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The simplest Criegee intermediate CH2OO
reaction with dimethylamine and trimethylamine:
kinetics and atmospheric implications†

Yang Chen,‡abc Licheng Zhong,‡cd Siyue Liu,ce Haotian Jiang,cf Jiayu Shi,cg

Yuqi Jin,bc Xueming Yang ch and Wenrui Dong *ci

We have used the OH laser-induced fluorescence (LIF) method to measure the kinetics of the simplest

Criegee intermediate (CH2OO) reacting with two abundant amines in the atmosphere: dimethylamine

((CH3)2NH) and trimethylamine ((CH3)3N). Our experiments were conducted under pseudo-first-order

approximation conditions. The rate coefficients we report are (2.15 � 0.28) � 10�11 cm3 molecule�1 s�1

for (CH3)2NH at 298 K and 10 Torr, and (1.56 � 0.23) � 10�12 cm3 molecule�1 s�1 for (CH3)3N at 298 K

and 25 Torr with Ar as the bath gas. Both reactions exhibit a negative temperature dependence. The

activation energy and pre-exponential factors derived from the Arrhenius equation were (�2.03 � 0.26)

kcal mol�1 and (6.89 � 0.90) � 10�13 cm3 molecule�1 s�1 for (CH3)2NH, and (�1.60 � 0.24) kcal mol�1

and (1.06 � 0.16) � 10�13 cm3 molecule�1 s�1 for (CH3)3N. We propose that the electronegativity of the

atom in the co-reactant attached to the C atom of CH2OO, in addition to the dissociation energy of the

fragile covalent bonds with H atoms (H–X bond), plays an important role in the 1,2-insertion reactions.

Under certain circumstances, the title reactions can contribute to the sink of amines and Criegee

intermediates and to the formation of secondary organic aerosol (SOA).

1. Introduction

Carbonyl oxides, known as Criegee intermediates (CIs), play an
indispensable role in atmospheric chemistry. In nature, they

are formed by the cycloaddition of ozone over the CQC
double bond of alkenes,1 which is highly exothermic (about
48–60 kcal mol�1).2 The concentration of CIs is therefore
directly related to the emission of alkenes into the atmosphere
from both natural and anthropogenic sources. It can vary by
several orders of magnitude in different regions, and its steady-
state concentrations range from 103 to 106 molecules cm�3.3,4

Upon formation, some CIs may be vibrationally excited due
to their high exothermicity,2 termed CIs*. CIs* subsequently
undergo several different fates, namely isomerization; decom-
position to species such as OH, HO2, and other radicals;
thermalization by collision with the bath gas to form stabilized
CIs denoted as SCIs.5 The unimolecular reactions of SCIs are
closely correlated with their own molecular spatial structures.4,6

SCIs with a-H toward the terminal O atom of the CQO–O group
(syn-conformer) would undergo a-H transfer to form an inter-
mediate that dissociates to OH.4 For example, syn-CH3CHOO
decomposes to OH from the 1,4-H transfer mechanism via vinyl
hydrogen peroxide (VHP) at a rate in the range of 124–182 s�1.7–9

In comparison, anti-CH3CHOO would isomerize to methyl dioxirane
from the 1,3-ring closure mechanism at a calculated rate in the
range of 53–67.2 s�1.4,10,11 CH2OO would isomerize to dioxirane
as anti-CH3CHOO to methyl dioxirane.4 If the dioxirane formed
has a high enough internal energy to overcome an energy barrier
of about 43 kcal mol�1, it can decompose to small molecules and
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free radicals, including OH.12 The rate of OH production from
CH2OO at room temperature has been reported to be in the
range of 0.001–0.26 s�1.13–15 In short, the above OH-producing
pathways could be an important source of atmospheric OH
radicals, especially under cold and/or dark conditions.16–18

The bimolecular reactions of SCIs have been studied exten-
sively because of their potential impact on the atmosphere,6 an
example being the reaction of CH2OO with SO2, which has a
rate coefficient of (3.9 � 0.7) � 10�11 cm3 molecule�1 s�1 at
298 K.19 This reaction produces SO3, a significant contributor
to atmospheric acid rain, as observed by time-resolved step-
scan infrared spectroscopy20 and multiplexed photoionization
mass spectrometry (MPIMS).21 In addition, SCIs were found to
react rapidly with various carboxylic acids, with rate coefficients
in the order of 10�10 cm3 molecule�1 s�1.22 The typical pro-
ducts were adducts with high molecular weight and low satu-
rated vapor pressure, and were therefore thought to be the
major contributors to SOA formation.22 Furthermore, the reactions
of SCIs with H2O were found to be conformer-dependent,21 e.g., the
rate coefficient of anti-CH3CHOO reacting with H2O was measured
to be (1.31 � 0.26) � 10�14 cm3 molecule�1 s�1 at 298 K and
4 Torr,23 while an upper limit of 4� 10�15 cm3 molecule�1 s�1 was
estimated for syn-CH3CHOO.21 The reaction of CH2OO with H2O is
quite slow, but that with the water dimer is fast, with measured
rate coefficients at 298 K of (3.2 � 1.2) � 10�16 and (7.4 � 0.6) �
10�12 cm3 molecule�1 s�1, respectively.13,24 However, the reaction
with H2O is one of the most important sinks for atmospheric SCIs
because of the much higher concentration of water vapor than
other trace gases.25–28

Amines, dominated by low molecular weight aliphatic
amines with one to six carbon atoms, are important atmo-
spheric organic compounds.29 There have been a few studies on
the reactions of SCIs with amines. Chhantyal-Pun et al. mea-
sured the rate coefficient of the CH2OO reaction with CH3NH2,
and the value from MPIMS was (4.3 � 0.5) � 10�12 cm3

molecule�1 s�1 at 298 K and 4 Torr (He as buffer gas), and
from cavity ring-down spectroscopy (CRDS) was (4.41 � 0.7) �
10�12 cm3 molecule�1 s�1 at 298 K and 10 Torr (N2 as buffer
gas),30 respectively. Our group has reported that the high-pressure
limit rate coefficient of the CH2OO reaction with (CH3)3CNH2 at
298 K is (4.95 � 0.64) � 10�12 cm3 molecule�1 s�1.31 In addition,
compared with the CH2OO reaction with CH3NH2, the electron-
induced effect dominates over the steric hindrance effect on the
reactivity of the CH2OO reactions with amines.31 A study com-
bining MPIMS with high-level theoretical calculations showed
that the CH3CHOO reaction with (CH3)2NH proceeds via the
1,2-insertion mechanism to produce an amine-functionalized
hydroperoxide.32 A strong dependence of the rate coefficient on
the CH3CHOO conformer was observed, e.g., anti-CH3CHOO
reacts with (CH3)2NH about 34 000 times faster than syn-
CH3CHOO. A similar trend was observed for the anti-CH3CHOO
and syn-CH3CHOO reactions with H2O.33

(CH3)2NH and (CH3)3N are prevalent in the atmosphere,
with (CH3)3N being the most abundant atmospheric amine
in terms of global emissions.34 Animal husbandry, biomass
burning and marine are the major sources of amines, and the

estimated global emissions from these three sources are
(13 � 8), (20 � 11), and 0 Gg N y�1 for (CH3)2NH, and (108 � 29),
(11 � 4), and 50 Gg N y�1 for (CH3)3N, which are significantly
higher than most other types of amines.34

In this study, we measured the rate coefficients of CH2OO
reacting with (CH3)2NH and (CH3)3N at various temperatures
and pressures using the OH LIF method. The reaction mecha-
nism was proposed by combining the present results with
previous research. The atmospheric implications of the title
reactions, especially their contributions to the formation of
SOA, are discussed.

2. Experimental section

The experimental apparatus for LIF has been described in
detail in our previous work27,35,36 and only a brief introduction
will be given here. The reactions take place in a 75 cm long
quartz tube equipped with a capacitance manometer (MKS
Baratron) and an exhaust throttle valve (MKS, 653B) to actively
control the pressure. The reaction temperature was controlled
using a water circulator (Yin Der BL-730) and monitored using a
K-type thermocouple.

Liquid CH2I2 (Alfa Aeser, 499%) in a glass bubbler was
maintained at 35 1C using a water bath and carried into the
reaction tube by Ar. A series of calibrated mass flow controllers
(MKS, GM50A series) were used to control the flow rate of the
gases used, including the buffer gas Ar (99.999%), O2 (99.995%),
(CH3)2NH (0.1% seeded in Ar) and (CH3)3N (0.5% seeded in Ar).
The concentration of CH2I2 was measured by the UV absorp-
tion method using a deep UV LED (DUV325-H46, Roithner
Lasertechnik, center wavelength at 322.4 nm with an FWHM of
11 nm) in combination with an amplified photodetector
(PDB450A, Thorlabs). The typical [CH2I2] used was approximately
1.5 � 1014 molecules cm�3.

To minimize absorption at the photolysis wavelength by the
co-reactants (CH3)2NH/(CH3)3N, the fourth/third harmonic of a
Nd: YAG laser (266/355 nm) was used to photolyze CH2I2.
Typical laser fluences were 17 and 90 mJ cm�2. The 282 nm
probe laser (2 mm diameter, 40 nJ), corresponding to the P1(1)
line of the (1,0) band of the OH (A2P+ (v0 = 1) ’ X2Q (v00 = 0))
transition, was generated by frequency doubling a dye laser
(Rhodamine 590 dye) pumped by the second harmonic of
another high repetition rate Nd: YAG laser (Edgewave INNOSLAB:
IS12II-ET, 10 kHz). The time delay between the photolysis and the
probe laser was controlled by a digital delay generator (Stanford
Research System, DG645). The two laser beams intersected at a
right angle in the flow tube, and OH fluorescence generated from
the unimolecular decomposition of CH2OO was detected in the
direction perpendicular to the two laser beams. The OH fluores-
cence of 308 nm (transition of X2Q (v0 = 0) ’ A2P+ (v00 = 0)) was
passed through a quartz lens and a stack of filters (Schott UG11,
Semrock FF02-320/40-25 and Semrock FF01-315/15-25) before
being amplified by a photomultiplier tube (PMT, Electron
PDM9111-CP-TTL). The signals from the PMT were fed to a multi-
channel scaler (Ortec, MCS-PCI) and recorded on a computer.
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To increase the signal-to-noise ratio for data analysis, the
signals from 1500 photolysis laser pulses were accumulated
for a decay profile.

To assess the linearity of the LIF signal in our experimental
setup, we initially measured the rate coefficient for the reaction
between CH2OO and SO2.27 This measurement was conducted
at 10 Torr and 298 K, using Ar as the bath gas. The derived rate
coefficient was (3.88 � 0.13) � 10�11 cm3 molecule�1 s�1, which
closely aligns with the previous findings of (3.93 � 0.13) �
10�11 cm3 molecule�1 s�1 obtained using CRDS37 and (3.9 �
0.7) � 10�11 cm3 molecule�1 s�1 using MPIMS.19

3. Results and discussion
3.1 OH Decay profiles and fitting model

About 3% of CH2I2 was photolyzed (see the ESI† for calculation
details). The formed CH2I reacted with O2 to produce CH2OO
with a branching ratio of about 0.79 at 10 Torr.38 Thus, the
initial concentration of CH2OO was approximately 4.5 �
1012 cm�3. The formation of CH2OO was on the time scale of
tens of microseconds ([O2] was approximately 1.5 � 1016 cm�3

and kCH2I+O2
= 1.50 � 10�12 cm3 molecule�1 s�1),38 much faster

than the consumption of CH2OO, which takes several milli-
seconds, as shown in Fig. 1. Therefore, the formation of CH2OO
was not included in the kinetics model.

The unimolecular loss of CH2OO includes:

CH2OO - OH + HCO k1a (R1a)

-other products k1b (R1b)

-physical losses k1c (R1c)

(R1c) is dominated by the wall loss.
The OH radicals formed from (R1a) are consumed by species

X in the reactor, including IO, CH2I2, and amines.

OH + X - products k2 (R2)

OH (v00 = 0) together with a small amount of OH (v00 = 1) was
observed from the unimolecular decomposition of CH2OO.14,39,40

In the current experiment, the first probe laser pulse was fired
approximately 80 ms after the photolysis laser pulse to allow
sufficient relaxation of OH (v00 Z 2) to OH (v00 = 1), if present.
In our previous study, the rate coefficients derived from fitting
the time-dependent profiles of OH (v00 = 0) with and without
including the relaxation of OH (v00 = 1) to OH (v00 = 0) in the
kinetics model differed by less than 4% at 10 Torr and less than
1% at 50 Torr.39 Therefore, we do not include OH (v00 = 1) in the
current kinetics model. The resulting error was included in the
error analysis as shown in the ESI.†

Bimolecular reactions of CH2OO include:

CH2OO + CH2OO - products k3 (R3)

CH2OO + (CH3)2NH - products k4 (R4)

CH2OO + (CH3)3N - products k5 (R5)

CH2OO + Y - products k6 (R6)

where Y represents species other than CH2OO or (CH3)2NH/
(CH3)3N which consume CH2OO, including I, IO and CH2I2.
The concentrations of (CH3)2NH and (CH3)3N are typically 1–2
orders of magnitude higher than that of CH2OO to ensure the
pseudo-first order approximation conditions for the title reac-
tions. According to previous theoretical calculations, the pro-
duct of the reaction (R4) would be the insertion product.32,41

Applying the pseudo-first order approximation to the reac-
tion (R4) and the steady-state approximation to the OH radicals,
the time-dependent signal of OH (v00 = 0, N00 = 1), SOH(t), can
be described by eqn (1) (see our previous work for more
details).27,35,36,42

SOH tð Þ

¼
A0 k1 þ k

0
4 þ k

0
6

� �
k1 þ k

0
4 þ k

0
6

� �
e k1þk

0
4
þk 0

6ð Þt þ 2k3 CH2OO½ �0 e k1þk
0
4
þk 0

6ð Þt � 1
h i

� A1e
�k 0

2
t

(1)

Fig. 1 Representative time-dependent OH profiles in the presence of
different concentrations of (CH3)2NH (Fig. 1a) and (CH3)3N (Fig. 1b) at
298 K. The hollow symbols are the experimental results, and the solid lines
are the fits to the experimental results with eqn (1). Time zero was defined
by the photolysis laser pulse.
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where

A0 ¼ g
k1a CH2OO½ �0

k
0
2 � k1 þ k

0
4 þ k

0
6

� � (2)

A1 ¼ g
k1a CH2OO½ �0

k
0
2 � k1 þ k

0
4 þ k

0
6

� �� OH½ �0

 !
(3)

In eqn (1), k
0
4 ¼ k4 CH3ð Þ2NH

� �
, k

0
2 ¼ k2 X½ � and k

0
6 ¼ k6 Y½ �.

[CH2OO]0 were calculated from the concentration of CH2I2,
the photolysis cross section of CH2I2 and the pressure-
dependent yield of CH2OO. [OH]0 represents the initial concen-
tration of OH (v00 = 0, N00 = 1) resulting from CH2I* + O2 and/or
CH2OO*.14,43 g is the detection efficiency of OH fluorescence.

When fitting the OH decay profiles, A0, A1, k1 þ k
0
4 þ k

0
6 and

k
0
2 are local parameters, while k3 is a global parameter fixed

at 8 � 10�11 cm3 molecule�1 s�1 according to the result
of Stone et al.44 Reactions (R1) and (R6) are irrelevant to

the concentration of (CH3)2NH. When k1 þ k
0
4 þ k

0
6 is

plotted against [(CH3)2NH], the slope and intercept from

the linear fit represent k4 and k1 þ k
0
6, respectively. Therefore,

k
0
4 can be extracted by subtracting the fitted intercept from

k1 þ k
0
4 þ k

0
6.

Fig. 1 shows the typical time-dependent profiles of OH (v00 =
0, N00 = 1) from the CH2OO reactions with (CH3)2NH (Fig. 1a, at
10 Torr and 298 K) and (CH3)3N (Fig. 1b, at 25 Torr and 298 K).
The hollow symbols are experimental data fitted with eqn (1)
using the first optimization software (1stOpt 7.0, 7D-soft High
Technology Inc.), as shown by solid lines. The OH signals decay
faster with increasing concentration of (CH3)2N and (CH3)3N,
indicating the consumption of CH2OO by (CH3)2NH and
(CH3)3N.

3.2 Pressure- and temperature-dependent rate coefficients

We first measured the rate coefficients of the title reactions at
various pressures and 298 K to determine their high-pressure

limits. Fig. 2(a) shows the plot of k
0
4 against [(CH3)2NH] at

pressures ranging from 5 to 100 Torr, while Fig. 2(b) displays

the plot of k
0
5 under the same conditions. However, it should be

noted that the OH fluorescence signals were quenched more
rapidly for reaction (R5), which limited our measurements to
pressures above 50 Torr. The rate coefficients for the title
reactions at different pressures and 298 K are summarized in
Tables S1 and S2 in the ESI.†

Fig. 3 shows the rate coefficients of CH2OO reacting with
(CH3)2NH at different pressures from 5 to 100 Torr. No obvious
pressure dependence was observed. Although the values at
5 Torr are smaller than those at higher pressures, the difference
is within the error bar of the current experiment. A similar
non-pressure dependence has been reported for the CH2OO
reactions with NH3 and CH3NH2.30 Therefore, we believe that
the reaction between CH2OO and (CH3)2NH reaches the high-
pressure limit at 10 Torr.

In contrast, the pressure dependence of the CH2OO reaction
with (CH3)3N is evident, as shown in Fig. 4. Such a pressure

dependence indicates the existence of a submerged barrier
between the pre-reactive complex and the reaction product,
similar to the 1,2-insertion reaction of anti-CH3CHOO with
CH3OH45 and cycloaddition reactions of SCIs, e.g., CH2OO +
CH3CH2CHO and CH3COCH3,39,46 and (CH3)2COO + SO2.47

We used a kinetic model based on the Lindemann mecha-
nism to describe the pressure dependence of the CH2OO
reaction with (CH3)3N. M is the bath gas, and the asterisk
indicates high internal energy.

CH2OO + (CH3)3N " complex* k7/k�7 (R7)

Complex* + M - complex + M* k8 (R8)

Complex* - products k9 (R9)

Eqn (4) was used to fit the pressure-dependent rate coefficients,
and the result is shown as a red line in Fig. 4, where [M]
was derived from the ideal gas equation. From the fit, we

Fig. 2 Plots of the effective loss rate k
0
4 versus [(CH3)2NH] (Fig. 2a) and k

0
5

versus [(CH3)3N] (Fig. 2b) at different pressures and 298 K. Hollow points
are experimental data. Solid lines are linear fits to the experimental data.

Error bars of k
0
4 and k

0
5 are 1s uncertainty from the fit of the OH time-

dependent profile.
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obtained a high-pressure limit rate coefficient of 1.82 �
10�12 cm3 molecule�1 s�1.

k5 Mð Þ ¼ k7 M½ �
k�7=k8 þ M½ � (4)

Alternatively, we used Troe’s treatment, a method for deter-
mining the rate coefficients at the high and low pressure limits
based on statistical rate theory, to describe the pressure-
dependent rate coefficients.15,48,49 The fitting equation is:

k5 ¼
k0 M½ �

1þ k0 M½ �
k1

0
BB@

1
CCA� FP

cent (5)

where

P ¼ 1þ
log10

k0 M½ �
k1

N

0
BB@

1
CCA

20
BB@

1
CCA
�1

(6)

N = 0.75 � 1.27 log10(Fcent) (7)

where k0 and kN are the rate coefficients at the low and high-
pressure limits, Fcent is the broadening factor, and N is the
width parameter. During fitting, the value of Fcent was varied
between 1.1 and 1.5. When it was set to 1.2, the fit yielded the
largest R-square (see Fig. S1 in the ESI†). The resulting fit is
represented by a blue line in Fig. 4. By employing Troe’s
treatment, the high-pressure limit rate coefficient was deter-
mined to be 1.71� 10�12 cm3 molecule�1 s�1, which is in closer
agreement with our experimental results compared to the value
obtained from the Lindemann mechanism.

The consumption rates of CH2OO vs. [(CH3)2NH] (10 Torr)
and CH2OO vs. [(CH3)3N] (25 Torr) at temperatures from 283 to
318 K are plotted in Fig. 5(a) and (b). The lines are linear fits to

the experimental data (hollow symbols). The error bars of k
0
4

and k
0
5 represent the 1s uncertainty of the fit to the time-

dependent OH (v00 = 0) decay profiles with eqn (1). The larger

error bar of k
0
5 is attributed to the higher pressure used, which

resulted in increased collisional quenching of the OH signals and
led to a larger uncertainty. The negative temperature dependence
of the title reactions, as evidenced by the steeper slope at lower
temperatures, suggests the presence of a submerged barrier.
After averaging the results of five sets of experimental data at the
same temperature (see Tables S4 and S5 for details, ESI†), we
report the rate coefficients of CH2OO reacting with (CH3)2NH as
(2.55 � 0.33), (2.15 � 0.28), (1.92 � 0.25), and (1.71 � 0.22) �
10�11 cm3 molecule�1 s�1 at 283, 298, 308 and 318 K, respectively.
The rate coefficients for CH2OO reacting with (CH3)3N are (1.82 �
0.27), (1.56 � 0.23), (1.44 � 0.22), and (1.33 � 0.20) �
10�12 cm3 molecule�1 s�1 at the same temperatures.

The Arrhenius plots for the title reactions are shown in
Fig. 6. The experimental data are represented by hollow circles,
while the blue and red lines indicate the fits to k4 and k5 using
the following Arrhenius equation: k(T) = A exp(�Ea/RT). The
error bar represents the total experimental error, estimated to
be 13% for (CH3)2NH and 15% for (CH3)3N (see the ESI†). The
activation energy of (�2.03 � 0.26) kcal mol�1 and the pre-
exponential factor of (6.89 � 0.90) � 10�13 cm3 molecule�1 s�1

were derived for CH2OO reacting with (CH3)2NH, while (�1.60 �
0.24) kcal mol�1 and (1.06 � 0.16) � 10�13 cm3 molecule�1 s�1

were determined for CH2OO reacting with (CH3)3N.
Alternatively, the temperature-dependent rate coefficients

can be described using statistical thermodynamics and
transition state (TS) theory.30 The reaction rate can be written
as follows:

k Tð Þ ¼ AT2 exp �DH
RT

� �
(8)

Fig. 3 Rate coefficients of CH2OO reacting with (CH3)2NH as a function
of pressure.

Fig. 4 Rate coefficients of CH2OO reacting with (CH3)3N as a function of the
total number density of the bath gas ([M]) at 298 K. The red and blue lines are
fitted by the Lindemann mechanism and Troe’s treatment, respectively.
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where

A ¼ R0kB
NAh

exp
DS
R

� �
(9)

In the above equations, DH and DS are the enthalpy and
entropy changes. R0 and R are molar gas constants expressed
in different units, which are 82.1 cm3 atm mol�1 K�1 and
8.314 J mol�1 K�1, respectively. NA, kB and h are the Avogadro,
Boltzmann and Planck constants, respectively. The temperature-
dependent rate coefficients of the title reactions were fitted with
eqn (8) as shown in Fig. 7, and the fit parameters are summar-
ized in Table 1. The enthalpy change of CH2OO + (CH3)2NH
(�3.22 kcal mol�1) is more negative than those of the reac-
tions of CH2OO with NH3 (�2.01 kcal mol�1) and CH3NH2

(�2.75 kcal mol�1).30 This finding is consistent with the trend
that the reaction barrier decreases with increasing methyl
substitution on ammonia.30,41

3.3 Reaction mechanism

Based on theoretical calculations, Kumar et al. proposed that
the reaction between CH2OO and (CH3)2NH proceeds by the
1,2-insertion mechanism and is barrierless. They suggested
that this reaction should proceed with a rate coefficient similar
to the barrierless reactions of CH2OO with HNO3 and HCOOH,
with rate coefficients in the order of 10�10 cm3 molecule�1

s�1.41 However, our findings indicate that the rate coefficient of
the CH2OO reaction with (CH3)2NH is comparable to that of
the CH2OO reaction with HCl, which has a low energy barrier
of only 0.5 kJ mol�1 between the pre-reactive complex and
the transition state, as calculated by Cabezas and Endo.50

We hypothesize that the CH2OO reaction with (CH3)2NH may
have a small submerged barrier, which may be challenging to
find depending on the accuracy of the calculations at different
levels.

For most 1,2-insertion reactions of CH2OO (except reactions
with species such as H2S and CH3SH), an approximately linear
relationship has been proposed between the logarithm of the
rate coefficients and the bond dissociation energy (BDE) of the

Fig. 5 The effective loss rates k
0
4 and k

0
5 plotted against the concentra-

tions of (CH3)2NH at 10 Torr (Fig. 5a) and (CH3)3N at 25 Torr (Fig. 5b) at four
different temperatures. The error bar represents the 1s uncertainty of the
fit to the time-dependent OH (v00 = 0) decay profiles with eqn (1).

Fig. 6 The Arrhenius plots of the rate coefficients at four different
temperatures for the title reactions. The error bars are 13% and 15% of
the corresponding rate coefficients.

Fig. 7 The rate coefficients k4 and k5 at different temperatures were fitted
with eqn (8).
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fragile covalent bonds with H atoms (H–X bond) of the co-
reactants,6 which is illustrated in Fig. 8. The BDE and rate
coefficients are summarized in Table S8 (ESI†). Regarding the
reaction between CH2OO and (CH3)3N, CH2OO is likely to insert
into the C–H bond of methyl due to the absence of an H atom
attached to the central N atom. The C–H bond of (CH3)3N, with
a BDE of 351 kJ mol�1, is more fragile than the N–H bond of
(CH3)2NH, which has a BDE of 382.8 kJ mol�1.51 This is easy to
understand since a higher BDE tends to hinder the insertion of
Criegee intermediates.

As shown in Fig. 8, the rate coefficient of the CH2OO
reaction with (CH3)3N is apparently out of line and an order
of magnitude smaller than that of (CH3)2NH, which contradicts
the established rule for 1,2-insertion reactions based on BDE.
This suggests that other factors may influence its reactivity.
One possible explanation is that the C atom of CH2OO forms a
bond with the C atom of (CH3)3N after insertion into the C–H
bond of the methyl group. The newly formed C–C bond is less
stable than the C–O and C–N bonds in other 1,2-insertion
reactions due to the difference in the electronegativity of the
atoms involved. This explanation is supported by the slow rate
coefficients of CH2OO with H2S and CH3SH, which are (1.7 �
0.2) � 10�13 and (1.01 � 0.17) � 10�12 cm3 molecule�1 s�1 at
298 K, despite their low BDE of 381.6 and 365.3 kJ mol�1,51

respectively. This is due to the less stable C-S bond, where the
attractive forces between the S atom (a third-row element) and
the C atom of CH2OO are weaker than those between the O or

N atoms (second-row elements) and the C atom of CH2OO.6 The
rate coefficient of the reaction between CH2OO and (CH3)2NH
is slightly lower than that predicted by the linear model. This
can be attributed to the steric hindrance caused by (CH3)2NH,
which is similar to the reaction of CH2OO with (CH3)3CNH2.31

4. Atmospheric implications

(CH3)2NH and (CH3)3N are two types of amines that are
abundant in the atmosphere, making their reactions highly
representative and informative. One of the primary ways by
which amines are removed from the atmosphere is through
their reactions with OH radicals.52 The rate coefficients of
OH reacting with (CH3)2NH and (CH3)3N were measured to be
(6.39 � 3.5) � 10�11 and (5.73 � 1.5) � 10�11 cm3 molecule�1 s�1

at 298 K, respectively.53 The diurnal concentration of OH is
approximately 106 molecules cm�3,54 while the steady-state peak
concentration of all SCIs predicted in the forested equatorial
regions by combining field data analysis with a global chemical
model is approximately 105 molecules cm�3.4

A comparison of the atmospheric sink of (CH3)2NH/(CH3)3N
by OH and SCIs is shown in Table 2. SCIs cannot compete with
OH in the consumption of (CH3)2NH and (CH3)3N, even at the
highest concentration of SCIs (105 molecules cm�3) used in
the calculation. We may also overestimate the contribution of
SCIs by assuming that the effective reaction rates of SCIs with
(CH3)2NH and (CH3)3N are the same as that of CH2OO, as some
SCIs react more slowly with amines than CH2OO, such as the
syn-CH3CHOO reaction with (CH3)2NH.32 However, during the
night and/or cold winter, the concentration of OH radicals
decreases due to the lack of UV light and water vapor. For
example, at four selected urban sites in the UK, the average
steady-state nighttime OH concentration was in the range of
1.8–3.1 � 105 molecules cm�3, and the winter OH concen-
tration in Bristol was about half of its annual maximum.55

In contrast, the disparity in SCI concentrations between sum-
mer and winter was generally less pronounced. For example,
the winter concentrations were found to be similar to or
approximately two-thirds of the corresponding summer
concentration at two urban sites and one rural site in the
UK.56 Under these conditions, SCIs would increase their impor-
tance in consuming (CH3)2NH and (CH3)3N. At temperatures in
the troposphere, such as 230 K, the rate coefficients of the OH
reactions with (CH3)2NH and (CH3)3N increase by less than
20%, to 7.76 � 10�11 and 6.89 � 10�11 cm3 molecule�1 s�1,53

while those for the reactions with CH2OO increase more than
two-fold, to 5.86 � 10�11 and 3.52 � 10�12 cm3 molecule�1 s�1.

Table 1 A list of parameters obtained by fitting the temperature-
dependent rate coefficients of the title reactions with eqn (8)

Co-
reactant A (cm3 s�1 K�2) DS (kcal mol�1 K�1) DH (kcal mol�1)

(CH3)2NH (1.04 � 0.12) � 10�18 �29.43 � 0.24 �3.22 � 0.07
(CH3)3N (1.59 � 0.08) � 10�19 �33.17 � 0.10 �2.79 � 0.03

Fig. 8 Comparison of the logarithm of the rate coefficients of several 1,2-
insertion reactions of CH2OO with BDE of the labile hydrogen atom. The
red line is a linear fit. The blue points are our experimental results. CH3OH,
C2H5OH, and (CH3)2CHOH are collectively referred to as alcohol.

Table 2 Comparison of the consumption of (CH3)2NH and (CH3)3N by
OH and SCIs. t is the lifetime of the corresponding species, calculated
assuming [OH] = 106 molecules cm�3 and [SCIs] = 105 molecules cm�3

Co-reactant tOH (days) tSCIs (days) tSCIs/tOH

(CH3)2NH 0.18 5.38 30
(CH3)3N 0.20 74.19 371
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This indicates that reactions with CH2OO are more competitive
than those with OH as the temperature decreases.

The primary sinks of SCIs are their unimolecular reactions7,9,11,28

and some bimolecular reactions, which are dominated by water
vapor in the case of CH2OO.25,26,28 However, reactions with
amines can also be additional sources of SCI consumption in
certain regions. Fig. 9 shows the consumption rates of CH2OO by
water vapor (including both the monomer and dimer), (CH3)2NH
and (CH3)3N at various relative humidities and temperatures.
The value of [(H2O)2] was obtained from the equilibrium con-
stant between H2O and (H2O)2, relative humidity, and saturated
vapor pressure.57,58 [(CH3)2NH] and [(CH3)3N] were varied from
1–100 ppbv, because their maximum concentration was reported
to be about 100 ppbv in the industrial area.59 Fig. 9 indicates that
in the upper troposphere, typically below 230 K, (CH3)2NH and
(CH3)3N are comparable to water vapor in the consumption of
CH2OO. In addition, the reaction of CH2OO with NH3 can be
catalyzed by water vapor,60 and such reactions are important in
the consumption of SCIs in regions where both relative humidity
and amines are high.

The title reactions, along with other 1,2-insertion reactions,
can produce functionalized organic hydroperoxides with high
molecular weight and low saturated vapor pressure. The hydro-
peroxides have the potential to partition into organic aerosols
in the particle phase. It has been shown that multiple CH2OO
can continuously insert into the adduct product of the reaction
between a single CH2OO and amines, resulting in the formation
of low-volatility oligomers that make substantial contribution to
the formation of SOA.41

Amines have been shown to be more efficient than NH3 in
particle formation. For example, experiments conducted in the
CLOUD chamber at CERN demonstrated that (CH3)2NH above
3 ppt by volume can enhance particle formation rates more
than 1000-fold compared to NH3.61 Similarly, (CH3)3CNH2 was
found to be more effective than NH3 in nucleation from the
reaction of OH radicals with SO2.62 Various amines have also
been found to enhance H2SO4 aerosol nucleation more

than NH3.63 The rate coefficient of the CH2OO reaction with
NH3 is reported to be about 5.6 � 10�14 cm3 molecule�1 s�1,
which is one to two orders smaller than those of the title
reactions.27,35,36,42 Therefore, even though the concentrations
of dimethylamine and trimethylamine being approximately two
to three orders of magnitude lower than that of NH3,34 their
contribution to the formation of SOA from the reactions with
SCIs is comparable to that of NH3.

5. Conclusions

Using the LIF method, we measured the rate coefficients of
CH2OO reacting with (CH3)2NH and (CH3)3N. We reported the
rate coefficients at 298 K for CH2OO reacting with (CH3)2NH as
(2.15 � 0.28) � 10�11 cm3 molecule�1 s�1, and with (CH3)3N as
(1.56 � 0.23) � 10�12 cm3 molecule�1 s�1 at 10 and 25 Torr
using Ar as the bath gas, respectively. The Arrhenius plot
yielded an activation energy of (�2.03 � 0.26) kcal mol�1 and a
pre-exponential factor of (6.89 � 0.90) � 10�13 cm3 molecule�1 s�1

for the reaction of CH2OO with (CH3)2NH, and (�1.60 � 0.24)
kcal mol�1 and (1.06 � 0.16) � 10�13 cm3 molecule�1 s�1 for the
reaction of CH2OO with (CH3)3N. The rate coefficients of the title
reaction are higher than those of CH2OO with NH3 and CH3NH2

due to the smaller BDE of (CH3)2NH (382.8 kJ mol�1) and (CH3)3N
(351 kJ mol�1). The rate coefficient of CH2OO reacting with (CH3)3N
is about an order of magnitude lower than that of (CH3)2NH,
possibly because the newly formed C–C bond (in the former
reaction) is less stable than the C–N bond (in the latter reaction)
due to the electronegativity of the atoms involved. In addition, the
title reactions can contribute to the consumption of amines and
SCIs and the formation of SOA under certain conditions.
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