal, particularly at higher v′′.   
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3 High Resolution Absolute Absorption Cross Sections of the 

B̃1A′–X̃1A′ Transition of CH2OO 

 

Sections of this work are reproduced  from Foreman, E.S.; Kapnas, K.M.; Jou, Y., Kalinowski, 

J.; Feng, D.;  Gerber, R.B.;  Murray, C. Phys. Chem. Chem. Phys., 2015, 17(48), 32539-32546, 

and Kalinowski, J.; Foreman, E.S.; Kapnas, K.M.; Murray, C.; Räsänen, M.; Gerber, R.B. Phys. 

Chem. Chem. Phys., 2016, 18(16), 10941-10946, by permission of the Royal Society of 

Chemistry. 

 

3.1 Abstract 

Carbonyl oxides, or Criegee Intermediates, are formed from the gas phase ozonolysis of 

alkenes and play a pivotal role in night-time and urban area atmospheric chemistry.  

Significant discrepancies exist among measurements of the strong B̃1A′–X̃1A′ electronic 

transition of the simplest Criegee intermediate, CH2OO in the visible/near-UV.  We report 

room temperature spectra of the B̃1A′–X̃1A′ electronic absorption band of CH2OO acquired 

at higher resolution using both single-pass broadband absorption and cavity ring-down 

spectroscopy.  The new absorption spectra confirm the vibrational structure on the red 

edge of the band that is absent from ionization depletion measurements.  The absolute 

absorption cross sections over the 362-470 nm range are in good agreement with those 

reported by Ting et al.1  Broadband absorption spectra recorded over the temperature 

range of 276–357 K were identical within their mutual uncertainties, confirming that the 

https://dx.doi.org/10.1039/1463-9084/1999
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vibrational structure is not due to hot bands.  High level ab initio molecular dynamics 

simulations reveal that while some photoexcitation events lead to fragmentation, others 

lead to vibrational resonances in the excited state that may relax to the ground electronic 

state.  The predicted >20 ps lifetime of these excited state resonances is too long to explain 

the lack of resolved rotational structure in the absorption spectrum.  We predict that non-

dissociative population transfer to a lower lying state that is bound on the timescale of the 

ionization depletion measurements is responsible for the discrepancy between absorption 

and ionization depletion measurements. 

3.2 Introduction 

Alkene ozonolysis plays a crucial role in the process of tropospheric oxidation and particle 

formation.  Unsaturated hydrocarbons and ozone are consumed to produce a stable 

carbonyl fragment and a highly internally excited carbonyl oxide, or Criegee intermediate.2  

The zwitterionic Criegee intermediate is either collisionally stabilized or thermally 

decomposes.  The stabilized Criegee Intermediate is highly reactive with many trace 

atmospheric species including RO2 and SO2, which leads to the formation of secondary 

organic aerosol particles and inorganic particulate matter.3–5  Fragmentation of the 

internally excited Criegee Intermediate produces OH radicals and organic acids.6    Criegee 

intermediates have long been thought to be key intermediates, but direct detection in the 

gas phase proved elusive until very recently. The first major breakthrough was the use of 

VUV radiation to selectively ionize the simplest Criegee intermediate, CH2OO, but not its 

more stable isomers;7,8  the second was production in the laboratory not by highly 

exothermic and very slow ozonolysis of alkenes, but by the near thermoneutral reactions 

between iodoalkyl radicals  (CR2I) and molecular oxygen.  The rate constant for the latter 
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reaction is up to six orders of magnitude larger than that for alkene ozonolysis,9–11 which 

readily permits the production of large number densities of thermally stable Criegee 

intermediates.  In the wake of these developments, there has been a surge of laboratory 

studies.  The kinetics of the reaction of CH2OO with trace atmospheric species have been 

followed using both direct and indirect detection.5,6,12 Spectroscopic detection of CH2OO 

has now been achieved in the IR13 and microwave regions,14,15 with the latter approach 

conclusively demonstrating the formation of CH2OO in ethene ozonolysis,16 and in the 

visible/near UV.1,9,17  The methyl-substituted CH3CHOO biradical has also been detected in 

the near UV18,19,20 and while it has been found to display conformer-specific reactivity to 

water vapor and SO2,20,21 its reactivity has been much less thoroughly explored than that of 

CH2OO.  Larger alkyl-substituted CIs appear to have very similar UV spectra.19,22,23 

Our focus is the strong absorption band of CH2OO in the visible and near-UV region that has 

been assigned to the B̃1A′–X̃1A′ electronic transition.  Absorption in this region was first 

identified by Beames et al. using an action spectroscopy approach.17  CH2OO was produced 

by the reaction between photolytically-generated CH2I and O2 in a molecular beam and 

ionized using 118 nm VUV laser pulses.  Depletion of the m/z=46 ion signal upon 

introduction of a second UV laser was monitored at discrete wavelengths over the range 

~280–410 nm.  An approximately Gaussian-shaped band was observed with maximum 

depletion at ~335 nm.  The absolute absorption cross section of ~5×10–17 cm2 at the peak 

was estimated based on the fluence of the UV depletion laser.  Sheps later used time-

resolved cavity-enhanced absorption spectroscopy (CEAS) to directly measure the 

absorption spectrum at a resolution of 2 nm, finding an absolute peak absorption cross 

section of (3.6±0.9)×10–17 cm2 at ~360 nm. 9  The absorption band extends as far as ~440 
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nm and shows a regularly spaced vibrational progression on the red side that was 

attributed to long-lived vibrational levels of the B̃1A′ state.  Most recently, Ting et al. used a 

750 mm long transient absorption spectrometer;1 absolute absorption cross sections were 

determined using a depletion technique.22  The peak cross section of (1.23±0.18)×10–17 cm2 

was found at 340 nm and the same vibronic structure was observed on the long-

wavelength side.  These measurements are shown in Figure 3.1.   

 

Figure 3.1. Previous measurements of the CH2OO B̃1A′–X̃1A′ transition.  Beames et al. 
measured ionization depletion at discrete pump wavelengths, while Sheps and Ting et al. 

used cavity-enhanced and conventional absorption spectroscopy, respectively. 

 
Qualitatively, the absorption measurements result in similar spectra, showing distinct 

vibronic band structure superimposed on an underlying continuum.  Quantitatively, 

however, the peak absorption cross sections vary by at least a factor of three.  The absence 

of the band structure seen in absorption from the depletion measurements indicates that 
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the photodissociation quantum yield in this region is <1.  Ab initio calculations indicate 

that the B̃ state should support bound levels, with electronic predissociation facilitated by a 

conical intersection with repulsive surfaces at extended OO distances.23  These calculations 

indicate the intersection is located  ~3000 cm–1 above the B̃ state minimum, suggesting 

that the predissociation rate may increase with vibrational excitation in the OO stretch 

mode.  Hence, lower lying bound levels are expected to have a relatively slow 

predissociation rate and we might anticipate resolvable rotational structure in the 

absorption spectrum. 

In this work, CH2OO was prepared in a reaction flow cell by the reaction between 

photolytically generated CH2I and O2.  Absolute absorption spectra of the structured region 

of the B̃–X̃ transition of CH2OO at λ > 360 nm were measured with improved resolution 

using pulsed LEDs as broadband light sources, dispersed in a spectrograph.  Additional 

absolute absorption spectra of selected low excitation energy vibronic bands of the B̃–X̃ 

transition, including the origin, were measured at high resolution using pulsed laser cavity 

ring-down spectroscopy.  Despite the higher resolution of our measurements we find no 

resolvable rotational structure in any of the bands, although the variation in the band 

contours is strongly suggestive of significant vibrational congestion in the spectrum.  

Accompanying ab initio molecular dynamics simulations of the B̃–X̃ transition reveal that 

some lower energy photoexcitations lead to long lived vibrational resonances on the B̃ 

state which may be responsible for the vibrational structure observed in the absorption 

measurements. 
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3.3 Experimental Methods 

Spectra were recorded by conventional single-pass absorption spectroscopy, using 

broadband pulsed LEDs as a probe light source, and pulsed laser cavity ring-down 

spectroscopy.  In both experimental arrangements, the photolysis laser beam was aligned 

to be collinear with the probe axis and steered through the reaction cell using dichroic 

mirrors that transmit λ > 360 nm.   

3.3.1 Broadband Transient Absorption Spectroscopy 

Absorption spectra of CH2OO were recorded by broadband transient absorption 

spectroscopy in a 50 cm long stainless steel flow cell.  Measurements were made at 50 Torr 

total pressure, comprising 0.01% CH2I2, 7.3% O2 and N2 balance.  All gas flows were 

regulated by calibrated mass flow controllers (Alicat) and the pressure monitored by a 

capacitance manometer (MKS).  The photolysis laser was attenuated to provide 

approximately 9±1 mJ pulse–1 (32±4 mJ cm–2 fluence).  The wavelength range 362–470 nm 

was covered by three probe LEDs with emission profiles nominally centered at 365, 405, 

and 455 nm.  An LED driver (LightSpeed Technologies, Dragon HPLS-36DD18A) was used 

to generate short, broadband (duration < 8 μs, ~20 nm FWHM) light pulses that were 

initially coupled into a fiber optic and subsequently collimated using an achromatic 

doublet.  After traversing the reaction cell, the transmitted probe light was focused onto the 

entrance slit of a spectrometer (resolution 0.12 nm) equipped with a low-noise, cooled CCD 

array camera (Andor SR303i with iDus 420).  Spectra were collected at a 2 Hz repetition 

rate to eliminate the buildup of photoproducts in the probe region.  Temperature was 

increased by wrapping flexible silicon rubber heating tape around the flow cell and 

insulating with aluminum foil.  The flow cell was cooled by wrapping in an ice bath and 
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insulating with rubber foam.  Internal temperature of the reaction vessel was measured 

with a thermocouple with an estimated accuracy of ±2 K over the measured range. 

3.3.2 Cavity Ring-down Spectroscopy 

High-resolution spectra of selected vibronic bands of CH2OO were recorded using pulsed 

laser cavity ring-down spectroscopy.  Similar to the broadband measurements, a collinear 

and counter-propagating photolysis-probe geometry was also implemented.  To date, the 

adoption of collinear photolysis-probe arrangements for cavity ring-down experiments has 

been limited, and so the performance of the collinear and counter-propagating photolysis-

probe cavity ring-down spectrometer is discussed in detail.  A schematic of the 

spectrometer is illustrated in Figure 3.2.   

 

Spectra were collected at 70 Torr total pressure, 0.03% CH2I2, 5.4% O2 and N2 balance.  The 

photolysis laser was unfocused and attenuated to 1.5±0.1 mJ pulse–1 (5.3±0.4 mJ cm–2 

 Figure 3.2. CRDS experimental schematic.  (PM=power meter, DM=dichroic mirror, M1 
and M2=highly reflective CRD mirrors, F=dichroic filter, P=polarizer, 

PMT=photomultiplier tube, dashed purple=probe beam, solid blue=photolysis beam). 
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fluence) in order to avoid damage to the ring-down mirrors.  Probe light in the wavelength 

range 417–435 nm was obtained from a Nd:YAG pumped dye laser (0.0014 nm bandwidth) 

operating with Stilbene 420 and Coumarin 440 dyes (Continuum ND6000 and Surelite III-

10).  The pulse energy was attenuated to < 20 µJ pulse−1 and coupled into the optical cavity, 

which comprised two highly reflective mirrors (nominal R = 0.99995 at a center 

wavelength of 440 nm) separated by 37.5 cm.  The 355 nm photolysis beam is steered into 

the flow cell through the rear cavity mirror (M2) using a 355 nm Razor Edge long-pass 

dichroic mirror (Semrock) that reflects only the 355 nm beam while transmitting the 

longer wavelength probe radiation through the filter to the PMT.  An identical dichroic 

placed before the front cavity mirror (M1) directs the transmitted 355 nm radiation to a 

beam dump or energy meter.  The photolysis pulse energy is measured using an energy 

meter at three locations: before M1, after transmission through M1 only, and after 

transmission through both M1 and M2.  Although the CRD mirrors are only highly reflective 

over the 415–465 nm range, the 355 nm back reflection from M2 is ~50% of the incident 

energy.  No evidence of ringing down was observed with only the photolysis beam incident 

on the ring–down mirrors.  During data acquisition the power of the photolysis laser is 

continuously measured after exiting the cavity.  Peak-to-peak stability of 12% with a pulse 

energy of <5 mJ was achieved by operating the photolysis laser at the optimum Q-switch 

delay and variably attenuating the beam with a polarizer.   

The light transmitted through M2 was detected by a PMT and digitized by a 12-bit, 500 

MHz digital oscilloscope (LeCroy HDO).  Individual ring-down waveforms were fit to single 

exponential decays in real time.  Absorption spectra were recorded by measuring the 

change in ring-down time relative to the “empty” ring-down time as a function of dye laser 
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wavelength.  We recorded ring-down times for all delays at each probe wavelength before 

stepping the dye laser, to achieving a “real time” background subtraction, which is 

advantageous during potentially lengthy spectral acquisitions. 

3.4 Theoretical Methods 

Vibrational frequency calculations and ab initio molecular dynamics simulations reported 

in this work were performed by Jaroslaw Kalinowski. 

3.4.1 Vibrational Frequency Calculations 

Even though CH2OO in equilibrium is dominated by a single configuration wavefunction,24 

it has been shown that potential energy surface around minimum geometry exhibits major 

contributions of other electronic configurations and excited states proved to require 

multiconfigurational approach.25  To satisfy this requirement, in all calculations the MRCI 

method was used as implemented in GAMESS.26,27  An active space consisting of 12 

electrons in 12 orbitals was used and multi-level parallelism was used to improve the 

scalability of calculations.28  Dunning’s cc- pVTZ basis set was used, which is expected to 

give satisfactory results for this system.29  To avoid numerical and convergence issues, 

state averaging was used with assumed equal weights for both B̃1A′ and X̃1A′ states. 

The stability of the vibrational spectrum calculations was investigated by calculating 

numerical Hessians with different atom displacements ranging from 0.05 Å to 0.001 Å.  

Tested changes in the displacements did not affect the vibrational frequencies by more 

than 0.1 cm–1, suggesting that there is no risk of discontinuities in the potential energy 

surface in an area relevant for the vibrational analysis. In addition, the convergence of the 



83 
 

results with respect to the active space size was tested. Removing up to two occupied or 

virtual orbitals from the active space changed vibrational frequencies by less than 1 cm–1. 

The electronic spectrum was calculated for a temperature of 300 K using the ezSpectrum 

package 30 

3.4.2 Molecular Dynamics Simulations 

High level ab initio molecular dynamics (AIMD) simulations with multi reference potentials 

were performed using the MCSCF approach with perturbation theory to get dynamic 

electron correlation correction.  This MR-PT2 approach,31 as implemented in GAMESS,27 

was used in all calculations.  The active space was kept constant by simply using the full 

valence active space which consists of 18 electrons in 14 orbitals for both dynamical and 

statical correlation calculations.  

The time step used in the MD simulations varied along trajectories but was never larger 

than 0.1 ps.  For the most part, the 0.1 ps time step was small enough to conserve energy 

for all of the trajectories.  However, even very small geometry changes result in significant 

changes in electronic structure when near the surface crossing regions.  Near these regions, 

whenever the energy could not be preserved with 0.1 ps time step, time step was 

decreased further, e.g., instead of a single step of 0.1 ps we would perform two steps of 0.05 

ps.  This rule was applied recursively to keep the total energy constant throughout the 

simulation.  The shortest time step necessary was 0.0125 ps.  When calculating energies of 

the excited states only pure states were calculated. 

Although there are many successful approaches for molecular dynamics simulations on 

excited state surfaces 32–39 including classical surface hopping35,36 and improved 
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approaches,38,39 the implementation of such methods when using advanced multi reference 

potential like MR-PT2 was not included in available codes.  To estimate the effect of non-

adiabadic transitions we carried out two different types of simulations: (1) propagation on 

the B ̃state, without surface hopping for any of the trajectories, and (2) propagation on the 

excited state surface until a crossing with a different state is reached.  From there, surface 

hopping to the other electronic state was assumed for each of the trajectories, and 

propagation continued on the latter as a new simulation.   If the newly spawned simulation 

reached another crossing, both types were applied again.  From these two different limits, 

applied recursively until the whole spaces is explored, bounds on the role of non-adiabatic 

events were obtained.  Only relative energy was used as a criterion for surface hopping.  

The surface crossing event is defined as a relative energy between two states being lower 

than 0.1 eV.  To avoid spawning too many trajectories in the neighborhood of the surface 

crossing, the minimum time between surface hopping events was set to 10 ps.  Our 

simulations were initiated by a vertical excitation to the excited state surface on which the 

trajectories were propagated. 

3.5 Experimental Results 

CH2OO was produced in a stainless steel reaction flow cell by the reaction between CH2I 

radicals, generated by pulsed laser photolysis of CH2I2 at 355 nm, and molecular oxygen: 

 CH2I2+hν → CH2I + I (R1) 

 CH2I + O2 → CH2OO + I (R2a) 

 CH2I + O2 → HCHO + IO (R2b) 

 CH2I + O2 + M → CH2IOO + M (R2c) 
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 CH2OO + I → HCHO + IO (R3) 

Linear absorption measurements are complicated slightly by the formation of IO radicals 

via reactions 2b and 3.1,20  Well-characterized bands associated with the A2Π3/2–X2Π3/2 

transition of IO in the 360–470 nm range overlap the structured red wing of the CH2OO 

absorption band.  The background subtraction procedure exploits the very different 

kinetics of CH2OO and IO formation and loss. 

3.5.1 Broadband Transient Absorption Results 

The structured region of the B̃–X̃ transition of CH2OO recorded using conventional single-

pass absorption spectroscopy is shown in Figure 3.3.  The spectrum has been assembled 

from sequential measurements made using three different LEDs to span the 362–468 nm 

wavelength range, as shown in Figure 3.3(a).  The spectral resolution of 0.12 nm is 

improved over previous absorption measurements which report an instrument resolution 

of, at best, 2 nm.  A time delay of ~10 μs between the photolysis laser and LED probe pulse 

maximizes the contribution of CH2OO to the spectrum, although features attributable to 

bands of the IO A2Π3/2–X2Π3/2 transition are clearly visible in Figure 3.3(b).   

CH2OO and IO have very different kinetic behavior.  At low pressures, CH2OO + I are the 

major products and are formed directly via reaction 2a.10,40  The range of reported rate 

constants for reaction 2 overall is 1.37–1.82×10–12 cm3 s–1.9,10,41,42  The CH2OO population 

reaches a maximum at early times and is removed by rapid self-reaction and by reaction 

3.10,43,44  The latter reaction is largely, although not exclusively, responsible for the 

production of IO which increasingly contributes to the overall absorption spectrum at 

longer delay times.   
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Figure 3.3. a) LED emission spectra. b) Broadband absorption spectra collected with 
photolysis-probe time delays of 10 μs (black, offset vertically) and 100 μs (red, scaled by 
0.55).  c) CH2OO absorption spectrum after subtraction of the IO contribution (black). An 

expanded view of the 376–406 nm region is shown in the inset. Grey shading represents 1σ 
uncertainty. 
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Measuring the rate of production of IO is complicated by contributions from both direct 

(R2b) and indirect (R3) reactions. Existing rate constants span the range 0.0026-3.5×10–11 

cm3 s–1,45–47 although a recent study48 reports a phenomenological rate constant of 

(1.5±0.1)×10–13 cm3 s–1 for the formation of IO due to all processes. 

The unwanted IO contribution to the spectra was measured at a photolysis-probe delay of 

100 μs, by which time CH2OO has been completely consumed under the experimental 

conditions of this work.   Comparison to previously recorded IO spectra49,50 confirms the 

absence of any significant CH2OO absorption at the longer delay.  The early-time IO 

contribution can be readily removed from the overall absorption spectrum by scaling and 

subtracting the pure IO spectrum.   The scaling factor can be determined either by 

matching the absorbance of features for which there is no overlap (e.g. the IO bands at λ > 

440 nm) or from the ratio of IO absorbance at 10 μs and 100 μs from our previous study of 

the kinetics of the CH2I + O2 reaction performed under the same experimental conditions.48  

Both approaches yield consistent results.  Absorption depletion caused by 1% dissociation 

of the precursor molecule, CH2I2, was also considered, but would contribute less than 

<1.5% of the observed signal over the 362 ̶ 468 nm range and has therefore been 

discounted. 

The CH2OO spectrum shown in Figure 3.3(c) is in excellent agreement with previous 

absorption spectroscopy measurements.1,9  There are seven readily identifiable bands in 

this wavelength region; fitting to a sum of Lorentzian functions with an underlying 

Gaussian centered at 29627 cm–1, yields an average separation of 608±39 cm–1.  Band 
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centers and widths are listed in Table 3.1 alongside the peak assignments from Ting et al. 

for comparison.  The FWHM varies over the range 140 to 417 cm–1.   

Table 3.1. CH2OO band centers and widths derived from the broadband transient 
absorption spectrum. 

Band Center / cm–1 

(Ting et al.) 

Band Center / cm–1 

(This Work) 
FWHM / cm–1 

– 23196(13) 140(40) 

23780 23849(9) 266(28) 

24430 24469(7) 385(36) 

25060 25131(6) 417(39) 

25690 25716(8) 317(41) 

26270 26313(7) 363(50) 

26880 26885(11) 334(67) 

27500 27452(25) 188(119) 

 

While the spectrum can be reasonably decomposed using a sum of Lorentzian functions, 

closer inspection shows that the shapes of the band contours vary; an expanded view of the 

376–406 nm region is shown in the inset in Figure 1.3(c).  The widths of the bands are also 

significantly too broad to be attributed purely to homogeneous line broadening.  Vibronic 

band simulations, discussed in detail in section 3.5.4, reveal that experimentally observed 

linewidths would imply excited state lifetimes on the order of tens–hundreds of 

femtoseconds.  While the progression is dominated by a single component with frequency 

~610 cm–1, other modes may also show significant Franck-Condon activity and lead to 
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significant vibrational congestion in the spectrum, as suggested originally by Sheps.  The 

weak feature at ~431 nm appears to be the lowest frequency band; within the signal to 

noise there is no evidence of any additional features that can be attributed to CH2OO at 

longer wavelengths and we tentatively assign this as the origin band.  This region of the 

spectrum is rather noisy because of the overlap with the A–X(4,0) band of IO radicals and 

the subtraction procedure.9   

3.5.2 Cavity Ring-down Spectroscopy Results 

Cavity ring-down spectroscopy provides both higher sensitivity and higher resolution (the 

dye laser linewidth is 0.08 cm–1) than the single-pass broadband absorption technique. The 

unusual collinear photolysis–probe configuration achieved by directing the photolysis 

pulse through the ring–down mirrors to overlap with the multi–passed dye laser beam, 

enables the detection of photoproducts along the length of the cavity axis.  The collinear 

photolysis–probe geometry implemented here is preferred over “nearly collinear” 

geometries in which the two beams are crossed at a shallow angle, due to the increased 

path length through the sample and the accuracy to which the path length can be defined. 

However, the sensitivity of the apparatus is also dependent upon the fluctuations in the 

ring–down time, and so the effects of the incident photolysis beam on the performance of 

the optical cavity have been examined.  A modest (~2–12%), wavelength-dependent 

decrease in ring-down time occurs over a timescale of ~ 2 s after exposure to the 

photolysis beam, after which it remained stable.  Nevertheless the photolysis and probe 

beams were allowed to pass through the ring-down mirrors for several minutes before 

commencing data collection as a precaution.  No long term decrease in the ring-down time 

due to the incident photolysis laser was observed.   
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Figure 3.4 displays the empty cavity ring-down time, 𝜏0(𝜆), was measured as a function of 

probe laser wavelength with and without the incident photolysis beam and gas mixture.  

𝜏0(𝜆) was measured with relatively large wavelength step sizes (0.2 nm step) and was fit to 

a high order polynomial, 𝜏0,𝑓𝑖𝑡(𝜆), which was used to calculate 𝛼(𝜆) using equation E1.  

High resolution scans over narrower spectral windows found no reproducible structure in 

𝜏0(𝜆) either with or without the photolysis beam present. 

 

 

Figure 3.4.  Raw ring-down time as a function of wavelength under seveal conditions: gas 
off, photolysis off [black]; gas off, photolysis on at Δt =180 ms [red]; gas on and 

photolysis on at Δt = 180 ms [green]; gas on and photolysis on at Δt = 140 μs showing IO 
absorption [blue].  The black dashed line represents high order polynomial fit, 𝜏0,fit(𝜆), to 

the empty cavity ring-down, 𝜏0(𝜆). 

 
The standard deviations in the fitted ring-down times did not increase upon exposure to 

the photolysis beam.  Larger reductions of 37−50% have been reported in other collinear 
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photolysis cavity ring-down experiments.51,52  It may be that the dielectric coatings of the 

ring-down mirrors are less sensitive to local heating effects induced by the photolysis beam 

than those implemented in other studies.   

The empty cavity ring-down time was measured using a photolysis-probe delay of –20 ms, 

i.e., the photolysis laser was fired 20 ms after the probe laser, or 180 ms before the next 

cycle at the 5 Hz repetition rate.  It was verified that the long-lived absorption due to IO is 

completely removed within 180 ms by monitoring IO absorption at the A2Π3/2–X2Π3/2 (4,0) 

bandhead as a function of delay (see Figure 3.5).  

 

In order to verify the total removal of IO within the period of our measurement, we 

collected the time profile of IO by probing the A2Π3/2–X2Π3/2 (4,0) bandhead at 437.062 nm 

as a function of photolysis-probe time delay.  With the low IO number densities present in 

these experiments, IO is lost slowly by self-reaction.  IO is removed below the signal to 

noise of our measurement within ~90 ms.  This is very close to the 100 ms period of a 10 

Figure 3.5.  Time profile for IO measured at A2Π3/2–X2Π3/2 (4,0) bandhead at 427.062 nm 
with at timestep of 1 ms. 



92 
 

Hz measurement.  All spectra were collected at a reduced repetition rate of 5 Hz to avoid IO 

build-up in the reaction cell.  

CRD spectra of the weak vibronic bands between 417–435 nm were recorded.  These 

features, corresponding to excitation to levels lying deepest in the B̃ state well, were 

thought to be most likely to show resolvable rotational structure.  Spectra were recorded at 

photolysis-probe delays of 8 and 140 μs.  The heavily predissociated A–X (5,0) and (4,0) 

bands of IO contribute strongly to the absorption in this spectral region, as shown in Figure 

3.6(a), even at early times.  Spectra collected at the longer delay time of 140 μs contain IO 

exclusively.   

 

Figure 3.6. a) Cavity ring-down spectra recorded with photolysis-probe delays of 8 μs delay 
(black) and 140 μs (red, scaled by 0.15).  b) CH2OO absorption spectrum after subtraction 
of the IO contribution. Grey shading represents 1σ uncertainty. 
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The IO contribution to the total absorption spectrum, recorded at a delay of 8 μs, was 

removed by subtracting the “pure” IO spectrum, recorded at 140 μs, multiplied by a scaling 

factor to account for the formation timescale of IO.  The scaling factor was determined from 

a transient absorption study under identical experimental conditions;48 the ratio of IO 

absorption at the (3,0) band head at 8 μs and 140 μs indicates a factor of 0.15±0.1.  After 

subtraction of the IO contribution, two broad and unstructured features remain, as shown 

in Figure 3.6(b).  The spectrum is again decomposed as a sum of Lorentzian functions.  We 

tentatively assign the band centered at 430.17 nm (23247 cm–1) to the 00
0 origin band.  The 

strong band at 419.53 nm (23836 cm–1) is 589 cm–1 to the blue of the origin; it seems likely 

that the B̃ state vibrational mode responsible for this feature is the one that dominates the 

rest of the vibrational progression evident in the spectrum.   

3.5.3 Determination of Absorption Cross Section 

The absolute absorption cross section can be determined from an estimate of the peak 

CH2OO number density present in cell according to the Beer-Lambert law.  Two methods 

were considered for determining the peak CH2OO number density.  The first estimates the 

initial number density of CH2I and uses previous measurements of the pressure-dependent 

CH2OO yield of the CH2I + O2 reaction.  The initial CH2I2 number density is measured 

directly by single pass broadband absorption spectroscopy using a UV LED between 350 ̶ 

385 nm and previously reported absorption cross sections.53  The yield of CH2I from 

photolysis, ΦCH2I, is estimated for a given laser fluence using a value of 1.92×10–19 cm2 for 

the absorption cross section of CH2I2 at 355 nm.53  The yield of CH2OO in the CH2I + O2 

reaction, 𝑦CH2OO, is pressure dependent but can be estimated by applying  the following 

expression from Ting et al.,10 to our experimental conditions: 
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 y–1 = (1.24±0.03) + (9.13±0.33)×10–20[M] (E2) 

where [M] is the total number density.  CH2OO yields determined by other indirect 

approaches also agree within their mutual uncertainties.40,54  We have included an 

additional factor, κ=0.802, to correct for the fact that peak CH2OO number density will be 

less than the maximum predicted from the total yield.  The formation rate, while rapid, is 

not infinitely fast with respect to the loss rate.  We determined phenomenological rates for 

formation and loss of 3×105 s–1 and 1.6×104 s–1 by fitting a kinetic model to a difference of 

exponentials (see Figure 3.7).   

The peak observed number density is only 80.2% of that predicted from the total yield 

based on our estimates of the formation and loss rates.  

The resulting peak CH2OO number densities for the broadband and CRDS experiments of 

(1.4±0.39)×1013 cm–3 and (5.1±1.4)×1012 cm–3, respectively, are calculated using: 

 
Figure 3.7. The time profile for CH2OO measured using broadband transient absorption is 

shown in blue circles.  A kinetic model is shown in solid black, and a fit to the kinetic 
model is shown in dashed red. 
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 𝑛CH2OO = 𝑛CH2I2
ΦCH2I𝑦CH2OO𝜅 (E3) 

The relative uncertainties in the estimated CH2OO number densities of 27% and 28% are 

the primary sources of error in the absolute absorption cross section.  A summary of the 

key quantities for both BBTA and CRDS experiments can be found in Error! Not a valid 

bookmark self-reference..   

Table 3.2. Key Quantities Used in Determination of Absorption Cross Section 

 𝑛CH2I2
 / 1015 cm–3 ΦCH2I 𝑦CH2OO κ 𝑛CH2OO / 1012 cm–3 

BBTA 2.2 ± 0.4 0.011±0.002 0.72 ± 0.05 0.802 14 ± 3.9 

CRDS 7.4 ± 1.5 0.0013±0.0002 0.69 ± 0.05 0.802 5.1 ± 1.4 

 

An additional source of error in the CH2OO number density calculation could be that the 

number density is not constant over the duration of the 6 μs LED pulse.  However our 

kinetic model predicts that between 10–16 μs, the absorption of CH2OO varies by only 5%, 

and this variation in 𝑛CH2OO has been neglected.   

We also considered a second approach exploiting the well-characterized absorption cross 

sections of IO and relating its number density to that of CH2OO.  The very different 

temporal behavior requires the use of a kinetic model to account for the time-dependence 

of both species.  This approach is complicated by the uncertainty in the time-dependent 

relative yields of IO and CH2OO.  The absorption cross sections for the A–X band of IO are 

well known and the number density of IO can be readily measured.49,55  Estimating the 

yield of IO relative to CH2OO, however, is less straightforward.  IO is produced both directly 

and from secondary chemistry,48 and the pressure-dependence is not well characterized.  
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Particularly, the early time behavior is determined by the fraction of the CH2I + O2 reaction 

that produces IO directly.  In previous work, we have shown that this fraction is likely 

dependent upon the degree of initial excitation of the photolytically-generated reactant 

CH2I.48  The CH2I* collisional relaxation rate in an N2/O2 bath has not been quantified 

experimentally, which obscures the branching fraction.  As such we are not confident that 

we can reliably estimate the relative time-dependent IO and CH2OO number densities.  

The small region of overlap between the broadband and CRDS experiments, 417–435 nm, 

shows excellent agreement, despite being measured under different experimental 

conditions, suggesting that our estimation of  𝑛CH2OO is reliable.  Within their mutual 

uncertainties, the cross sections determined in this work are in excellent agreement with 

those of Ting et al. at all wavelengths within the 362–480 nm range, and in reasonable 

agreement with Beames et al. in the 374–383 nm range.  Potential sources of error in the 

CH2OO number density may arise from our calculated photolysis yield based on the 

photolysis laser fluence, or the branching of reaction R2a measured by other groups.  It is 

unlikely that any of these sources of error are significant enough to bring our 

measurements into agreement with the cavity-enhanced measurement of Sheps.   
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3.5.4 Vibronic Band Simulations 

The anticipated asymmetric top rotational contour for an individual band was simulated 

using PGOPHER.56  Rotational constants A0, B0, and C0 determined from microwave 

spectroscopy14,15 were used for the X̃1A′ state (77.75, 12.46, 10.72 GHz).  Those for the B̃1A′ 

state were derived from the optimized ab initio geometry (47.06, 12.30, 9.75 GHz,).  Figure 

3.9 shows simulations assuming a a-type and b-type transition dipole moments and excited 

state lifetimes of 0.1 ps, 1 ps and 10 ps, corresponding to homogeneous broadening of 53 

cm–1, 5.3 cm–1 and 0.53 cm–1, respectively.   

Even with a relatively short excited state lifetime of 10 ps, we expect to be able to resolve 

the rotational structure in the CRD spectrum. Simulations assuming no lifetime broadening 

but performed at the lower resolution of the spectrometer (0.12 nm) appear very similar to 

Figure 3.8. Absolute absorption cross sections of the B̃1A′–X̃1A′ transition of CH2OO from 
broadband transient absorption spectroscopy (black), and cavity ring-down spectroscopy 
(green).  Previous measurements of the absorption cross sections by Beames et al. (black), 

Sheps (red), and Ting et al. (blue) are shown for comparison. 
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the 1 ps lifetime-broadened spectra in Figure 3.9; the oscillations due to the Ka sub-bands 

would be visible in principle, albeit not within the signal to noise of the absorption 

spectrum shown in Figure 3.6. 

 

A short excited state lifetime is needed to completely wash out the rotational structure, 

while unphysically short lifetimes would be required to reproduce the ~150 cm–1 widths of 

the features observed in the experimental spectrum.  Taken in conjunction with the 

variations in band contours, it seems likely that some degree of lifetime broadening is 

accompanied by significant spectral congestion arising from progressions in several 

vibrational modes.  

Figure 3.9.  PGOPHER simulations of a single vibronic band of the B̃1A′–X̃1A′ transition of 
CH2OO.  The spectrum was simulated as a-type (blue) and b-type (red) transitions.  The 

lineshape assumes a Gaussian component equivalent to the dye laser linewidth (0.08 cm–1) 
and a Lorentzian component to model homogeneous broadening associated with excited 

state lifetimes of 10 ps, 1 ps and 0.1 ps, as indicated. 
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3.6 Theoretical Results  

3.6.1 Excited Electronic States of CH2OO 

Figure 3.10 presents an overview of relative energies of the first 10 singlet electronic states 

of the CH2OO as a function of O-O distance. It can be seen that from the perspective of 

possible decomposition of the molecule into formaldehyde and an oxygen atom only the 

first five states are of interest.  Because of the Cs symmetry of the molecule itself, these 

states are divided into symmetric states and asymmetric states.  The first two excited 

singlet states Ã1A′′ and B̃1A′, seem to be bound along the O–O distance.  

 

Figure 3.10. Relative energies for the first 10 electronic states of CH2OO. This diagram is 
for O-O distance elongation without optimizing other parameters. 

 
The main differences between the minimum structures on the X̃ and B̃ state potentials are, 

as has previously been reported,57 an elongated O–O distance and decreased C–H–O angle 
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in the B state. Both structures have Cs symmetry with all atoms lying in the symmetry 

plane. 

3.6.2 Ground and Excited State Vibrational Frequencies 

Ab initio calculations using the MRCI method have been used to optimize the geometries 

and predict harmonic vibrational frequencies for the X̃1A′ and B̃1A′ states of CH2OO.  The 

vertical excitation energy is calculated to be 3.66 eV, which, based on the reflection 

principle, would result in a maximum absorption cross section at 339 nm, in good 

agreement with experiment.  The adiabatic excitation energy, after including harmonic 

zero-point energies (corresponding to the energy of the experimental 00
0 band) is 2.71 eV 

or 458 nm, which is slightly further to the red of the origin band identified in the CRD 

spectrum, occurring at 430.17 nm.   

There are significant geometry changes upon electronic excitation, in particular the 

terminal OO bond extends from 1.336 Å to 1.613 Å, while ∠(COO) decreases from 118.5° to 

98.9°, and it remains possible that the origin band is not observed.  Therefore one might 

expect the vibrational structure to be dominated by progressions in the OO stretch (ν6) and 

COO bend (ν7).  Earlier TD-B3LYP/6-311++G** calculations by Lee et al. find similar 

geometry changes upon excitation; namely, an OO bond extension of from 1.353 Å to 1.623 

Å and reduction of ∠(COO) from 119.6° to 90.5°. 

Harmonic frequencies for both ground and excited states calculated using MRCI and MR–

PT2 are collected in Table 3.3.  Based on Franck-Condon arguments progressions based on 

ν6 and ν7 are most likely, although both the MRCI and MR–PT2 calculations predict 

frequencies that bracket the observed separation of ~620 cm–1.  A warning flag regarding 
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the MRCI calculations, however, is the anomalously large frequencies of ν2 and ν4, the 

symmetric CH stretch and a mixed CO stretch/CH2 scissors mode.  We have been able to 

find no obvious technical problems with the MRCI calculations and suggest that these may 

be the result of the proximity of the repulsive electronic states.  It is worth noting that in 

the excited state CO and CH stretching vibrations are highly coupled and large CH 

displacements present in CO/CH2 mode for the excited state can explain the extraordinarily 

high frequency for CO stretching type vibrations like ν4. 

  X̃1A′ B̃1A′  

 Mode MRCI MR–PT2 MRCI MR–PT2 Assignment 

a′ 

ν1 3360 3327 3255 3326 a-CH str. 

ν2 3220 3130 4043 3170 s-CH str. 

ν3 1515 1513 1520 1518 CH2 sc./CO str. 

ν4 1255 2264 2664 883 CO str./CH2 sc. 

ν5 1203 1250 1230 1162 CH2 rock 

ν6 1005 1096 953 416 OO str. 

ν7 561 432 462 327 COO bend 

a″ 
ν8 742 787 1662 1430 CH2 wag 

ν9 642 776 1440 967 CH2 twist 

 

When simulating the electronic absorption spectrum we included only the B̃1A′–X̃1A′ 

transition.  We optimized the excited state as a pure state and calculated its vibrational 

Table 3.3. Harmonic vibrational frequencies calculated using MRCI and MR–PT2 
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structure.  Figure 3.11 shows the calculated MR–PT2 electronic absorption spectrum with 

the broadband experimental spectrum overlaid. The calculated spectrum has been red 

shifted by 35.15 nm to align with the origin band of the experimental measurement. 

 

Figure 3.11.  Calculated B̃1A′–X̃1A′ excitation spectrum.  Peaks marked in red cause 
decomposition of the Criegee Intermediate in molecular dynamics in time shorter than 
20 ps following excitation.  Peaks marked in green after excitation to B̃1A′relax to  B̃1A′ 

bound minimum during 20 ps MD simulation.  The peak marked in black remains 
unrelaxed throughout the simulation time.  This excitation may be susceptible to 

additional electronic transitions.  The experimental absorption spectrum is shown in 
grey. 

 

Molecular dynamics simulations were carried out in order to examine the fate of the CH2OO 

molecule after the electronic transition to the B̃1A′ state.  Simulations were performed 

starting from eight different excitations corresponding to different parts of the absorption 

spectrum. 
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3.6.3 Molecular Dynamics Simulations 

The goal of the molecular dynamics simulations performed here is to provide an 

understanding of the different photochemical processes in time after excitation to the B̃ 

state and to provide timescales for these processes.  The trajectories can be divided into 

two general categories, those that lead to the fragmentation of the species (type 1), and 

those that seem trapped on the B̃ state surface which may end in relaxation (type 2).   

Type 1 trajectories reach the surface crossing point in about 2 ps.  When the possibility of 

additional electronic transitions along the trajectory is explored it becomes clear that the 

molecule oscillates around the crossing with purely repulsive states. In case of a transition 

near this surface crossing the molecule decomposes either following the repulsive  D̃ 1A′ 

surface or by jumping again to the ground state surface and then decomposing.  

Trajectories where surface hopping is forced change the final outcome from relaxation to 

fragmentation of the species only for 10% of all cases. 

Type 2 transitions initiated by excitations at longer wavelengths in the structured part of 

the electronic spectrum do not result in decomposition within the timescale of 20 ps on the 

excited state surface nor does it reach the position close to the surface crossing with the 

repulsive states.  It is reasonable to assume that these trajectories eventually relax due to 

non-adiabatic transitions back to the ground state surface.   

Upon electronic excitation the molecule either relaxes in a timescale below 2 ps or 

decomposes in the same timescale.  These trajectories show that the molecule usually 

decomposes upon electronic excitation, though it is possible for the CH2OO molecule to be 

excited electronically and not decompose but support vibrations on the excited state 
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surface and most likely relax into lower electronic states.  It has been determined that the 

effect of these non-adiabatic transitions is minor, affecting only 12.5% of trajectories.  

87.5% of trajectories ended in either fragmentation or relaxation whether surface hopping 

was forced or avoided. 

3.7 Discussion 

There remains a discrepancy between the absorption spectra measured in this and other 

work1,9 and the depletion measurements,17 which are apparently blind to the vibrational 

structure at λ > 360 nm.  An important difference between the two types of measurements 

is that the latter were performed in a supersonic expansion and sample a cooled, but likely 

non-equilibrium, ensemble.  Consequently, it has been suggested that the vibrational 

structure may be due to hot bands.59 While this seems somewhat implausible given the 

energy range spanned by the vibrational structure is many times kT, we investigated the 

temperature dependence of the absorbance in the temperature range 276–357 K, using 

otherwise identical experimental conditions.  The resulting spectra are shown in Figure 

3.12.   

Aside from variations in the absolute absorbance, that can be attributed to changes in total 

CH2OO number density, the spectra are identical within their mutual uncertainties.  

Assuming a thermal distribution, the population in the first excited levels of the four lowest 

frequency modes (see Table 3.3) increase ~67–182% over the limited temperature range 

explored.  For example, the fractional population of the lowest lying vibrational level, ν7, 

increases from 0.048 at 276 K to 0.079 at 357 K.   
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The absence of any significant change in the wavelength-dependence of the absorption 

spectrum with temperature leads to the definitive conclusion that the observed vibrational 

progression cannot be attributed to hot bands, but rather to the excitation of bound levels 

of the B̃ state. 

The implication is that the photolysis quantum yield in this wavelength region must be 

much less than unity.  Sheps suggested that the relatively long-lived states responsible for 

the structure in the spectrum might subsequently relax by fluorescence or other non-

radiative processes.9  Ting et al. later argued against the existence of long-lived states on 

the basis that angular anisotropy of O(1D) photofragments indicated sub-ps excited state 

lifetimes.60  However, this argument apparently neglects the fact that the longest photolysis 

wavelength used in the ion imaging study was 360 nm, which is the short wavelength onset 

R
el

at
iv

e 
ab

so
rb

an
ce

420400380

Wavelength / nm

 357 K
 344 K
 295 K
 276 K

Figure 3.12.  Temperature dependence of the CH2OO absorption spectrum over the range of 
276-357 K. Grey shading represents 1σ uncertainty.  On the left spectra have been offset for 

clarity.   
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of the structured region of the spectrum.   The B̃1A′ surface does however appear to 

support bound states in this excitation energy range.  The electronic structure calculations 

at the MRCI-F12 level by Dawes et al.23 predict a nonadiabatic well in the B̃1A′ state of ~ 

3000 cm–1. The simulated absorption spectrum also shows evidence of a weak vibrational 

progression at low excitation energies, in broad agreement with the experimental 

observations, although somewhat less pronounced.  In contrast, Samanta et al. predicted a 

broad and structureless B̃–X̃ absorption spectrum.61  It is likely that the DW-CASSCF 

method was not sufficient to describe the regions of nonadiabatic curve crossings with 

local 1A′ states due to restrictions on active space and necessity for including dynamical 

electron correlation.  The potentials reported here using the MR-PT2 method support the 

experimental finding that the B̃1A′ state is bound at low excitation energies. 

Molecular dynamics simulations also suggest the existence of resonance states that have 

lifetimes >10 ps and could be responsible for the vibrational structure.  Although the 

number of calculated trajectories does not allow for proper statistics, the results indicate 

that less than 40% of excitation events sampled along the spectrum are expected to lead to 

decomposition of the species.  The lack of rotational structure in the high resolution 

measurements suggests that the broadness of each vibrational band could be attributed to 

a non-dissociative population transfer to a lower lying state bound on the timescale of the 

depletion measurements.   

Here we attempt to rationalize the apparent discrepancy between the depletion and 

absorption measurements.  Interpretation of the depletion measurement may be 

complicated by the dynamics in the B̃1A′ state following excitation.  A short radiative 
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lifetime would return population to the ground state prior to VUV ionization and reduce 

the magnitude of the depletion signal.  The radiative lifetime of the B̃1A′ state can be 

estimated from the integrated absorption spectrum.62  Using the measurement of Ting et 

al., the radiative lifetime is estimated to be ~7 ns, significantly shorter than the 100 ns 

timescale of the depletion measurements.  If non-radiative processes are uncompetitive, 

one may expect fluorescence to be observable after excitation in the structured region.  A 

ns-scale lifetime would, however, mean that the instrument functions (the spectrometer 

linear dispersion or dye laser bandwidth) would represent the limiting resolution in our 

measurements and rotational structure would be expected in the spectra.  Some degree of 

lifetime broadening contributes to washing out the rotational structure, but it seems clear 

that a non-radiative process other than dissociation must be responsible.  Furthermore, the 

non-radiative population transfer must transfer population to a state with a lifetime of 

order ~100 ns that also can be ionized with comparable efficiency to the ground state.  

Intersystem crossing to nearby triplet states is likely to be too slow in the absence of 

second row or larger atoms.  Internal conversion, on the other hand, could transfer 

population to either of the lower-lying singlet states (Ã1A″ or X̃1A′) via the exit channel 

conical intersections.  Radiative transition between the Ã1A″ state and the ground state is 

predicted to have much smaller oscillator strength and hence should have a significantly 

longer radiative lifetime.58  A more speculative outcome is isomerization to a more stable 

isomer, such as dioxirane or formic acid.  While the ionization potentials of these species 

are slightly larger (10.82 eV and 11.33 eV) than the 10.49 eV photon energy used in the 

depletion measurements, they would be formed with several eV of internal excitation and 

may be ionized readily.  However, a simpler explanation may be that the action spectrum 
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was measured at too few excitation energies over the 150 nm absorption spectrum to 

capture the vibronic structure at long wavelengths. 

3.8 Conclusion 

The spectra of the B̃–X̃ transition of CH2OO between 362–468 nm reported here are in 

agreement with those of Sheps and Ting et al., which were recorded using similar 

absorption techniques but at lower resolution.  Absolute absorption cross sections 

determined in this work agree well with those of Ting et al.  The improved resolution of 

this study reveals no rotational structure within any of the vibrational bands, even those at 

the lowest excitation energies.  AIMD simulations indicate that while CH2OO usually 

dissociates upon electronic excitation, the excited B̃1A′ state can support excited state 

vibrational resonances with lifetimes >10 ps.  We suggest that the rapid excited state 

dynamics evidenced by broad bandwidths must be attributed to non-dissociative 

population transfer. 
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4 Kinetics and Atmospheric Implications of the Reactions 

between Criegee Intermediates and the Inorganic Acids HCl 

and HNO3 

 

This work is reproduced with permission from Foreman, E.S.; Kapnas, K.M; Murray, C. 

Angew. Chem. Int. Ed. 2016, 55 (35), 10419-10422. 

 

4.1 Abstract 

Criegee intermediates (CIs) are a class of reactive radicals that are thought to play a key 

role in atmospheric chemistry through reactions with trace species that can lead to aerosol 

particle formation. Recent work has suggested that water vapor is likely the dominant sink 

for some CIs, although reactions with trace species that are sufficiently rapid can be locally 

competitive. In this work, we use broadband transient absorption spectroscopy to measure 

rate constants for the reactions of the simplest CI, CH2OO, with two inorganic acids, HCl and 

HNO3, both of which are present in polluted urban atmospheres. Both reactions are fast: at 

295 K, reactions of CH2OO with HCl and HNO3 have rate constants of 4.6×10–11 cm3 s–1 and 

5.4×10–10 cm3 s–1, respectively. Complementary quantum chemistry calculations show that 

these reactions form substituted hydroperoxides with no energy barrier. These reaction 

products are implicated in pulmonary inflammation resulting from production of reactive 

oxygen species in lung tissue. The results suggest that reactions of CIs with HNO3 in 
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particular are likely to be competitive with water vapor in polluted urban areas under 

conditions of modest relative humidity. 

4.2 Introduction 

4.2.1 Atmospheric Importance of Criegee Intermediates 

Carbonyl oxides (R1R2COO), known as Criegee intermediates (CIs), are formed in the 

atmosphere by alkene ozonolysis.1,2 They are thought to have a significant influence on the 

oxidative capacity of the atmosphere and, through reaction with trace species, to 

contribute to new particle formation.3–9 Unimolecular dissociation of vibrationally hot 

nascent CIs is a major source of night-time OH in the troposphere.3,10 Stabilized CIs react 

quickly (~10–12–10–10 cm3 s–1) with many trace atmospheric gases.8,11–14 Under humid 

conditions, reaction with SO2 leads to H2SO4 which catalyzes growth of atmospheric aerosol 

particles.4,15–18 

The steady state concentrations of CIs in the atmosphere are limited by reactions with 

scavengers, the most important of which is water vapor. While reported rate constants for 

reaction of the simplest CI, CH2OO, with H2O are small (kwater ≈ 10–17–10–15 cm3 s–1),11,19–21 

the reaction with (H2O)2 is significantly faster (kdimer ≈ 10–11 cm3 s–1)20–23 and shows a 

strong negative temperature dependence.22 CI loss rates resulting from reaction with water 

vapor are sensitive to both relative humidity (RH) and temperature and are expected to 

show significant regional and seasonal variation.22,24 

The importance of CI reactions with trace species in the atmosphere requires that they be 

competitive with water vapor, or more specifically, (H2O)2. CI reactivity is dependent on 

structure. CH3CHOO can exist as syn and anti conformers and conformer-specific reactivity 



116 
 

has been demonstrated towards SO2 and H2O.25,26 (CH3)2COO is likely to survive longer in 

humid environments than CH2OO and play a greater role in H2SO4 production, as it is 

comparatively unreactive to H2O and (H2O)2, but more reactive to SO2.24 Alternatively, 

reactions with trace species may be locally important if they are sufficiently fast. For 

example, the reactions of organic acids with CH2OO and CH3CHOO are collision-limited 

(kR(O)OH > 10–10 cm3 s–1), and are likely to make a significant contribution to acid removal in 

equatorial regions and high northern latitudes.13 

While a great deal of attention has been focused on reactions of CI with SO2, NO2, and 

organic acids, other atmospheric trace gases such as inorganic acids have been neglected. 

Recent studies of trans-3-hexene ozonolysis have demonstrated that trace concentrations 

of HCl can suppress formation of low-volatility oligomers, the first step to new particle 

formation, suggesting that it may also be an effective scavenger of CIs.27 The inorganic acids 

HCl and HNO3 have both biogenic and anthropogenic sources and are present in the 

troposphere at mixing ratios similar to organic acids and SO2 (ppbv to pptv), with peak 

concentrations found in coastal and polluted urban areas.28–30 

4.2.2 Sources of inorganic acids in the troposphere 

Tropospheric HCl has both biogenic and anthropogenic sources, with a total budget of 

approximately 86 TgCl yr–1.28  The most significant component of the biogenic budget of 

gaseous HCl is degassing of sea salt aerosol due to surface acidification reactions (e.g. with 

HNO3 ,H2SO4, methanesulfonic acid, or carboxylic acids).31 

 NaCl(s) + H+(aq) → HCl(g) + Na+(aq) (R1) 
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Volcanic eruptions, chlorocarbon oxidation, and biomass burning account for 

approximately one quarter of total HCl emissions.  Anthropogenic sources of HCl such as 

manufacturing, coal combustion, and waste burning are comparatively minor and 

contribute about 8% of the total budget.28,32  Globally, HCl mixing ratios are highly variable, 

but averages are generally in the pptv to ppbv range.  At the upper end of this range, which 

is reached mainly in coastal or urban areas, these mixing rations are comparable to those 

observed for organic acids in both urban and remote locations.13  

In contrast to HCl, the HNO3 mixing ratio is strongly influenced by human activities.  HNO3 

concentrations peak in coastal and urban locales and average mixing ratios are also in the 

pptv to ppbv range.  Nitric acid is tightly linked to NOx (NO + NO2) cycling in the 

troposphere and influences visibility, air quality, and cloud formation via formation of 

NH4NO3 (s), which can also impact human health.33   

A diurnal variation in concentration of nitric acid is typically observed.34–36  During the 

daytime, NO is oxidized to NO2 by reaction with ozone or RO2.  Photolysis of nitrogen 

dioxide initiates the photochemical smog cycle in which both nitric oxide and ozone are 

regenerated.33  The cycle can be terminated by a termolecular reaction between NO2 and 

OH radicals to produce nitric acid:33 

 NO2 + OH + M → HNO3 + M (R2) 

This mechanism for the formation of nitric acid is largely dictated by the location (remote, 

marine, urban) and time of day.  At night, formation of HNO3 is largely dictated by NO3 

chemistry which forms HNO3 via abstraction reactions e.g.33 



118 
 

 NO3 + HCHO → HNO3+HCO (R3) 

Hydrolysis of N2O5 on aqueous surfaces is an additional night-time source of HNO3.33 

 NO3 + NO2 ⇌ N2O5 (R4) 

 N2O5 (g) + H2O(l) →2 HNO3 (aq) (R5) 

Table 4.1 summarizes recent field measurements of HCl and HNO3 mixing ratios. 

Table 4.1.  Overview of Gas-Phase HNO3 and HCl Field Measurements Since 2000 

[HCl] / 
pptv 

[HNO3] / 
pptv 

Geography Location Reference 

30–300 0–40 Remote Antarctica Jourdain (2002)37 

10–1980 20–5690 Urban Manhattan, NY Bari (2003)38 

41 170 Remote French Alps Preunkert (2007)39 

5–5728 0–8000 Coastal Appledore Island Keene (2007)40 

20–9000 40–8540 Coastal Sydney, FL Dasgupta (2007)35 

– 0–3200 Continental Wuppertal, Germany Kleffmann (2007)36 

2–141 – Remote North Pacific Ocean Kim (2008)41 

– 500–3000 Urban Mexico City Molina (2010)42 

46–712 38–1530 Urban Beijing, China Ianniello (2011)43 

– 100–3000 Coastal/Rural Guangzhou, China Li (2012)44  

72 – Urban Boulder, CO Brown (2013)45 

23-1250 45–1500 Continental Erie, CO Young (2013)46 

0–16000 50–40000 Coastal/Urban Southern CA Crisp (2014)30 

0–2800 40–620 Urban Central CA Crisp (2014)30 

0–1900 210–15000 Urban Sacramento Delta, CA Crisp (2014)30 

 

Here, we report direct measurements of rate constants for the reactions of the simplest CI 

with HCl and HNO3: 
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 CH2OO + HCl → products (R6) 

 CH2OO + HNO3 → products (R7) 

The experimental kinetics measurements are supported by quantum chemical calculations 

that elucidate reaction mechanisms and identify the products as substituted 

hydroperoxides.  Reaction (R7 in particular is found to be sufficiently fast that it is expected 

to be locally competitive with water vapor under conditions of modest RH.  

4.3 Experimental and theoretical methods 

4.3.1 Criegee intermediate production  

Transient absorption spectroscopy using broadband pulsed LEDs was used to measure the 

time-dependent concentration of CH2OO in the absence and presence of a controlled 

concentration of acid.   The experimental apparatus has been described in detail previously 

and is discussed briefly here.47  Laboratory synthesis of CH2OO used reaction of 

photolytically generated iodomethyl radicals with molecular oxygen in a 50 cm long 

stainless steel flow cell.   

 CH2I2 + hν → CH2I + I (R8) 

 CH2I + O2 → CH2OO + I   (R9a) 

 CH2I + O2 → HCHO + IO (R10b) 

 CH2I + O2 + M→ CH2IOO + M (R11c) 

 CH2OO + I → HCHO + IO (R12) 

 2 CH2OO → 2HCHO + O2 (R13) 

 CH2OO + CH2I2 → products (R14) 



120 
 

Reaction 9 is fast (k = 1.37–1.82×10–12 cm3 s–1)48–51 and the branching between reactions  

and (R9a and (R9c is pressure dependent, with higher pressures favoring formation of the 

iodomethylperoxy radical.51,52  Consequently, the experiments were performed at low 

pressure in order to maximize the yield of CH2OO over other possible products.   

N2 was bubbled through liquid CH2I2 (Acros Organics, 99%) and mixed with O2 (THC free, 

99.99%) and an additional flow of the acid diluted in N2 in a four-way cross before entering 

the reaction vessel.  Anhydrous HCl was introduced using a dilute 1% mixture in N2 

(Airgas).  Dry HNO3 vapor was generated by flowing N2 over a 1:3 v/v mixture of 70 w/w% 

nitric acid and 96 w/w% sulfuric acid solutions  in a PFA bubbler.53  We estimate the vapor 

pressure of HNO3 over the H2O/HNO3/H2SO4 ternary mixture is 9.6±1 Torr based on 

known liquid vapor equilibria.54  The flow (5–30 sccm) was further diluted in 300 sccm N2 

before entering the reaction vessel.  A small additional flow of N2 was used to purge the UV-

grade fused silica windows and prevent chemical deposition.  The total flow rate of all 

gases was typically ~ 1 sLm and the total pressure in the reaction cell was adjusted by 

throttling the valve to a rotary pump.  Under these experimental conditions, typical number 

densities of CH2I2 precursor and O2 present in the flow cell were 𝑛CH2I2
 = 5.9–8.9×1015 cm–3 

and 𝑛O2
 = 0.9–2.0×1017 cm–3, yielding peak concentrations of CH2OO of 𝑛CH2OO ~ 1.5×1013 

cm–3.  The effective path length through the gas sample was 39±5 cm. 

CH2I2 was photolyzed by the 355 nm third harmonic of an Nd:YAG laser (Continuum 

Surelite II, 10 Hz).  Typical laser fluences of 25–32 mJ cm–2 resulted in only 0.8–1% of the 

CH2I2 being dissociated.55 
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  The photolysis beam was steered using 355 nm razor-edge longpass dichroics (Semrock) 

which allow transmission of the collinearly propagating probe light.  CH2OO was probed 

between 365–388 nm using pulsed LEDs with spectral output peaking at 365 nm.  A high 

current driver (Lightspeed Technologies, HPLS-36DD18A) was used to generate pules of 

maximum brightness (25 mW) and 500 ns duration.  The photolysis laser and pulsed LED 

timing was synchronized using a digital delay generator (Quantum Composers).  The LED 

output was initially coupled into a fiber optic and collimated using an achromat that was f-

matched to the fiber.  The broadband LED probe pulse was dispersed by a 303 mm focal 

length spectrograph (Andor Shamrock 303i with iDus 420 camera) using a 100 mm lens.  

Residual or scattered 355 nm photolysis light was filtered before the spectrograph 

entrance slit using a 355 nm notch filter (Semrock).  The LED output spanned several 

characteristic vibronic bands of the CH2OO B̃–X̃ transition.47,50,56 

 Selectivity is important because secondary chemistry results in formation of IO,57,58 

 which absorbs in the same spectral window. Typical transient spectra obtained at several 

time delays in the absence of acid are shown in Figure 4.1.  

The absorbance transients were fit to linear combinations of reference spectra,47,59 

𝐴(𝜆) 𝑙⁄ = 𝑛CH2OO𝜎CH2OO(𝜆) + 𝑛IO𝜎IO(𝜆) + 𝐶 
(E1) 

which return absolute concentrations of CH2OO and IO at each photolysis-probe time delay. 

The vibrational progression is washed out at longer delays as CH2OO is consumed and the 

absorption due to IO, which is formed and removed far more slowly, grows in.  Spectra 

were recorded at a resolution of 2.2 nm, which is sufficient to resolve the vibrational 
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structure of the B̃–X̃ transition.47,50,56  Typically 300 individual spectra were averaged at 

each photolysis probe delay. 

 

Figure 4.1. [Top]: Absorbance transients at several time delays in the absence of acid.  The 
experimental absorbance at each time delay is shown in shades of red. Fits used to extract 

the CH2OO and IO concentrations are overlaid in black. [Bottom]: Absorption cross sections 
for CH2OO (black) and IO (blue). 

Kinetics measurements were made at total cell pressures of 27–35 Torr (~1% CH2I2, ~15% 

O2, and N2 balance). Maximum CH2OO concentrations were reached promptly (<10 μs) 

after photolysis and kinetics data are obtained from analysis of only loss, which is generally 

slower than formation. In the absence of acid, CH2OO was consumed by self-reaction, 

reaction with other radical species (I and CH2IOO), or by reaction with the CH2I2 precursor, 

which was present in excess.  
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4.3.2 Vapor pressures of H2O and HNO3 above H2O/HNO3/H2SO4 ternary mixtures 

Attempts to directly measure the absolute concentration of HNO3 in the reaction flow cell 

using cavity ring-down spectroscopy via the 6ν1 overtone transition in the visible near 512 

nm were unsuccessful due to the weak absorption cross section for this band (~10–23 

cm2).60  Based on the sensitivity of the apparatus, (αmin~10–7 cm–1), these investigations put 

an upper limit of <1×1016 cm–3 on the in situ HNO3 concentration.   

Consequently, the vapor pressure of HNO3 was estimated from known liquid-vapor 

equilibria for H2O/HNO3/H2SO4 ternary mixtures, which have been studied extensively in 

relation to the chemistry of polar stratospheric clouds and chlorine atom initiated ozone 

depletion.  Several parameterizations of the vapor pressure as a function of composition 

and temperature have been reported.54,61–63  The ranges of temperature and composition, 

however, are often limited and some parameterizations result in unphysical vapor 

pressures when extrapolated.  We use the temperature dependent activity coefficients for a 

ternary H2O/HNO3/H2SO4 mixture reported by Taleb et al.54  At 295 K, the 1:3 v/v mixture 

of stock nitric and sulfuric acid, has H2O and HNO3 vapor pressures of 4.7±0.5 mTorr and 

9.6±1 Torr, respectively.  The vapor pressure of H2SO4 is negligible (<1×10–6 Torr).   

The concentration of HNO3 in the reaction flow cell was estimated using the HNO3 vapor 

pressure and the relative flow rates: 

𝑛HNO3
= 𝑃total

𝑃vap,HNO3

𝑃N2

𝐹bubbler

𝐹total

𝑁A

103𝑅𝑇
 (E2) 

𝑃total is the total pressure in the reaction cell, 𝑃vap,HNO3
 is the HNO3 vapor pressure and, 𝑃N2

 

is the backing pressure of N2 in the bubbler, all in Torr.  𝐹bubbler and 𝐹total are the gas flow 
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rates through the bubbler and the total to the reaction cell, respectively, both in sLm.  𝑅 is 

the gas constant in L Torr mol–1 K–1.  The calculated concentration of HNO3 in the cell is an 

upper limit, as some HNO3 is likely to be lost to the walls of the cell and the gas delivery 

lines.  The long term stability of the signal and measured loss rates does, however, suggest 

that the system was well passivated.   

4.3.3 Computational Methods 

Quantum chemical calculations were performed to characterize stationary points on the 

potential energy surfaces for the reactions of CH2OO with H2O, HCl, and HNO3.  Optimized 

geometries and harmonic frequencies for reactants, entrance channel complexes, transition 

states, and products were calculated at the CCSD/cc-pVDZ level of theory.  Energies of 

stationary points were subsequently refined using higher level CCSD(T)/aug-cc-pVTZ 

single point calculations.  Single imaginary frequencies were found for the transition states 

and intrinsic reaction coordinate (IRC) calculations were used to confirm correspondence 

with the appropriate reactant and product species.  Dipole moments and polarizabilities 

were calculated using the MP2/cc-pVDZ density, and energies of electronically excited 

states using the EOM-CCSD/cc-pVDZ method.  All calculations were performed using the 

MOLPRO 2012.1 program.64   

4.4 Results 

4.4.1 Experimental Results 

4.4.1.1 Kinetic Model 

The differential rate equation for loss of CH2OO in the reaction flow cell can be written as: 
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d𝑛CH2OO

d𝑡
= −2𝑘self𝑛CH2OO

2 − 𝑘′𝑛CH2OO (E3) 

where 𝑘self is the rate constant for the relatively fast CH2OO self-reaction65,66 and, if 

pseudo-first order kinetics are assumed, 𝑘′ = ∑ 𝑘i𝑛i is the rate of loss due to bimolecular 

reaction with additional reagents.   

The integrated rate equation describing the time-dependence of the CH2OO concentration 

is 

𝑛CH2OO(𝑡) =
𝑘′𝑛CH2OO(0)

𝑘′𝑒𝑘′t − 2𝑘self𝑛CH2OO(0) + 2𝑘self𝑛CH2OO(0)𝑒𝑘′t
 (E4) 

In the limit that the rate of self-reaction dominates (i.e., the second term in the differential 

rate equation 3 can be neglected), the integrated rate equation collapses to: 

𝑛CH2OO(𝑡) ≈
𝑛CH2OO(0)

1 + 2𝑘self𝑛CH2OO(0)𝑡
 (E5) 

Alternatively, if rate of self-reaction is slow relative to reaction with other species (i.e. the 

first term in equation (E3 can be neglected) then simple first-order loss behavior is 

expected: 

𝑛CH2OO(𝑡) ≈ 𝑛CH2OO(0) exp(−𝑘′𝑡) 
(E6) 

 

Under our experimental conditions, the total observed rate of CH2OO loss in the absence of 

acids was well-described by a single exponential decay with typical rates of ~1.5×104 s–1.   

4.4.1.2 CH2OO loss processes in the absence of acid reagent 

Reaction of CH2OO with I atoms (R10) and the self-reaction (R11), are additional and 

unavoidable CH2OO loss processes.  The unimolecular dissociation rate (0.2–11.6 s–1) is 
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slow relative to the measured background loss rate and has been neglected.66–69  The loss 

rate of CH2OO due to R10 is estimated to be only ~11 s–1,58 which is less than 1% of the 

total observed loss rate, and is excluded from the kinetic model.  Instead we consider the 

pseudo-first order loss of CH2OO with the precursor molecule CH2I2 (𝑛CH2I2
 ~100 × 𝑛CH2OO) 

in addition to bimolecular self-reaction. The rate constant for reaction with CH2I2 was 

extracted from equation (E4 with the self-reaction rate constant was fixed at kself = 7.3×10–

11 cm3 s–1, as reported by Orr-Ewing and co-workers,66 while essentially identical values for 

𝑘′ were determined from fitting to equation (E6.  The resulting rate constant for the CH2OO 

+ CH2I2 reaction is 𝑘CH2I2
 = (2.9±0.3)×10–12 cm3 s–1 (Figure 4.2).  This confirms the 

dominant loss pathway for CH2OO in the absence of acid reagents is pseudo-first order 

reaction with CH2I2.   

 

Figure 4.2. A)CH2OO number density as a function of time for 𝑛CH2I2
=2.5×1015 cm–3 (black), 

4.9×1015 cm–3 (red), and 7.4×1015 cm–3 (orange). B) Pseudo-first order plot of the loss rate 
as a function of CH2I2 number density yielding a rate constant of 𝑘CH2I2

 = (2.9±0.3)×10–12 

cm3 s–1 with an intercept of 2914 s–1. 
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4.4.1.3 HCl and HNO3 Pseudo-first Order Kinetics 

Figure 4.3 shows kinetic profiles for CH2OO loss in the presence of 0–8×1014 and 0–

1.4×1014 cm–3 of HCl and HNO3, respectively.  The observed loss of CH2OO showed single 

exponential behavior, allowing the assumption of pseudo-first-order conditions, where 𝑘′ 

represents the total observed loss rate: 

𝑛CH2OO(𝑡) ≈ 𝑛CH2OO(0) exp(−𝑘′𝑡) 
(E7) 

𝑘′ =  𝑘acid
′ + 𝑘0

′  
(E8) 

The acid-free background loss rate, 𝑘0
′ , is largely attributed to the reaction with the 

precursor molecule CH2I2.  The observed loss rates, 𝑘′, increased rapidly with increasing 

acid concentration and remained mono-exponential. The increase in the CH2OO loss rate 

over the acid-free loss rate is attributed to reaction with the acid, where  

 𝑘acid
′ = 𝑘acid𝑛acid (E9) 

Figure 4.4 shows pseudo-first-order plots of 𝑘acid
′  as a function of the acid concentration, 

𝑛acid.   For both acids, the dependence of 𝑘acid
′  on acid concentration is linear and passes 

through the origin.  Linear fits to the data shown in Figure 4.4 yield bimolecular rate 

constants of 𝑘HCl = (4.6±1)×10–11 cm3 s–1 and 𝑘HNO3
 = (5.4±1)×10–10 cm3 s–1, where the 

uncertainties (1σ) in the measured rate constants are dominated by the uncertainties in 

the acid concentrations. 
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Figure 4.3. Loss of CH2OO as a function of HCl [left] and HNO3 [right] concentrations. 

 

 

Figure 4.4.  Pseudo-first order plot of the of CH2OO loss rates as a function of HCl (green 
circles) and HNO3 (blue squares) concentrations. 

 

We have also considered the possibility that other contaminants such as NO2 or H2O are 

responsible for the large loss rate of CH2OO in the presence of HNO3.  BBTA in the 365–388 
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nm probe wavelength range and cavity ring-down spectroscopy between 508–520 nm was 

used to search for the presence of NO2 in the flow cell, which could be present as a 

contaminant or a gas-phase reaction between CH2I2 and HNO3.  No spectroscopic signature 

of NO2 was identified either with or without the photolysis laser.  Photolysis of HNO3 could 

in principle also lead to formation of NO2, although the cross section at 355 nm is  

<4.2×10–24 cm2.70  We estimate that the fraction of HNO3 in the flow cell that is dissociated 

is <2×10–7.  The experimental detection sensitivity places an upper limit on the NO2 

concentration of 5×1011 cm–3.  Reaction with NO2 would therefore contribute a maximum of 

3.5 s–1 to the total CH2OO loss rate (𝑘NO2
 = 7×10–12 cm3 s–1).11  An over-estimation of the 

HNO3 concentration would imply an even larger rate constant for the CH2OO + HNO3 

reaction. 

Typical water vapor concentrations in the flow cell were estimated to be 𝑛H2O ≤ 1.2×1011 

cm–3, while the dimer concentration is estimated to be 𝑛(H2O)2
 < 31 cm–3 using the reported 

295 K equilibrium constant of 𝐾𝑃 = 7.15×10–5 Torr–1.71  Consequently, CH2OO loss due to 

reaction with water (monomer or dimer) is insignificant under the dry conditions of the 

flow cell. 

4.4.2 Theoretical Results 

4.4.2.1 Potential Energy Surfaces 

Quantum chemistry calculations using coupled-cluster theory were performed to 

characterize stationary points on the potential energy surfaces for the reactions of CH2OO 

with H2O, (H2O)2, HCl and HNO3. The calculated reaction profiles are shown in Figure 4.5. 

All four reactions are exothermic by ~40 kcal mol–1 and form substituted hydroperoxides. 
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The barrier for reaction with H2O is 2.4 kcal mol–1 above the reactant asymptote, resulting 

in kTST(298 K)=1.7×10–16 cm3 s–1, and this tight TS is the rate-limiting bottleneck. For the 

reaction with (H2O)2, there is a submerged barrier of 5.2 kcal mol–1 relative to the CI–

(H2O)2 complex in good agreement with previous theoretical investigations.23 In contrast, 

the acid reactions have submerged classical barriers that are only slightly higher in energy 

than the reactant complexes and are washed out completely upon inclusion of zero-point 

energy corrections. The H2O and HCl reactions proceed via an insertion mechanism, 

forming hydroxymethyl hydroperoxide (HMHP) and chloromethyl hydroperoxide (CMHP), 

respectively.  HMHP has been detected as a product of the CI + water reaction in several 

alkene ozonolysis gas phase experiments.72–74  A previous study of the ozonolysis of 

asymmetric alkenes in the presence of HCl identified CMHP as the product of reaction R6 in 

the solution phase.75 Recently, CMHP has also been identified as the major product of R6 in 

the gas phase using fourier transform microwave spectroscopy.76  (H2O)2 and HNO3 on the 

other hand undergo addition reactions to form substituted hydroperoxides.  While HMHP 

is also the product of the CI + (H2O)2 reaction, the apparent mechanism involves two 

concerted H-atom transfers; that is, the hydroxyl group that adds to the C atom and the 

hydroperoxy H-atom that adds to the terminal O atom originate in different water 

molecules.  The CI + HNO3 reaction forms the analogous nitrooxymethyl hydroperoxide 

(NMHP) by the addition of the –ONO2 moiety to the C atom and a H–atom transfer to the 

terminal O atom of the CI.   This reaction differs from the HCl insertion reaction because the 

O–C bond is formed with the –ONO2 group, rather than the –OH group.  

Figure 4.6 shows the optimized geometries of entrance-channel complexes, transition 

states and products for the reactions of CH2OO with H2O, (H2O)2, HCl, and HNO3.  The order 
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of magnitude smaller rate constant measured for HCl relative to HNO3 may be a 

consequence of the significantly smaller density of states in the TS region, since the latter 

lies lower in energy and has more low frequency modes.  

 

Figure 4.5. Energy diagram for the reaction of CH2OO with (H2O)2(black), H2O (red), HCl 
(green), and HNO3 (blue) to form hydromethyl hydroperoxide (HMHP, left), chloromethyl 

hydroperoxide (CMHP, center), and nitrooxymethyl hydroperoxide (NMHP, right). 
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Figure 4.6.  Geometries for the formation of a complex, transition state, and product for the 
reaction of CH2OO with H2O, (H2O)2, HCl, and HNO3. 
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4.4.2.2 Capture cross sections 

Capture cross sections based on long-range thermally-averaged dipole-dipole, dipole-

induced dipole and dispersion interactions were calculated as described by Holtermann et 

al.77 using the following equations:  

〈〈𝜎d−d〉〉 =
5

3
𝜋 (
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)
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Γ (
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Dipole moments, 𝜇, and polarizabilities, 𝛼, were calculated using the MP2/VDZ density 

evaluated at optimized CCSD/cc-pVDZ geometries.  𝐸1 is the energy of the first excited 

state, which for all species was calculated at the EOM-CCSD/cc-pVDZ level.  The results of 

the quantum chemical calculations and the contributions to the capture cross section 

calculations are presented in Table 4.2.   

The reaction between CH2OO and HNO3 is fast and is greater than the estimated hard 

sphere collision rate; it is likely that long-range attractive interactions are important. 

Thermally-averaged capture cross sections are dominated by dipole-dipole interactions, 

but are similar for the reactions with H2O, HCl and HNO3 and are not rate-limiting. The 

trend in the rate constants follows the gas phase acidities (see Figure 4.7), a correlation 

first noted in an indirect investigation of rates of reactions between the C13 Criegee 

intermediate and acidic organic compounds.78 
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Table 4.2.  Dipole moments, polarizabilities and capture cross sections based on dipole–
dipole, dipole–induced dipole, and dispersion interactions. 

    〈〈𝜎〉〉 / Å2  

 𝜇 / D 𝛼 / Å3 𝐸1 / eV d-d d-ind disp total k /10–11 cm3 s–1 

CH2OO 3.96 3.34 2.61      

H2O 2.00 0.77 8.11 157 46 36 239 166 

(H2O)2 2.48 1.67 8.32 123 45 42 210 116 

HCl 1.38 2.71 8.15 167 59 52 279 135 

HNO3 2.48 1.67 5.10 181 56 46 284 158 

 

 

 

Figure 4.7.  Hammett plot displaying the rate constants of reactions of C1 (this work, 
squares) or C13 (Tobias et al, circles) CIs with alcohols, aldehydes, and acids relative to the 

rate constant for the reaction with water. 
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Tobias et al. measured the rate constants for the reactions of the CH3(CH2)11CHOO with 

methanol, 2-propanol, formaldehyde, formic acid, and heptanoic acid relative to the rate of 

reaction with water.  The rate constants measured in this work for the reaction of CH2OO 

with hydrochloric acid and nitric acid have been normalized by an upper limit on the rate 

constant for the reaction with water monomer that was directly measured only recently.20  

The suggestion that the transition states (TSs) are highly polar is supported by quantum 

chemistry calculations that show the TS dipole increases with the experimentally 

determined rate constants (see Table 4.3). 

 

Table 4.3.  Transition state dipole moments and O-O bond lengths 

 Reactant TS dipole/ D 

H2O 3.95 

(H2O)2 4.74 

HCl 5.80 

HNO3 5.24 

 

4.5 Atmospheric Implications 

4.5.1 Atmospheric significance of CH2OO + inorganic acid reactions 

The atmospheric importance of reactions R6 and R7 depends upon their capacity to 

compete with consumption of CH2OO by water vapor, which depends on temperature and 

RH. There are several conflicting factors at play; higher temperatures increase the 

saturation vapor pressure of H2O, but decreases the equilibrium constant, disfavoring 
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dimer formation.71 The rate constant for the dimer reaction also decreases at higher 

temperatures.22 The temperature dependence of the rate constant for the H2O reaction is 

unknown, although Arrhenius-like behavior is expected. The temperature dependences of 

𝑘HCl and 𝑘HNO3
 are not presently known and are assumed to be constant . 

The rates of CH2OO reactions with H2O, (H2O)2, HCl, and HNO3 were calculated at 

temperatures of 275 K, 295 K and 315 K.  The relative humidity at each temperature 

spanned the range 10–90%.  The saturation vapor pressure was calculated using the 

parametrization of Tabata,79 while the water dimer concentration is calculated using the 

temperature-dependent equilibrium constant reported by Ruscic.71 

𝑛(H2O)2
=

103𝑅𝑇

𝑁𝐴
𝐾𝑃(𝑛H2O)

2
 

(E13) 

Rate constants for the reaction of CH2OO with H2O and (H2O)2 are taken to be 𝑘H2O = 

1.5×10–15 cm3 s–1 and 𝑘(H2O)2
 = 6.5×10–12 cm3 s–1.20  The reported temperature-dependence 

of the CH2OO + (H2O)2 reaction has been included in the calculations,22 as well as an 

Arrhenius temperature dependence for the CH2OO + (H2O) reaction given a 2.4 kcal mol–1 

barrier, but all others are assumed to be temperature independent. 

  



137 
 

Table 4.4.  Water number densities and rate constants for reaction with CH2OO as a 
function of temperature and relative humidity 

% RH 𝑛H2O / 1017 cm–3 𝑛(H2O)2
 / 1013 cm–3 𝑘H2O / 10-15 cm3 s–1 𝑘(H2O)2

 / 10-12 cm3 s–1 

275 K 
70 1.28 5.29  

1.05 
 

15.3 50 0.914 2.70 
30 0.548 0.971 

295 K 
70 4.54 44.9  

1.43 
 

8.09 50 3.24 22.9 
30 1.95 8.26 

315 K 
70 13.1 267  

1.88 
 

4.28 50 9.32 136 
30 5.59 49.0 

 

Concentrations of HCl and HNO3 are assumed to be 𝑛HCl = 2×1011 cm–3 (~ 8 ppbv) and 

𝑛HNO3
 = 5×1011 cm–3 (~20 ppbv),  and are the average of the values observed in Southern 

California in 2014 by Crisp et al. (see Table 4.1).30  These values are chosen to be 

representative of a polluted urban environment.  Rate constants for the reaction of CH2OO 

with HCl and HNO3 are taken from this work: 𝑘HCl = 4.6×10–11 cm3 s–1 and 𝑘HNO3
 = 5.4×10–

10 cm3 s–1.   

Figure 4.8  shows estimated CH2OO loss rates due to reaction with H2O, (H2O)2, HCl, and 

HNO3 at 275–315 K, over a RH range spanning 10–90% using average concentrations of 8 

ppbv and 20 ppbv for HCl and HNO3, respectively, which are representative of Southern 

California.30   
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Figure 4.8. Fractional contribution of each species to the total loss rate of CH2OO loss rates 
due to reaction with HNO3 [blue], HCl [green], (H2O)2 [black], and H2O [red], as a function of 

relative humidity and temperature. 

 

Table 4.5.  Comparison between inorganic acids and water as atmospheric sinks for CH2OO 

% RH 𝑘′H2O / s –1 𝑘′(H2O)2
 / s–1 𝑘′HCl / s–1 𝑘′HNO3 / s–1 k′tot / s–1 

275 K 
70 135 809 9.20 270 1220 
50 96.1 413 9.20 270 788 
30 57.6 149 9.20 270 486 

295 K 
70 651 3636 9.20 270 4566 
50 465 1855 9.20 270 2599 
30 279 668 9.20 270 1226 

315 K 
70 2455 11,413 9.20 270 14,147 
50 1753 5823 9.20 270 7855 
30 1052 2096 9.20 270 3427 
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We estimate reactions with HCl and HNO3 contribute to atmospheric loss rates for CH2OO 

of 9.2 s–1 and 270 s–1. Under all conditions of temperature and RH, HCl makes a minor 

contribution to the CH2OO loss rate. Reaction with HNO3, however, becomes increasingly 

competitive with (H2O)2 as the RH decreases, and dominates under dry conditions (RH < 

30%). The importance of HNO3 as a reactive sink for CH2OO is accentuated further at lower 

temperatures and would be even more significant if, as seems likely, the rate constant for 

R2 were to exhibit negative temperature dependence. HNO3 concentration is expected to 

be significant, although lower than Southern California, in other heavily polluted 

environments such as Beijing43 or Mexico City.42  

4.5.2 Reactions of inorganic acids with substituted Criegee Intermediates 

The substituted Criegee intermediate (CH3)2COO is known to react far more slowly with 

water and water dimer than CH2OO,24 although loss due to thermal unimolecular 

decomposition is significant, reaching 360 s–1 at 298 K.80  Rate constants for reactions of 

CH3CHOO with water are strongly conformer dependent; reported rate constants suggest 

that the syn conformer reacts with a rate comparable to CH2OO while the anti conformer 

reacts significantly more quickly.25,26  Unimolecular decomposition is slower, 76–250 s–1 at 

298 K, for CH3CHOO than for (CH3)2COO.25,81 Quantum chemistry calculations 

characterizing the stationary points on the reaction PES show that HNO3 can also react with 

these substituted Criegee intermediates to form nitrooxy-substituted hydroperoxides, as 

shown in Figure 4.9.  For all substituted species, the reactions can proceed via submerged 

barriers analogous to those identified in the HNO3 + CH2OO reaction, suggesting that these 

reactions are also fast.   
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Figure 4.9.  Energy diagram for the reaction of (CH3)2OO, anti CH3CHOO, and syn CH3CHOO 
with HNO3. 

We assume that the rate constants for reactions of HNO3 with the dimethyl- and methyl-

substituted Criegee intermediates are the same as that for reaction with CH2OO.   In fact, 

Welz et al. observed larger rate constants for the reactions of organic acids with CH3CHOO 

than with CH2OO, and a modest conformer dependence,13 suggesting the CH2OO loss rate 

may be an underestimate.  Assuming an atmospheric loss rate of 270 s–1 due to reaction 

with nitric acid, this reaction is competitive with unimolecular dissociation for both 

species.  At 30% relative humidity and 295 K these reactions are also competitive with 

consumption of (CH3)2COO by water and water dimer (29 s–1 and 11 s–1), and syn-CH3CHOO 

by water (780 s–1).25  We expect that Criegee intermediate reactions with nitric acid will be 

increasingly significant at lower temperatures, and for substituted Criegee intermediates 

exhibiting suppressed reactivity towards water, such as (CH3)2COO. 
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4.5.3 Fate of R(X)OOH 

The role of the substituted inorganic hydroperoxides [R(X)OOH (X = Cl, ONO2)] produced 

from reactions R6 and R7 in the atmosphere is uncertain although they may be important 

species in their own right. For example, exposure to H2O2 has been shown to produce 

elevated levels of reactive oxygen species in alveolar macrophages, which can exacerbate 

the effects of fine particulate matter inhalation.82 In the atmosphere, the fate of CMHP and 

NMHP is likely dominated by photolysis, as for other peroxides. HMHP absorption extends 

into the actinic region and photolysis to form OH + R(X)O is assumed to occur with unit 

quantum yield.70 Peroxides are also key oxidants of sulfur species in clouds/fogs and 

facilitators of rainwater acidification rain and particle growth.83 Reaction with OH to form 

R(X)O2 radicals and H2O is also possible.84  A recent theoretical study of the CH2OO + HNO3 

reaction demonstrates that the NMHP product is stabilized with a yield of 79%, while 

NMHP dissociates to form OH + CH2(O)NO3 with at 21% yield at atmospheric pressure.  The 

CH2(O)NO3 radical generated in the dissociation of NMHP then further dissociates to HCO + 

HNO3.  In this way CH2OO is catalytically converted to OH + HCO by reaction R7 due to the 

regeneration of HNO3. 85  As a potential source of OH by stabilized CIs with a substantial 

yield at atmospheric pressure, the catalytic production of OH from reaction R7 warrants 

further experimental investigation. 

4.6 Conclusion 

In conclusion, the reaction between CIs and HNO3 in particular is likely to be an important 

sink in polluted urban areas under relatively dry and cool conditions. Although the studies 

reported here focused on CH2OO, reactions with inorganic acids may be even more 

significant for substituted CIs, which show reduced reactivity relative to CH2OO towards 
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H2O  and (H2O)2.24 Quantum chemistry calculations suggest that the reactions of HNO3 with 

CH3CHOO and (CH3)2COO can also proceed to form nitrooxy-substituted hydroperoxides 

without barriers. Assuming similar rate constants, reaction with HNO3 is likely to be a 

competitive loss process even for (CH3)2COO, where thermal unimolecular dissociation is 

rapid, and particularly so at lower temperatures.80  Measurement of the temperature 

dependence as well as rate constants for reactions between inorganic acids and substituted 

CIs that are resistant to scavenging by water vapor will be important future work.  A more 

complete assessment of the impact on new particle formation and air quality will require 

inclusion of these reactions in regional atmospheric chemical models. 86 
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