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ABSTRACT: The kinetics of the simplest Criegee intermediate (CH2OO)
reaction with tert-butylamine ((CH3)3CNH2) was studied under pseudo-first-
order conditions with the OH laser-induced fluorescence (LIF) method at the
temperature range of 283−318 K and the pressure range of 5−75 Torr. Our
pressure-dependent measurement showed that at 5 Torr�the lowest pressure
measured in the current experiment�this reaction was under the high-pressure
limit condition. At 298 K, the reaction rate coefficient was measured to be (4.95
± 0.64) × 10−12 cm3 molecule−1 s−1. The title reaction was observed to be
negative temperature-dependent; the activation energy of (−2.82 ± 0.37) kcal
mol−1 and the pre-exponential factor of (4.21 ± 0.55) × 10−14 cm3 molecule−1

s−1 were derived from the Arrhenius equation. The rate coefficient of the title
reaction is slightly larger than (4.3 ± 0.5) × 10−12 cm3 molecule−1 s−1 of the
CH2OO reaction with methylamine; the electron inductive effect and the steric
hindrance effect might play a role in contributing to such difference.

1. INTRODUCTION
Reactive zwitterionic Criegee intermediates could be generated
from the ozonolysis of alkenes.1 Ozone adds across the C�C
double bond of alkenes, forming a five-member ring primary
ozonide (POZ), which promptly decomposes to carbonyl
oxide, namely Criegee intermediate (CI). This reaction is
exothermic by about 48−60 kcal mol−1.2 Hence, some CIs are
vibrationally excited (denoted as CIs*). The newly formed
CIs* could isomerize; or decompose to species such as OH,
HO2, and organic radicals; or are thermalized by the bath gas,
forming the stabilized Criegee intermediate (denoted as
SCIs).3 SCIs could decompose to OH radicals,4 as CIs* do.
The contribution of alkene ozonolysis to the atmospheric OH
concentration differs markedly, depending on factors such as
region and climate. For example, according to the field
measurements, alkene ozonolysis is responsible for more than
half of OH production in summer and over 90% in winter in
the west Midlands, UK;5,6 24% in summer in the urban area of
Santiago, Chile;7 and 29% in summer and up to 43% during
the heat wave period in a site northeast of London.5 Alkene
ozonolysis accounts for almost all OH production at night.5,8

Therefore, the decomposition of SCIs is a considerable source
of OH�especially in winter or at night when H2O reaction
with O(1D) is constrained by either the low concentration of
H2O or the lack of Ultra Violet (UV) light that photolyze O3
to form O(1D).9−11 Moreover, SCIs could be consumed by
trace atmospheric species, e.g., H2O, NO2, SO2, alcohols, and
carboxylic acids,12−17 either because of the high reactivity, such
as that between SCIs and carboxylic acids, or because of the
high concentration of the coreactant such as H2O. Considering

the steady-state concentration of SCIs (103 ∼ 106 cm−3) in the
atmosphere,18,19 the reactions between SCIs and these species
are nontrivial in the atmospheric conditions. They should be
considered in atmospheric chemistry models.
Amines are an important class of organic compounds in the

atmosphere, which are emitted from various sources, including
chemical manufacturing, animal husbandry, ocean, biomass
burning, and tobacco smoke.20−22 The typical concentration of
amines is 14−23% of that of ammonia,23 whose mixing ratio
over continents is between 0.1 and 10 ppb,24 and this value
could reach a few ppm near areas of extensive livestock
operations.25 Some atmospheric reactions of amines, such as
with acids (HCl, HNO3, H2SO4, and organic acids)26,27 and
atmospheric oxidants (O3, NOx)

26 were reported. However,
the study on the reactions of amines with SCI is scarce, and
this reaction might contribute to the deposition of the
atmospheric amines and the formation of secondary organic
aerosol (SOA).
The most abundant atmospheric amines are low-molecular-

weight aliphatic amines with one to six carbon atoms.20

Methylamine is the simplest amine, which reacts with CH2OO
via the 1,2-insertion mechanism.28,29 There were two results on
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the rate coefficient measurement�(4.3 ± 0.5) × 10−12 cm3

molecule−1 s−1 from multiplexed photoionization mass
spectrometry (MPIMS) at 298 K and 4 Torr (He as bath
gas),28 and (4.41 ± 0.7) × 10−12 cm3 molecule−1 s−1 (ESI of
ref 28) from cavity ring-down spectroscopy (CARDS) at 298
K and 10 Torr (N2 as bath gas), respectively. The reaction
product, 1-hydroperoxy- N-methylmethanamine, a function-
alized organic hydroperoxide detected by MPIMS, could
contribute to the formation of atmospheric SOA. tert-
Butylamine, with each H atom on the methyl group of
methylamine substituted by methyl, is emitted to the
atmosphere mainly from the rubber industry.20 For example,
high-performance liquid chromatography with mass spectro-
metric detection was used to analyze air samples from a tire
repair shop, and tert-butylamine of 0.3 μg m−3 was detected.22

The data on the tert-butylamine concentration in the
atmosphere is absent, while its concentration should be higher
in areas such as that dense with rubber industry. From the
study of CH2OO reaction with tert-butylamine, in combination
with the previous results of CH2OO reaction with methyl-
amine, we may draw some general conclusions about Criegee
intermediates reactions with amines.
In the current work, the OH laser-induced fluorescence

method was applied to measure the rate coefficients of
CH2OO reaction with tert-butylamine at temperatures ranging
from 283 to 318 K and pressures from 5 to 75 Torr. The rate
coefficient was compared with that of the CH2OO reaction
with methylamine, and the origin of the difference in the rate
coefficient between the two reactions was discussed. Finally,
the atmospheric effect of the title reaction was discussed.

2. EXPERIMENTAL SECTION
The apparatus for the laser-induced fluorescence was described
in detail in our previous work,30−32 and a brief description is
introduced here. Ar flowed over liquid CH2I2 (stabilized at 35
°C) in a glass bubbler that was kept in a water bath. Buffer gas
Ar (99.999%), O2 (99.995%), (CH3)3CNH2 (3% seeded in
Ar), and CH2I2 (Alfa Aeser, > 99%) flowed continuously
through a premixed manifold to a 75 cm-long quartz flow tube
reactor. The flow rate of these gases was controlled by a series
of calibrated mass flow controllers (MKS, GM50A Series). A
capacitance manometer (MKS Baratron) and an exhaust
throttle valve (MKS, 653B) were utilized to control the
pressure of the flow reactor actively. The UV absorption of
CH2I2 was measured with a deep UV LED (DUV325-H46,
Roithner Lasertechnik, wavelength centered at 322.4 nm with
full-width half-maximum of 11 nm) and an amplified
photodetector (PDB450A, Thorlabs). The concentration of
CH2I2 was then deduced from the known absorption cross-
section33 and the LED emission profile that was measured with
a spectrometer (Seeman, S3000−UV−NIR). The typical
concentration of CH2I2 was ca. 1.5 × 1014 molecules cm−3.
A 248 nm pulsed excimer laser (Coherent, COMPexPro

50), with a typical laser fluence of 17 mJ cm−2, was used to
photolyze CH2I2 in the presence of O2. The probe laser (2 mm
diameter, 40 nJ) was generated by frequency doubling of a dye
laser (Rhodamine 590 dye) which was pumped by the second
harmonic of a Nd: YAG laser (Edgewave INNOSLAB: IS12II-
ET, 10 kHz). The probe wavelength, 282 nm, corresponds to
the P1(1) line of the (1,0) band of the OH (A2∑+ ←X2∏)
transition. The time delay between the photolysis and probe
radiation was controlled by a delay generator (Stanford
Research System, DG645). The two beams intersected at a

right angle in the 75 cm-long quartz reaction cell. The OH
fluorescence that is emitted in the direction perpendicular to
both the photolysis and the probe beam will pass through a
quartz lens and a stack of filters (Schott UG11, Semrock
FF02−320/40−25, Semrock FF01−315/15−25) before it was
amplified by a photomultiplier tube (PMT, Electron
PDM9111-CP-TTL). The signal from the PMT was fed to a
multichannel scaler (Ortec, EASY-MCS) and recorded on a
computer. Typically, a decay profile was obtained by
accumulating signals from 1500 photolysis laser pulses to
increase the signal-to-noise ratio.

3. RESULTS AND DISCUSSION
3.1. Kinetic Model and the OH Decay Profiles. The rate

coefficient for the reaction of CH2I with O2 was reported to be
1.39 × 10−12 cm3 molecule−1 s−1.34 The typical concentration
of O2 in the current experiment is 1.5 × 1016 cm−3; hence,
CH2OO was formed within tens of microseconds. In
comparison, the consumption of CH2OO under the present
experimental condition took several milliseconds. Therefore,
the kinetics of the formation of CH2OO was not included in
the following kinetic model.
CH2OO from the CH2I+O2 reaction may not be

thermalized, and some might be highly vibrationally excited
(CH2OO*), as was proposed by Stone et al.35 The CH2OO*,
if being produced, could either be thermalized within hundreds
of nanoseconds at 298 K and 10 Torr�considering the
average energy transfer per collision ⟨Edown⟩ of 32.6−123
cm−135,36 �or decompose. Therefore, the decay profiles in
Figure 1 represent the kinetics of the thermalized CH2OO.

Some thermalized CH2OO could also distribute in the low
vibrationally excited states. Huang et al. attributed several
infrared absorption bands to vibrationally excited states of
CH2OO (at 15 Torr and 343 K in a flow tube reactor), due to
the better agreement between their experimental results and
simulated spectrum based on excited-state rotational parame-
ters.37 With the electric discharge of gas mixture (CH2I2, O2,
and Ne) in a molecular beam, a method to generate CH2OO
different from ours of 248 nm laser photolysis in a flow tube
reactor, Nakajima et al. observed the vibrationally excited
CH2OO in their microwave spectra.38

Figure 1. OH time-dependent profiles in the presence of various
concentrations of tert-butylamine.
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Regarding the OH product vibrational states distribution,
both OH (v″ = 0) and OH (v″ = 1) were observed upon
excitation of OH through the A2∑+ (v′ = 1) ←X2∏ (v″ = 0)/
A2∑+ (v′ = 2) ←X2∏ (v″ = 1) transition by 282/288 nm
radiation.35,39 The origin of near-instant OH (v″ = 0) and OH
(v″ = 1) could be attributed to the reaction of excited CH2I*40
with O2 and/or the rapid decomposition of excited
CH2OO*.35,40 OH in higher vibrational levels (v″ ≥ 2), if it
exists, should have the same origin as OH (v″ = 1) and will
undergo collisional relaxation to OH (v″ = 1) rapidly.35 In the
current experiment, the first probe laser pulse was fired about
80 μs later than the photolysis laser pulse, which was long
enough for sufficient relaxation of OH (v″ ≥ 2).
The time evolution of OH (v″ = 0) concentration, as shown

in Figure 1, was the result of the production of OH (v″ = 0)
from decomposition of thermalized CH2OO�with reported
rates varying from 0.001 to 0.26 s−1,35,36,41 the relaxation of
near-instant produced OH (v″ = 1), and the consumption of
OH (v″ = 0) by species such as CH2I2. Analysis has shown that
the difference between the rate coefficients, derived from
fitting time-dependent profiles of OH (v″ = 0) with and
without considering the relaxation of OH (v″ = 1) to OH (v″
= 0), is less than 4% at 10 Torr and less than 1% at 50 Torr.39

In the current work, the time-dependent profiles of OH (v″ =
0) were fitted with Equation 1, which does not contain the
relaxation of OH (v″ = 1), and the error caused by this was
included in the error analysis (see the ESI).
Upon generation, the thermalized CH2OO is consumed

through the following reactions.

+ kCH OO OH HCO2 1a (R1a)

kother products 1b (R1b)

kphysical losses 1c (R1c)

+ kCH OO CH OO products2 2 2 (R2)

+ kCH OO (CH ) CNH products2 3 3 2 3 (R3)

+ kCH OO X products2 4 (R4)

The consumption of OH radicals could be summarized by
reaction (R5).

+ kOH Y products 5 (R5)

In addition to reacting with tert-butylamine, CH2OO is also
consumed by its unimolecular dissociation (R1a and R1b);
physical losses (R1c)�mainly from wall loss and the diffusion
out of the detection area; self-reaction (R2); and bimolecular
reactions with other species denoted as X, including I, IO, and
CH2I2. OH is consumed by species denoted as Y, including IO
and CH2I2.
As [(CH3)3CNH2] (ca. 1.2−3.5 × 1014 molecules cm−3) is

significantly greater than [CH2OO], the reaction of CH2OO
with tert-butylamine is under pseudo-first-order approximation
conditions. Integrating relevant rate equations, together with
applying steady-state approximation to OH, the time-depend-
ent OH (v″ = 0, N″ = 1) profile, SOH(t), could be described by
the following equation (see our previous work for more
details).39,42,43

= + +
+ + + [ ] [ ]+ + + +

S t
A k k k

k k k e k e
A e

( )
( )

( ) 2 CH OO 1k k k t k k k t
k t

OH

0 1 3 4

1 3 4
( )

2 2 0
( ) 1

1 3 4 1 3 4
5

(1)

where

=
[ ]

+ +

=
[ ]

+ +
[ ]
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k

k k k k
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k

k k k k
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CH OO
( )

OH

a

a

0
1 2 0

5 1 3 4

1
1 2 0

5 1 3 4
0

i
k
jjjjj

y
{
zzzzz

In eq 1, k3′ = k3[(CH3)3 CNH2], k4′ = k4[X], and k5′ = k5[Y].
[OH]0 denotes the OH concentration from the decomposition
of excited CH2OO, and [CH2OO]0 is the initial CH2OO
concentration. γ is the detection efficiency of OH. During the
fitting of OH signals, A0, A1, k1 + k3′ + k4′ and k5′ were local
parameters, while k2 was a global parameter and was fixed at 8
× 10−11 cm3 molecule−1 s−1.44 [CH2OO]0 was fixed to the
value calculated according to the known [CH2I2], fluence of
the photolysis radiation, and the yield of CH2OO.
Plotting k1 + k3′ + k4′ against the concentration of tert-

butylamine at a given temperature and pressure, the slope and
the intercept of the linear fit represent k3 and k1 + k4′,
respectively. Note that reactions R1, R4, R5, and the yield of
OH, even if they are temperature or pressure-dependent, could
only alter the values of A0 and A1 instead of affecting the
accuracy of k3.
Figure 1 shows the selected time-dependent profiles of the

OH signals at 10 Torr and 298 K. Solid lines are the fit of
experimental data (empty circles) with eq 1 by using First
Optimization software (1stOpt 7.0, 7D-soft High Technology
Inc.). Note that, since k5′ > k1 + k3′ + k4′ under the current
experimental conditions (See Table S1.), the rise of the OH
profile represents OH loss kinetics, and the decay of the OH
profile represents OH formation kinetics that originated from
the decomposition of CH2OO. Therefore, the decay of the OH
profile represents the consumption of CH2OO. Figure 1 shows
that the higher the tert-butylamine concentration was, the
faster CH2OO was consumed, indicating the reaction of
CH2OO with tert-butylamine.

3.2. Temperature-Dependent Rate Coefficients. The
plots of effective pseudo-first-order loss rate k3’ against
[(CH3)3CNH2] at 10 Torr and four different temperatures
ranging from 283 to 318 K are shown in Figure 2. The fitting
parameters of the time-dependent OH profiles at four
temperatures are listed in Table S1. Our result shows that k3
is not sensitive to [CH2OO]0, indicating the consumption of
CH2OO was dominated by bimolecular reactions instead of its
self-reaction (for details, see Table S2 of ESI). At each
temperature, the error bar of k3′ represents 1σ uncertainty of
the fit of the OH time-dependent profile, and the linear
relationship between k3′ and [(CH3)3CNH2] is shown by a
solid line. The rate coefficients were measured to be (6.40 ±
0.83), (4.95 ± 0.64), (4.23 ± 0.55), (3.69 ± 0.48) × 10−12 cm3

molecule−1 s−1 at 283, 298, 308, and 318 K after averaging the
results from five sets of experimental data at the same
temperature (for details, see Table S4). The title reaction
exhibits apparent negative temperature dependence, which is
consistent with the reaction of CH2OO with NH3 and
CH3NH2, as well as with some other bimolecular reactions
of CH2OO that proceed through 1, 2-insertion.28,31,45,46
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The Arrhenius plot of the bimolecular rate coefficients for
the reaction of CH2OO with (CH3)3CNH2 at 10 Torr is
shown in Figure 3. Open circles are experimental data, and the

red line is the fit of k3 with the Arrhenius equation, k(T) = A
exp(−Ea/RT). The experimental error was estimated to be
about 13% (see the ESI). Considering this, the activation
energy of (−2.82 ± 0.37) kcal mol−1 and the pre-exponential
factor of (4.21 ± 0.55) × 10−14 cm3 molecule−1 s−1 were
determined.

3.3. Pressure-Dependent Rate Coefficient. The rate
coefficients of the title reaction at pressures ranging from 5 to
75 Torr and 298 K are shown in Figure 4. Rate coefficients at
pressures higher than 75 Torr were not measured, as the
collisional quenching of OH (A2∑+) was significant. Figure 4
exhibits no noticeable pressure dependence, indicating that the
title reaction was under the high-pressure limit condition at a
pressure as low as 5 Torr.
The reaction of CH2OO with tert-butylamine should

proceed through the 1,2-insertion of CH2OO into the N−H
bond of tert-butylamine, similar to the reaction of CH2OO

with methylamine.28 Such a reaction mechanism is typical for
bimolecular SCIs reactions in which the coreactants contain
covalent bonds with hydrogen.29 A representative energy
profile that describes the reaction pathway involving a five-ring
transition state is shown in Figure S1.
Chhantyal-Pun et al. showed that, in terms of bimolecular

reactions of CH2OO, the rate coefficient for the 1,2-insertion
reaction correlates with the labile hydrogen bond dissociation
energy (BDE) of the coreactant.29 The 1,2-insertion process
gets harder as BDE increases. The rate coefficients of CH2OO
reacting with H2O, NH3, CH3NH2, CH3OH, C2H5OH,
(CH3)2CHOH, and (CH3)3CNH2 as a function of BDE
were plotted in Figure 5. The red line is the linear fit of the
data (excluded (CH3)3CNH2). Original data of BDE and rate
coefficients are summarized in Table S6. Figure 5 shows that
the rate coefficient of CH2OO reaction with tert-butylamine is

Figure 2. Fitted values of k3’ plotted against the concentration of tert-
butylamine. The slopes of each straight line give the rate coefficients
of CH2OO reaction with tert-butylamine at the corresponding
temperature.

Figure 3. Arrhenius plot of the bimolecular rate coefficients for
CH2OO + (CH3)3CNH2 reaction at 10 Torr. The error bar is 13% of
each rate coefficient.

Figure 4. Measured rate coefficients of the title reaction as a function
of total pressure at 298 K. The plotted error bar is 13% of each rate
coefficient.

Figure 5. Rate coefficients for several 1,2-insertion reactions of
CH2OO as a function of BDE. The blue point is our experimental
value. CH3OH, C2H5OH, and (CH3)2CHOH were collectively
labeled as alcohol.
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similar to that with methylamine, which is smaller than
expected from the linear fit result.
The counterbalance of two factors might contribute to this

result. First, the electron-donating inductive effect of tert-butyl
is stronger than that of methyl, making the polar interaction
between N−H in the amino group more significant, which
means the hydrogen atom is more prone to dissociation. The
inductive effect can also result in a stronger bond between the
nitrogen and carbon atoms, making the transition state more
stable. The stronger inductive effect and thus lower BDE
(397.5 kJ mol−1 vs. 425.1 kJ mol−147) of tert-butylamine than
methylamine indicate that the reaction of CH2OO with the
former should be faster than the latter. Second, the reaction of
CH2OO with tert-butylamine has a larger steric hindrance than
that with methylamine. Excessive steric hindrance generally
results in high energy and low stability for the transition state,
which will decompose into reactants along reaction coor-
dinates. The larger steric hindrance of tert-butylamine than that
of methylamine indicates that, contrary to the electron
inductive effect on these two reactions, the reaction of
CH2OO with the former should be slower than the latter.
The steric hindrance effect also exists in some 1,2-insertion
reactions of other SCIs. For example, the 1,2-insertion reaction
of water monomer with syn-CH3CHOO is substantially slower
than that with anti-CH3CHOO; the former was calculated to
be 1.98 × 10−1948 and measured to be slower than 2 × 10−16

cm3 molecule−1 s−1,49 while the latter was calculated to be 3.40
× 10−1448 and measured to be (1.0−2.4) × 10−14 cm3

molecule−1 s−1.48,50,51 For the reactions of ammonia with
syn/anti-CH3CHOO, the rate coefficients were calculated to
be 2.70 × 10−18 and 2.73 × 10−14 cm3 molecule−1 s−1,52

respectively, and a substantial difference in the reaction rates
was also observed experimentally.53

4. ATMOSPHERIC EFFECT
The UV absorption cross-section of tert-butylamine is absent;
if assuming it is similar to that of methylamine, the
consumption of tert-butylamine from solar radiation photolysis
should be weak.54 The OH radical will play a more significant
role than CH2OO in the consumption of tert-butylamine, since
the rate coefficient of the former reaction is larger (8.4 × 10−12

cm3 molecule−1 s−1 at 305 K and 1015 ± 1 hPa),55 and OH
(∼1 × 106 cm−3) is more abundant than SCIs (103 ∼ 106
cm−3)18,19 in the atmosphere. In this comparison, we assume
that all the SCIs react with tert-butylamine at the same rate as
CH2OO does. This might overestimate the sink of tert-
butylamine from reaction with SCIs, considering that the 1,2-
insertion reactions of syn-CH3CHOO�for example, with
water and ammonia�are normally several orders slower than
that of CH2OO.48,50−52 However, the title reaction may play a
role under conditions where OH is scarce, such as winter or

night-time. Regarding the sink of SCIs, the title reaction is
negligible since SCIs are mainly consumed by their
unimolecular reactions and reactions with water and water
dimmer.11,12,32,48,56−58

Regarding the reaction product, the reaction of CH2OO
with tert-butylamine could directly generate functionalized
organic hydroperoxide�similar to the 1,2-insertion reactions
of SCIs with NH3,

28,52 H2O,41,48,56 H2S,
59,60 and

CH3OH16,45,61−63 �which have larger molecular weights
and lower vapor pressures, and thus more likely to partition
into an organic aerosol to form SOA. For organic compounds
that are solids at room temperature and pressure but could
exist as components of subcooled liquid aerosol,64,65 subcooled
liquid vapor pressure and partition coefficient are widely used
to predict their gas-particle partitioning behavior. Vapor
pressures of several 1,2-insertion products (as shown in
Table 1) from CH2OO bimolecular reactions were calculated
with the Nannoolal/Nannoolal method.66 The partitioning
coefficient is proportional to the aerosol/gas phase concen-
tration ratio of species,67 the magnitude of which indicates the
extent of gas-aerosol partitioning. The partitioning coefficients
(as shown in Table 2) were calculated according to the
Pankow absorption model.68,69 A larger value indicates a
stronger tendency toward forming an aerosol. Table 2 shows
that the product of the CH2OO reaction with tert-butylamine
has the third largest partitioning coefficient, only smaller than
those with ammonia and water.
Some 1,2-insertion reactions that SCIs participate in can be

significantly accelerated by the existence of water. For example,
the reaction of syn-CH3CHOO with NH3 is more than 100
times faster at high humidity (water concentration of 1017
cm−3) at 298 K and 250 Torr.53 If the reaction of SCIs with
tert-butylamine follows a similar trend, the atmospheric
implications of this reaction should be considered, especially
under high humidity conditions.

5. CONCLUSION
The bimolecular reaction rate coefficients of the simplest
Criegee intermediate CH2OO with tert-butylamine were
measured with the OH laser-induced fluorescence method.
The rate coefficient was measured to be (4.95 ± 0.64) × 10−12

cm3 molecule−1 s−1 at 298 K. This reaction is observed to be
negative temperature-dependent; the activation energy of
(−2.82 ± 0.37) kcal mol−1 and the pre-exponential factor of
(4.21 ± 0.55) × 10−14 cm3 molecule−1 s−1 were derived from
the Arrhenius equation. No obvious pressure dependence was
observed at pressures from 5 to 75 Torr. Regarding the
atmospheric effect, the adduction product�functionalized
hydroperoxide of the title reaction might contribute to forming
an organic aerosol.

Table 1. Predicted Sub-Cooled Liquid Vapor Pressures at 298 K (in Torr) for the Adduct Products of Several CH2OO
Reactions through 1,2-Insertion

coreactant H2O NH3 CH3NH2 HCl CH3OH C2H5OH (CH3)3CNH2

/ Torr 0.05 0.24 0.70 3.80 5.17 2.80 0.21

Table 2. Predicted Partitioning Coefficients in m3 μg−1 for the Adduct Products of Several CH2OO Reactions through 1,2-
Insertion

coreactant H2O NH3 CH3NH2 HCl CH3OH C2H5OH (CH3)3CNH2

/ m3 μg−1 5.81 × 10−6 1.23 × 10−6 3.45 × 10−7 5.93 × 10−8 4.61 × 10−8 7.22 × 10−8 7.44 × 10−7
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