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The Atmospheric Importance of Methylamine Additions to Criegee
Intermediates†

Henry F. Mull, Gustavo J.R. Aroeira, Justin M. Turney, and Henry F. Schaefer III

Criegee intermediates are important targets for study in atmospheric chemistry because of their ca-
pacity to oxidize airborne species. Among these species, ammonia has received critical attention
for its presence in polluted agricultural or industrial areas and its role in forming particulate mat-
ter and condensation nuclei. Although methylamine has been given less attention than ammonia,
both theoretical and experimental studies have demonstrated that the additional methyl substitution
on the ammonia derivatives increases the rate constants for some systems. This suggests that the
methylamine addition to Criegee intermediates could be more significant to atmospheric processes.
In this work, geometries are optimized at the DF-CCSD(T)/ANO1 level for the methylamine addition
reactions to the simplest Criegee intermediate and the anti- and syn-methylated Criegee intermedi-
ates. Energies for each stationary point were computed at the CCSD(T)/CBS level with corrections
from the CCSDT(Q) method. Rate constants are obtained for each reaction using canonical tran-
sition state theory. Although methylamine addition proved to be a more favorable reaction relative
to ammonia addition, the significantly lower concentration of atmospheric methylamine limits the
prevalence of these reactions, even in the most optimal conditions. It is unlikely that the methy-
lamine addition to Criegee intermediates will contribute significantly to the consumption of Criegee
intermediates in the atmosphere.

1 Introduction

Criegee intermediates (CIs) have been the focus of many atmo-
spheric chemistry studies in recent years for the wide range of
potential impacts on the atmosphere. They are a class of car-
bonyl oxides which are formed primarily through the ozonoly-
sis of alkenes in the atmosphere, the mechanism for which was
first proposed by Rudolph Criegee in 1949,1 but they can also be
formed through the reaction of peroxy radicals with OH,2 Br,3

or Cl radicals.4 Their highly-reactive and short-lived nature make
them difficult targets for experimental studies; however, labora-
tory techniques to produce CIs have allowed for direct and indi-
rect measurements of CI concentrations and the rate constants of
different reaction pathways.5–14 These experimental studies have
been motivated and driven by corresponding theoretical studies,
and together they give valuable insight towards the fates of CIs
and their effects on the atmosphere.

Part of the importance of CIs in the atmosphere comes from
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the increased oxidizing capacity of the air as a result of the pres-
ence of these species.15 These reactions are particularly impor-
tant at times when photochemical reactions are less likely to oc-
cur, such as at night or during winter months.5,16,17 These contri-
butions to the oxidation capacity can occur through a unimolec-
ular transformation, or the intermediates can directly oxidize a
variety of airborne species. A majority of the CIs formed will
undergo unimolecular decomposition, generating a variety of or-
ganic gasses, radicals, and acids,7,10,18,19 or they can isomerize
to form various organic products.20 Alternatively, the CIs can
be collisionally stabilized to form stabilized Criegee intermedi-
ates (SCIs) which can survive long enough to further react.21 A
large number of both experimental and theoretical studies have
been performed on a variety of atmospheric species including
H2O,9,13,22–26 CH4,27 MeOH,28 SO2,5–7,19,29–31 NO,30 NO2,6,8

NH3,11,12,32,33 and MeNH2.12,34 The majority of SCIs in the at-
mosphere will be consumed in reactions with water; however, the
reactions with other atmospheric species are still possible and are
often of greater interest.30 These sets of reactions can result in
the production of particulate matter and cloud condensation nu-
clei, which are important factors in understanding the air quality
and climate of an area.35–37

Previous studies of the reaction between SCIs and ammonia or
ammonia derivatives show that these reactions have a negligible
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role in the consumption of SCIs. Misiewicz et al. investigated
the ammonia addition to the simplest SCI and the anti- and syn-
methylated SCIs and determined that this set of reactions would
not be able to effectively compete with other similar reactions
with more abundant species.32 This was further confirmed ex-
perimentally by Liu et al. using OH laser-induced fluorescence11

and by Chhantyal-Pun et al. using cavity ring-down spectroscopy
and multiplexed photo-ionization mass spectrometry.12 However,
Kumar and Francisco have recently suggested that increasing the
methyl substitution on the ammonia derivative results in a de-
creased activation barrier.34 This was also supported experimen-
tally by Chhantyal-Pun et al. who found that the reaction be-
tween the simplest SCI and methylamine was faster than the cor-
responding reaction with ammonia.12 However, Chhantyal-Pun
et al. only explored the substituent effects of the methylamine,
but did not consider the substituent effects of the SCI itself. It
has been shown that barrier heights increase and reaction rates
decrease with more-substituted SCIs, regardless of the species
they are reacting with.28,32,34 The methylamine addition to sim-
ple and methylated SCIs involves both the weakening of the SCI’s
overall reactivity from increased substitution and the compensa-
tion for that loss with the increased reactivity of more-substituted
ammonia derivatives. Considering these two effects, the corre-
sponding rates of the reaction could be enhanced to become com-
petitive with the analogous water addition reactions.

Both SCIs and methylamine present their own unique struc-
tural challenges. One possible representation of the SCIs is the
biradical form with both the terminal oxygen and central car-
bon having lone electrons. However, Nakajima and Endo exper-
imentally determined the bond lengths and angles of the sim-
plest SCI (CH2OO) and found that the difference in C-O and O-
O bond lengths (1.272 Å and 1.345 Å, respectively) suggested
a greater zwitterionic character than biradical character.14 Addi-
tionally, Taatjes et al. compared the syn- and anti- conformers of
the methylated SCI and found that the syn- conformer was 4 kcal
mol−1 lower in energy and the interconversion barrier between
the two was 40 kcal mol−1, reflecting the zwitterionic character
of the SCIs.13 Methylamine provides a different type of challenge
in that both hydrogen atoms are capable of participating in these
methylamine addition reactions. This leads to two distinct reac-
tion pathways and starting geometries. In previous work with
methylamine, no distinction was made between the two reaction
pathways, nor was any justification given for favoring one over
the other. Here, the two reaction pathways will be referred to
as equatorial and axial. The designations are based on the po-
sition of the methylamine methyl group relative to the pseudo
five-membered ring formed during the transition state. Equato-
rial methylamine features the methyl group positioned between
the anti- and syn- positions of the SCI, whereas axial geometries
feature the methyl group positioned between the anti- position
and the double-bond of the SCI (Figure 1). Previously, it seems
only the axial addition pathway was considered in computational
studies, though whether this is coincidence or by design is un-
clear.12,34

In this research, we examine the methylamine addition to the
simplest SCI (CH2OO) and the anti- and syn-methylated SCIs

(a) Equatorial

(b) Axial

Fig. 1 The equatorial and axial reaction pathways differ by the orientation
of the methylamine methyl group relative to the SCI.

(CH3CHOO), both the equatorial and axial pathways, using high-
level ab initio methods. Energies and rate constants are obtained
for each of these reactions to understand the combined effect of
the substituents on each reactant and the orientation of addition.
Comparing these rate constants will determine their importance
in the atmosphere relative to each other as well as other atmo-
spheric species.

2 Computational Methods
Each of the geometries investigated was optimized using density-
fitted coupled cluster theory with single, double, and perturbative
triple excitations [DF-CCSD(T)] with the ANO1 basis set from
the atomic natural orbital basis set family,38 using the ANO1
truncation scheme described by McCaslin and Stanton (C, N, O:
[4s 3p 2d 1f]; H: [4s 2p 1s]).39 Final energies were computed
by using the Focal Point Approach (FPA) of Allen and cowork-
ers.40–42 Restricted Hartree–Fock energies and correlation ener-
gies for second-order Møller–Plesset perturbation theory (MP2),
CCSD, and CCSD(T) levels of theory were calculated using the
Dunning correlation consistent basis sets,43 cc-pVXZ [X = D, T,
Q, 5 for Hartree–Fock energies and X = D, T, Q for MP2, CCSD
and CCSD(T)], and then extrapolated to the complete basis set
limit (CBS) using the following three–point fitting equation for
SCF energies:44

ESCF = A+B exp(−CX)

and the following two–point fitting equation for correlation ener-
gies:45

Ecorr = A+BX−3

Both the energies and the geometries were computed using the
frozen core approximation.

A number of additive corrections were obtained for each of
the geometries to account for higher-order correlation and ap-
proximations made during the energy computations. Zero-point
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vibrational energy corrections (∆ZPVE) were obtained at the DF-
CCSD(T) level with the ANO1 basis set for the simple SCI re-
actions and the ANO0 basis set for the anti- and syn-SCI reac-
tions. The frozen-core approximation corrective term (∆CORE)
was calculated by taking the difference between the all-electron
and frozen core energies at the CCSD(T) level with a weighted
core-valence cc-pwCVTZ basis set:46

∆CORE = EAE-CCSD(T)−EFC-CCSD(T)

The diagonal Born–Oppenheimer correction (∆DBOC) was calcu-
lated at the CCSD level using the ANO0 basis set.47,48 Correc-
tions for scalar relativistic effects (∆REL) were calculated using
the spin–free X2C-1e method with an X2C-recontracted correla-
tion consistent cc-pCVTZ basis set.49–54

∆REL = EAE-CCSD(T)/X2C-1e−EAE-CCSD(T)

Our final energies account for higher order correlation us-
ing single-point energies at the CCSDT(Q) level and the Dun-
ning cc-pVDZ basis set43 for the simplest SCI reactions and,
due to their size, the Pople 6-31G* basis set for the anti- and
syn-methylated SCI reactions. It has been shown previously by
Aroeira et al. that for systems involving SCI’s the CCSDT(Q)
corrections were approximately twice as large as the CCSDTQ
corrections,28. Their CCSD(T)/CBS, CCSDT(Q)/CBS, and CCS-
DTQ/CBS computed heats of formation (∆H0K

f ) for the simplest
SCI were 27.12, 25.72, and 26.35 kcal mol−1, respectively. While
the full CCSDTQ ∆H0K

f matched well with the Active Thermo-
chemical Tables reference value of 26.74 ± 0.15 kcal mol−1, the
CCSD(T) ∆H0K

f was 0.4 kcal mol−1 higher and the CCSDT(Q)
∆H0K

f was 1.0 kcal mol−1 lower. Recently, Matthews demon-
strated the sensitivity of SCIs to higher order corrections by com-
paring the geometries, energies, and vibrational properties of
the simplest SCI using the same methods as above.55 Again, the
CCSDT(Q) results underestimated the CCSDTQ total energy (in-
cluding ∆ZPVE) by more than 1 kcal mol−1, whereas the CCSD(T)
results overestimated the energy by over 2 kcal mol−1. However,
these energies were obtained using a structure optimized at their
respectively levels of theory, so part of the discrepancy could be
due to the difference in geometries. As seen from these examples,
we can consider the CCSD(T) and CCSDT(Q) energies as upper
and lower bounds to the true energy, where the difference rep-
resents the uncertainty range of the computed energy. For the
main purposes of this work, the averaged value will be taken as
the computed energy, but these bounds will be considered for
some qualitative behavior. Thus the final energy discussed here
will only include half of the calculated CCSDT(Q) corrective term
(∆T(Q)):

E = EFPA +∆ZPVE +∆CORE +∆DBOC +∆REL +
∆T(Q)

2

Geometry optimizations and harmonic vibrational frequency
calculations were performed with PSI4.56 Single-point energies
for the FPA were calculated using these geometries in the MOL-
PRO 2010.1 package.57,58 Corrective terms other than ∆ZPVE

were computed using the CFOUR 2.0 quantum chemistry pack-
age.59

Similarly to previous studies,28,32 these addition reactions can
be represented as:

SCI+NH3
k1−−⇀↽−−

k−1
SCI···NH3

k2−−→ P

where SCI···NH3 is a pre-reactive complex and P is the product
of the reaction. By employing the Steady State Approximation
(SSA),60 as well as making the assumption of k2 << k−1 which is
common for these systems, we can arrive at an expression for our
rate constant:

d[SCI···NH3]

dt
= k1[SCI][A]− k−1[SCI···NH3]− k2[SCI···NH3]−−0

[SCI···NH3] =
k1

k−1 + k2
[SCI][A]≈ k1

k−1
[SCI][A]

d[P]
dt

= k2[SCI···NH3] = k2
k1

k−1
[SCI][A] = k2Kc[SCI][A]

ktot = k2Kc

Rate constants can then be calculated using canonical transition
state theory,61,62 with the partition functions (qA) of each species
in the reaction:

k2 = κ
kBT

h
qTS

qSCI···NH3

exp
(
−ETS

RT

)

Kc =
qSCI···NH3

qSCIqNH3

ktot = κ
kBT

h
qTS

qSCIqNH3

exp
(
−ETS

RT

)
where κ is the transmission coefficient for an asymmetric Eckhart
potential energy barrier:63

κ(T ) = exp
(

∆V1

RT

)∫
∞

0
κ(E)exp

(
E

RT

)
dE

kB is the Boltzmann constant, R is the universal gas constant, T
is temperature, and h is Planck’s constant. Canonical transition
state theory assumes the high pressure limit which eliminates and
pressure dependence in the model. These partition functions are
approximated as rigid rotor harmonic oscillators (RRHO), allow-
ing for their total partition functions to be separable into different
degrees of freedom:

q = qtransqrotqvibqelec

3 Results and Discussion

3.1 Geometries

Optimized geometries of the simple, anti-, and syn- methylamine
additions are shown in Figures 2, 3, and 4, respectively. Bond
lengths for the pseudo five-membered ring are included and re-
ported in Å. Both the equatorial and axial reaction pathways are
shown for comparison. The pre-reactive complexes of the equato-
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rial and axial syn-SCI additions (Figures 4a and 4b) have a signif-
icantly larger C-N distance compared to the simple and anti-SCI
additions. However, the C-N distances of the corresponding tran-
sition states (Figures 4c and 4d) are smaller than those of the sim-
ple and anti- counterparts. The increased structural change that
is required to proceed through the reaction reflects the slower re-
action rates of the syn-SCI addition reactions, a trend which is ex-
pected and has been observed for similar systems.13,15,32 These
geometries also support our choice of SCI representation. Our
predictions closely match those of Nakajima and Endo who ex-
perimentally determined bond lengths and angles for the simple
SCI and concluded that it contained more zwitterion character
than biradical character.14 Furthermore, in each of the reaction
pathways, the C-O and O-O bond lengths increase as the reaction
proceeds to the product, demonstrating the shift to their normal
single bond lengths and further supporting the zwitterion repre-
sentation.

There exist differences between the equatorial and axial reac-
tion pathways. The largest differences are seen in the pre-reactive
complexes for each pair. The positioning of the methylamine
methyl group affects how it can approach a given SCI, resulting
in a decreased C-N distance and an increased O-H distance for
the axial pre-reactive complex compared to the equatorial pre-
reactive complex. However, in the transition states for each ad-
dition pair, the C-N distance for the equatorial pathway becomes
slightly smaller than that of the axial pathway. This is likely due
to a smaller amount of steric interference between the methyl
groups of the methylamine and the SCI in the equatorial transi-
tion states. However, the products of each pair of reactions have
bond length differences smaller than 0.1 Å. This is not unexpected
as the two products for a given SCI only differ by an inversion and
rotation of the amino group.

3.2 Energetics

The FPA tables for all six reactions are presented in Tables 1–6
and good convergence towards the complete basis set limit can
be observed in all cases. In all cases, the additive corrections for
frozen core, Born–Oppenheimer approximation, and scalar rel-
ativistic effects do not exceed 0.11 kcal mol−1, validating the
application of these approximations. As was previously noted,
the higher-order energy corrections (∆T(Q)) are taken to be half
of the CCSDT(Q) correction to account for the overcorrection
of perturbative quadruple excitations relative to full quadruple
excitations. Even with this reduction, the higher-order correc-
tion can still range from 0.11 to 0.63 kcal mol−1, leading to
slight qualitative changes of the potential surface. Our energies
are in fairly good agreement with the work done previously by
Chhantyal-Pun et al.12 for the axial addition to the simplest SCI
using CCSD(T)(F12*)/cc-pVQZ-F12//CCSD(T)(F12*)/cc-pVDZ-
F12 energies. However there were some qualitative differences
between our work and the work by Kumar and Francisco34 us-
ing CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ energies, with
their barrier heights being lower by at least 0.4 kcal mol−1 and
up to 1.7 kcal mol−1. If the lower bound of the energies are
considered (i.e. without any higher-order correction), the barrier

heights are still lower by 0.3 kcal mol−1 and up to 1.0 kcal mol−1.
Towards the upper bound, the energy differences stemming from
higher-order corrections are even further exaggerated and would
only increase the difference in barrier height.

The potential energy surfaces for each SCI are shown in Figures
5–7. The equatorial and axial methylamine additions to the sim-
plest SCI have barrier heights of 1.49 kcal mol−1 and 1.28 kcal
mol−1, respectively. These values only change slightly with the
addition of the methyl group at the anti- position of the SCI, with
barrier heights of 2.13 kcal mol−1 and 1.78 kcal mol−1, respec-
tively. This similarity between the two SCIs is expected and has
been seen in studies with other systems.32,34 The barrier heights
for the addition to the syn-methylated SCIs are 5.49 kcal mol−1

for the equatorial addition and 5.03 kcal mol−1 for the axial ad-
ditions. With the SCI methyl group being positioned closer to the
oxygen where the hydrogen transfer occurs, significantly more
energy is required for the reaction to proceed. This is consis-
tent with the geometries in Figures 4c and 4d, which have much
longer bond distances than their simple SCI and anti-methylated
SCI counterparts. The equatorial addition to the syn-methylated
SCI has the only non-submerged barrier of this group of reactions;
however, it is only 0.45 kcal mol−1 and would be unlikely to sig-
nificantly hinder the reaction from occurring. It is worth noting
that if the full ∆T(Q) correction was included, the axial addition
to the syn-methylated SCI would no longer be submerged, but
the transition state would be above the reactants only by 0.03
kcal mol−1 and would not significantly hinder the reaction from
occurring.

3.3 Kinetics

Using the final energies and the theoretical frequencies, rate con-
stants for each reaction were calculated and are presented in
Table 7. Tunneling does not make significant contributions to
these reactions, as the transmission coefficients (κ) only range
from 1.044 to 1.089 (Table 8). For the rate constant of the
axial methylamine addition to the simplest SCI, our value was
in relatively good agreement with a previously calculated value
from Chhantyal-Pun et al. of 5.6× 10−12 cm3 s−1 using a micro-
canonical master equation,12 giving us greater confidence in our
calculated rate constants for the other five reactions. In the cases
of the simple and anti-methylated SCIs, the axial addition path-
way would be preferred, consistent with our calculated energies
and barrier heights. The lowered barrier height and increased
reaction rate is likely due to a small stabilizing attractive force
between the methyl group of the methylamine and the central
oxygen atom. This positions the nitrogen of the methylamine
closer to the central carbon of the SCI, so the geometry of the
pre-reactive complex and transition state for the axial addition
are more similar that those of the equatorial addition, reducing
the amount of energy needed for the reaction to proceed. Al-
though a similar case can be made for the methylamine addition
to the syn-methylated SCI, the small interaction is overshadowed
by the additional burden of having to rotate and shift the SCI
methyl group.

The effects of methyl substitution can be clearly seen when
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Equatorial Axial

(a) (b)

(c) (d)

(e) (f)

Pre-reactive 

Complex

Transition State

Product

Fig. 2 Optimized CCSD(T)/ANO1 geometries for the pre-reactive complex, transition state, and product of the methylamine addition to the simple
Criegee intermediate. Both the equatorial and axial geometries are shown. Distances are given in Å.
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Equatorial Axial

Pre-reactive 

Complex

Transition State

Product

(a) (b)

(c) (d)

(e) (f)

Fig. 3 Optimized CCSD(T)/ANO1 geometries for the pre-reactive complex, transition state, and product of the methylamine addition to the anti-
Criegee intermediate. Both the equatorial and axial geometries are shown. Distances are given in Å.
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Equatorial Axial

(a) (b)

(c) (d)

(e) (f)

Pre-reactive 

Complex

Transition State

Product

Fig. 4 Optimized CCSD(T)/ANO1 geometries for the pre-reactive complex, transition state, and product of the methylamine addition to the syn-
Criegee intermediate. Both the equatorial and axial geometries are shown. Distances are given in Å.
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Fig. 5 Enthalpies at 0 K for the methylamine addition to the simplest
Criegee intermediate. Energies are computed at CCSD(T)/CBS//DF-
CCSD(T)/ANO1 with additive corrections for the zero-point vibrational
energy, frozen core approximation, diagonal Born–Oppenheimer correc-
tion, scalar relativistic effects, and perturbative quadruple excitations.
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Fig. 6 Enthalpies at 0 K for the methylamine addition to the
anti-methylated Criegee intermediate. Energies are computed at
CCSD(T)/CBS//DF-CCSD(T)/ANO1 with additive corrections for the
zero-point vibrational energy, frozen core approximation, diagonal Born–
Oppenheimer correction, scalar relativistic effects, and perturbative
quadruple excitations.
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syn-methylated Criegee intermediate. Energies are computed at
CCSD(T)/CBS//DF-CCSD(T)/ANO1 with additive corrections for the
zero-point vibrational energy, frozen core approximation, diagonal Born–
Oppenheimer correction, scalar relativistic effects, and perturbative
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Table 1 Focal point table for the equatorial addition of methylamine to
the simple Criegee intermediate. Energies are given in kcal mol−1. All
energies are relative to their isolated reactants (methylamine and the
corresponding Criegee intermediate). Final energies in kcal mol−1 are
presented as ∆E = EFPA +∆ZPVE +∆CORE +∆DBOC +∆REL +

1
2 ∆T(Q)

Basis Set ∆Ee RHF δ MP2 δ CCSD δ CCSD(T) ∆Ee Net
Pre-reactive Complex
cc-pVDZ −10.87 +2.18 +0.14 +0.96 −7.59
cc-pVTZ −9.17 +1.04 +0.01 +0.79 −7.33
cc-pVQZ −8.46 +0.82 −0.16 +0.69 −7.11
cc-pV5Z −8.08 [+0.74] [−0.22] [+0.65] [−6.92]
CBS [−7.85] [+0.65] [−0.28] [+0.61] [−6.87]
∆E =−6.87+1.43+0.00−0.01+0.01+0.19 =−5.26

Transition State
cc-pVDZ −11.70 +3.51 +1.45 +1.49 −5.25
cc-pVTZ −9.23 +1.08 +1.05 +1.19 −5.90
cc-pVQZ −8.44 +0.56 +0.72 +1.00 −6.16
cc-pV5Z −8.04 [+0.37] [+0.61] [+0.93] [−6.13]
CBS [−7.80] [−0.18] [+0.48] [+0.85] [−6.28]
∆E =−6.28+2.09+0.04−0.03+0.01+0.40 =−3.77

Product
cc-pVDZ −60.07 −1.14 +4.46 +3.87 −52.88
cc-pVTZ −56.82 −3.23 +3.54 +3.53 −52.98
cc-pVQZ −55.60 −3.32 +2.95 +3.45 −52.51
cc-pV5Z −55.01 [−3.35] [+2.73] [+3.43] [−52.20]
CBS [−54.67] [−3.38] [+2.51] [+3.40] [−52.14]
∆E =−52.14+4.44−0.08−0.04+0.11+0.63 =−47.09

Table 2 Focal point table for the axial addition of methylamine to the
simple Criegee intermediates. Energies are given in kcal mol−1. All
energies are relative to their isolated reactants (methylamine and the
corresponding Criegee intermediate). Final energies in kcal mol−1 are
presented as ∆E = EFPA +∆ZPVE +∆CORE +∆DBOC +∆REL +

1
2 ∆T(Q)

Basis Set ∆Ee RHF δ MP2 δ CCSD δ CCSD(T) ∆Ee Net
Pre-reactive Complex
cc-pVDZ −10.86 +1.97 +0.20 +0.91 −7.77
cc-pVTZ −9.14 +0.64 +0.13 +0.73 −7.64
cc-pVQZ −8.42 +0.34 −0.01 +0.62 −7.48
cc-pV5Z −8.05 [+0.23] [−0.07] [+0.58] [−7.31]
CBS [−7.83] [+0.11] [−0.12] [+0.54] [−7.29]
∆E =−7.29+1.53+0.00−0.01+0.01+0.19 =−5.59

Transition State
cc-pVDZ −11.88 +3.28 +1.45 +1.45 −5.70
cc-pVTZ −9.42 +0.68 +1.11 +1.14 −6.49
cc-pVQZ −8.61 +0.07 +0.81 +0.93 −6.81
cc-pV5Z −8.21 [−0.15] [+0.70] [+0.85] [−6.81]
CBS [−7.98] [−0.38] [+0.59] [+0.77] [−6.99]
∆E =−6.99+2.27+0.04−0.03+0.01+0.39 =−4.31

Product
cc-pVDZ −60.71 −1.46 +4.57 +3.86 −53.74
cc-pVTZ −57.42 −3.65 +3.70 +3.49 −53.87
cc-pVQZ −56.14 −3.78 +3.11 +3.40 −53.41
cc-pV5Z −55.56 [−3.83] [+2.90] [+3.37] [−53.11]
CBS [−55.22] [−3.88] [+2.68] [+3.34] [−53.08]
∆E =−53.08+4.42−0.09−0.04+0.11+0.63 =−48.06
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Table 3 Focal point table for the equatorial addition of methylamine
to the anti-methylated Criegee intermediate. Energies are given in kcal
mol−1. All energies are relative to their isolated reactants (methylamine
and the corresponding Criegee intermediate). Final energies in kcal mol−1

are presented as ∆E = EFPA+∆ZPVE+∆CORE+∆DBOC+∆REL+
1
2 ∆T(Q)

Basis Set ∆Ee RHF δ MP2 δ CCSD δ CCSD(T) ∆Ee Net
Pre-reactive Complex
cc-pVDZ −11.78 +0.39 +0.88 +0.77 −9.74
cc-pVTZ −9.53 −0.87 +0.68 +0.52 −9.20
cc-pVQZ −8.69 −1.01 +0.46 +0.41 −8.83
cc-pV5Z −8.24 [−1.05] [+0.38] [+0.37] [−8.54]
CBS [−7.96] [−1.11] [+0.30] [+0.32] [−7.12]
∆E =−8.44+1.65+0.00−0.02+0.00+0.20 =−6.60

Transition State
cc-pVDZ −8.93 −1.45 +2.63 +0.69 −7.06
cc-pVTZ −5.90 −3.96 +2.29 +0.25 −7.32
cc-pVQZ −4.95 −4.31 +1.95 +0.05 −7.25
cc-pV5Z −4.46 [−4.43] [+1.83] [−0.02] [−7.08]
CBS [−4.18] [−4.56] [+1.70] [−0.09] [−7.12]
∆E =−7.12+2.31+0.05−0.04+0.02+0.31 =−4.47

Product
cc-pVDZ −51.80 −8.51 +5.71 +2.60 −52.06
cc-pVTZ −48.16 −10.47 +5.02 +2.09 −51.52
cc-pVQZ −46.85 −10.33 +4.50 +2.02 −50.67
cc-pV5Z −46.19 [−10.29] [+4.32] [+2.00] [−50.17]
CBS [−45.81] [−10.24] [+4.12] [+1.97] [−49.95]
∆E =−49.95+4.33−0.05−0.04+0.10+0.42 =−45.19

Table 4 Focal point table for the axial addition of methylamine to the
anti-methylated Criegee intermediate. Energies are given in kcal mol−1.
All energies are relative to their isolated reactants (methylamine and the
corresponding Criegee intermediate). Final energies in kcal mol−1 are
presented as ∆E = EFPA +∆ZPVE +∆CORE +∆DBOC +∆REL +

1
2 ∆T(Q)

Basis Set ∆Ee RHF δ MP2 δ CCSD δ CCSD(T) ∆Ee Net
Pre-reactive Complex
cc-pVDZ −11.51 −0.19 +1.04 +0.69 −9.98
cc-pVTZ −9.23 −1.76 +0.92 +0.41 −9.66
cc-pVQZ −8.38 −2.01 +0.74 +0.28 −9.38
cc-pV5Z −7.95 [−2.10] [+0.67] [+0.23] [−9.14]
CBS [−7.69] [−2.19] [+0.61] [+0.18] [−9.09]
∆E =−9.09+1.76+0.00−0.02+0.00+0.20 =−7.15

Transition State
cc-pVDZ −9.03 −1.97 +2.73 +0.63 −7.64
cc-pVTZ −6.00 −4.80 +2.47 +0.16 −8.18
cc-pVQZ −5.02 −5.25 +2.16 −0.06 −8.17
cc-pV5Z −4.54 [−5.41] [+2.06] [−0.14] [−8.04]
CBS [−4.26] [−5.57] [+1.94] [−0.22] [−8.12]
∆E =−8.12+2.43+0.04−0.04+0.02+0.30 =−5.37

Product
cc-pVDZ −50.73 −9.06 +5.82 +2.58 −51.38
cc-pVTZ −46.99 −11.13 +5.19 +2.03 −50.90
cc-pVQZ −45.64 −11.09 +4.69 +1.94 −50.10
cc-pV5Z −44.99 [−11.07] [+4.51] [+1.91] [−49.64]
CBS [−44.60] [−11.05] [+4.33] [+1.87] [−49.46]
∆E =−49.46+4.39−0.07−0.05+0.11+0.42 =−44.65

Table 5 Focal point table for the equatorial addition of methylamine
to the syn-methylated Criegee intermediate. Energies are given in kcal
mol−1. All energies are relative to their isolated reactants (methylamine
and the corresponding Criegee intermediate). Final energies in kcal mol−1

are presented as ∆E = EFPA+∆ZPVE+∆CORE+∆DBOC+∆REL+
1
2 ∆T(Q)

Basis Set ∆Ee RHF δ MP2 δ CCSD δ CCSD(T) ∆Ee Net
Pre-reactive Complex
cc-pVDZ −8.43 −0.59 +0.50 +0.35 −8.18
cc-pVTZ −6.46 −1.45 +0.41 +0.16 −7.35
cc-pVQZ −5.68 −1.50 +0.27 +0.09 −6.82
cc-pV5Z −5.31 [−1.52] [+0.22] [+0.06] [−6.54]
CBS [−5.09] [−1.54] [+0.17] [+0.04] [−6.42]
∆E =−6.42+1.29−0.01−0.02+0.01+0.11 =−5.04

Transition State
cc-pVDZ −4.36 −0.87 +2.34 +0.65 −2.24
cc-pVTZ −1.21 −3.35 +1.95 +0.31 −2.31
cc-pVQZ −0.28 −3.68 +1.62 +0.13 −2.21
cc-pV5Z +0.13 [−3.79] [+1.51] [+0.06] [−2.09]
CBS [+0.36] [−3.91] [+1.39] [+0.00] [−2.16]
∆E =−2.16+2.24+0.08−0.04+0.02+0.30 = 0.45

Product
cc-pVDZ −47.82 −6.36 +4.80 +2.81 −46.59
cc-pVTZ −44.23 −7.78 +3.99 +2.46 −45.55
cc-pVQZ −42.96 −7.58 +3.49 +2.43 −44.62
cc-pV5Z −42.38 [−7.51] [+3.31] [+2.42] [−44.16]
CBS [−42.06] [−7.43] [+3.12] [+2.41] [−43.96]
∆E =−43.96+4.19−0.03−0.03+0.10+0.41 =−39.32

Table 6 Focal point table for the axial addition of methylamine to the
syn-methylated Criegee intermediate. Energies are given in kcal mol−1.
All energies are relative to their isolated reactants (methylamine and the
corresponding Criegee intermediate). Final energies in kcal mol−1 are
presented as ∆E = EFPA +∆ZPVE +∆CORE +∆DBOC +∆REL +

1
2 ∆T(Q)

Basis Set ∆Ee RHF δ MP2 δ CCSD δ CCSD(T) ∆Ee Net
Pre-reactive Complex
cc-pVDZ −8.54 −0.74 +0.53 +0.31 −8.44
cc-pVTZ −6.46 −1.69 +0.47 +0.12 −7.55
cc-pVQZ −5.63 −1.76 +0.34 +0.05 −7.01
cc-pV5Z −5.25 [−1.79] [+0.29] [+0.02] [−6.73]
CBS [−5.03] [−1.82] [+0.24] [−0.01] [−6.62]
∆E =−6.62+1.24−0.01−0.02+0.01+0.11 =−5.29

Transition State
cc-pVDZ −5.08 −0.59 +2.19 +0.67 −2.81
cc-pVTZ −2.01 −3.17 +1.85 +0.32 −3.01
cc-pVQZ −1.06 −3.54 +1.54 +0.14 −2.93
cc-pV5Z −0.65 [−3.68] [+1.43] [+0.07] [−2.83]
CBS [−0.43] [−3.82] [+1.31] [+0.00] [−2.93]
∆E =−2.93+2.32+0.07−0.04+0.02+0.29 =−0.26

Product
cc-pVDZ −50.14 −6.18 +4.88 +2.83 −48.62
cc-pVTZ −46.51 −7.60 +4.09 +2.48 −47.54
cc-pVQZ −45.19 −7.44 +3.57 +2.45 −46.61
cc-pV5Z −44.62 [−7.38] [+3.39] [+2.43] [−46.17]
CBS [−44.30] [−7.31] [+3.20] [+2.42] [−45.99]
∆E =−45.99+3.97−0.05−0.04+0.10+0.41 =−41.59
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Table 7 Pseudo-first order rate constants for methylamine, ammonia, water, and water dimer addition reactions with Criegee intermediates. Values are
calculated at 298 K and under the RRHO approximation. Ammonia is assumed to be at a concentration of 2.5 ppm(v). The mass ratio of methylamine
to ammonia is assumed to be 0.026.64 The water concentration comes from 50% humidity, 298 K and 1 atm. The ratio of water dimer to water is
assumed to be 8×10−4.23 ktot values are presented with units of cm3 s−1 and k′tot values are presented with units of s−1

ktot k′tot

Species Simple anti syn Conc. Simple anti syn

NH2CH3 (Eq) 1.54×10−12 4.50×10−12 2.59×10−15 1.57×10−9 2.42×10−21 7.06×10−21 4.06×10−24

NH2CH3 (Ax) 7.34×10−12 1.52×10−11 2.44×10−15 1.15×10−20 2.38×10−20 3.83×10−24

NH3 5.36×10−14 (32) 2.73×10−14 (32) 2.70×10−18 (32) 1.10×10−7 5.90×10−21 3.00×10−21 2.97×10−25

H2O 2.40×10−16 (24) 1.30×10−14 (25) 1.98×10−19 (26) 6.31×10−4 1.51×10−19 8.20×10−18 1.25×10−22

(H2O)2 6.60×10−12 (24) 4.40×10−13 (25) 2.56×10−14 (26) 5.05×10−7 3.33×10−18 2.22×10−19 1.29×10−20

Table 8 Transmission coefficients (κ) for each addition pathway

Pathway Simple anti syn

Equatorial 1.047 1.044 1.089
Axial 1.043 1.054 1.087

comparing the rate constants of the methylamine additions to the
analogous ammonia addition reactions. Rate constants for the
preferred axial addition pathway, ammonia addition reactions,32

water additions, and water dimer additions are compared in Table
7. In all cases, the rate constants for the methylamine addition
are significantly greater than those for ammonia and are even
comparable to the catalysed water dimer reactions.25,26

In order to assess the importance of these addition reactions in
the atmosphere, it is helpful to treat these reactions as pseudo-
first order reactions. These reactions can all be described by the
rate law:

rate = ktot [A][SCI]

However, if we assume that the concentration of species A re-
mains constant in the atmosphere, which is reasonable consider-
ing the small concentration of SCIs in the atmosphere, we can
then use the pseudo-first order rate law:

rate′ = k′tot [SCI]

which more accurately describes the consumption of SCIs in the
atmosphere. Here, an ammonia concentration of 2.5 ppm(v)
is assumed based on the work of Jørgenson and Gross33 with
rate constants calculated by Misiewicz et al.32 The mass ratio of
methylamine to ammonia is assumed to be 0.026 which is based
on high-resolution modeling of atmospheric amines in chemical-
industrial regions in China.64 The water concentration is calcu-
lated by assuming 50% humidity with a water dimer to water
ratio of 8×10−4.23 From this, we can see that while the pseudo-
first order rate constants for methylamine are greater than those
of ammonia by approximately an order of magnitude, they still
would not be able to effectively compete with the removal of SCIs
by just water alone.

If we were to consider the lower bound of our uncertainty
range, where the barrier heights are smaller which result in faster
reaction rates, the rate constants for the simple, anti-, and syn-
SCIs are 2.02×10−20, 3.95×10−20, and 6.24×10−24 respectively.

The methylamine to ammonia ratio used here is on the higher
end of the spectrum and is considerably lower in other areas such
as agricultural regions with a ratio of 0.0011. Because of this, it is
unlikely that a more sophisticated treatment of the kinetics would
increase the rate constants significantly to the point that these
addition reactions could effectively compete with more common
reactions.

4 Conclusions
In this study, we used high-level ab initio methods to investi-
gate the addition of methylamine to simple Criegee intermedi-
ates and anti- and syn-methylated Criegee intermediates. Geome-
tries for pre-reactive complexes, transition states, and products
were obtained at the DF-CCSD(T)/ANO1 level of theory. Energies
for these structures were extrapolated to the CBS limit and in-
cluded additive corrections for the zero-point vibrational energy,
frozen-core approximation, diagonal Born–Oppenheimer correc-
tion, scalar relativistic corrections, and higher-order energy cor-
rections. Rate constants for these reactions were calculated using
canonical transition state theory and the Steady State Approxi-
mation in order to assess the importance of these reactions in the
atmosphere.

Of the two reaction pathways that exist for methylamine addi-
tion, the axial reaction pathway was found to be preferred. The
stationary point geometries were typically lower in energy and
the energy barriers were slightly smaller. This was likely due to
a small stabilizing interaction between the methyl group of the
methylamine and the SCI which is only possible due to the axial
orientation of the methylamine. Additionally, it resulted in a more
similar pre-reactive complex and transition state than the equato-
rial counterpart, therefore requiring less energy to proceed with
the reaction.

The rate constants for methylamine addition demonstrated
how increasing the methyl substitution of the ammonia deriva-
tives positively affects the rate of reaction, increasing by a few
orders of magnitude. However, pseudo-first order rate constants
which account for the concentration of reactive species in the at-
mosphere allow for a more direct comparison of the various at-
mospheric species. These pseudo-first order rate constants, while
still larger than those of ammonia, are still significantly less than
those for water or the water dimer, and would likely fall short of
most other atmospheric species. Even in the most optimal con-
ditions, it is unlikely for methylamine to significantly affect the
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concentration of SCIs in the atmosphere.
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The methylamine addition to Criegee intermediates is investigated using
high level ab initio methods.
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