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tudy on the mechanisms and
kinetics of the CH2BrO2 + ClO reaction in the
atmosphere†

Yunju Zhang, *a Yizhen Tangb and Bing Hec

The singlet and triplet potential energy surfaces for the CH2BrO2 + ClO reaction are studied at the CCSD(T)/

cc-pVTZ//B3LYP/6-311++G(d,p) level. CH2BrO2 is revealed to react with ClO through two kinds of

mechanisms on the triplet potential energy surface (PES), namely, SN2 displacement and H-abstraction,

and the production of P3 (CHBrO2 + HOCl) via H-abstraction is the dominant channel. Addition/

elimination and SN2 displacement mechanisms exist on the singlet PES and are more complicated. The

RRKM calculations of the mechanism and product distribution in the CH2BrO2 + ClO reaction show that

the stabilization of IM1 (CH2BrOOOBr) is dominant at T # 600 K, while the pathway of producing P1

(CHBrO + HO2 + Cl) occupies the entire reaction at T > 600 K. The total rate constants are independent

of pressure, while the individual rate constants are sensitive to pressure. The lifetime of CH2BrO2 in the

presence of ClO is estimated to be 20.27 h. Moreover, time-dependent density functional theory

(TDDFT) calculations suggest that IM1 (CH2BrOOOCl), IM2 (CH2BrOOClO) and IM3 (CH2BrOClO2) will

photolyze under the sunlight.
1. Introduction

Owing to the signicant contribution of halogens to strato-
spheric ozone depletion, the atmospheric oxidation of halo-
gens has been extensively studied in the past decades. In
recent years, the oxidation process of halogenated
compounds was investigated in the atmosphere because
these compounds are conducive to the conversion of halo-
gens in the stratosphere.1,2 Signicant attention has been
focused on chlorine compounds, which have a huge impact
on the atmosphere. Although the concentration of bromine is
very low, it can deplete the stratospheric ozone very effec-
tively; thus, it plays an important role in stratospheric
chemistry.3,4 The oxidation process of brominated
compounds has aroused the interest of researchers in recent
years. The CH2Br radical is obtained either by CH3Br reacting
with OH/Cl, which abstracts an H atom from CH3Br, or the
photolysis of C–Br bonds in CH2Br2; the CH2Br radical
further reacts with ambient O2 to produce CH2BrO2:5
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CH3Br + OH/Cl / CH2Br + H2O/HCl

CH2Br!hn CH2Brþ Br

CH2Br + O2 / CH2BrO2

Because of the signicant role of halogens in the strato-
sphere and troposphere, more and more attention has been
focused on them in recent years. For instance, the reactions of
ClO with the organic peroxy radicals such as HO2, CH3O2,
CF3O2, CFCl2O2 CFCl2CH2O2 and CH3CFClO2 have been re-
ported experimentally and theoretically.6–16 However, no studies
have been reported for the CH2BrO2 + ClO reaction that, in
principle, may contribute to the removal of CH2BrO2 and ClO
and thereby impact stratospheric ozone depletion. Therefore,
we rst reported the mechanisms of CH2BrO2 + ClO, and the
possible product channels are presented in Scheme 1. The
present theoretical study aims at providing a description of the
mechanism and kinetics of the multiple channel reaction and
supply data about the gas phase reaction of CH2BrO2 + ClO by
employing high-level quantum chemical methods and RRKM-
TST theory,17 which has been successfully used with complex
reactions.18–23 In the present kinetic calculations, we used
a modied computer program written for the C2H5CO + O2

reaction by Hou and Wang.19
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 The reaction pathways of the CH2BrO2 + ClO reaction on the singlet and triplet PESs.
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2. Computational methods
2.1 Electronic structure calculations

Full geometry optimizations (including reactants, intermedi-
ates, transition states and products) were carried out at the
B3LYP24,25 level of theory using the 6-311++G(d,p) basis set. The
B3LYP method has been proven to be an economical and
accurate computational model for predicting electronic struc-
tures and has been employed widely.26,27 Compared with other
levels of theory, it was found to be sufficiently accurate for
predicting the reliable geometries of the stationary points. At
the same time, it is not expensive computationally for scanning
the potential energy surface. Moreover, B3LYP theory can
effectively suppress the problem of spin contaminants. At the
same level of geometry optimization, all stationary points were
characterized by harmonic vibrational frequency analysis (the
number of imaginary frequencies, NIMAG, 0 for minima and 1
for transition state). To conrm that a transition state connects
the right reactants and products, the intrinsic reaction coordi-
nate (IRC)28,29 path was performed at the B3LYP/6-311++G(d,p)
level of theory. Based on the B3LYP/6-311++G(d,p) level opti-
mized geometries, the single-point energies of all the species
were rened by coupled cluster theory with single and double
with perturbative triple excitations CCSD(T)30 with the cc-pVTZ
basis set. To ensure that all stationary points were treated
with a single-reference based wave function, the T1-diagnostic
was evaluated for each point using CCSD(T)/cc-pVTZ. The T1
diagnostic value gives a qualitative assessment of the signi-
cance of non-dynamic correction. For closed-shell systems,
values exceeding 0.02 are suspect. However, Lee et al.31 sug-
gested that T1-diagnostic values for open-shell systems may be
larger. A number of studies have shown that the multireference
wave function is signicant if the T1 diagnostic value calculated
This journal is © The Royal Society of Chemistry 2020
is greater than 0.045.31–34 The T1 values of the closed-shell and
open-shell species in our system are smaller than 0.02 and
0.045, except for TS6, TS13, TS14, T-TS2, and T-TS4. Fortunately,
the ve species are not important on the triplet and singlet
potential energy surfaces and do not affect the reaction mech-
anism and dynamic behavior. All the calculations were carried
out using the GAUSSIAN 09 program package.35

2.2 Calculations of rate constants

The microcanonical rate constant was calculated using the
RRKM theory as follows:

ki(E) ¼ aiCiNi(E
s
i )/hrj(Ej)

In the above equation, ai is the statistical factor (degeneracy)
for the ith reaction path. Ni(E

s
i ) is the number of states at the

energy above the barrier height for transition state i; rj(Ej) is the
density of states at energy Ej of the intermediate. The density of
states and the number of states were calculated using the
extended Beyer–Swinehart algorithm.36,37

3. Results and discussion

The corresponding equilibrium structures of the intermediates
and transition states are depicted in Fig. 1, and all the reactants
and products are depicted in Fig. 2, with the corresponding limited
experimental data.38 The computational bond lengths of CH2O,
OClO, HOCl, HO2, ClO, HCl, O2(

3S) and O3 are in good agreement
with the corresponding experimental values. To clarify the reaction
mechanism, the relevant pathways of the singlet and triplet PESs
for the CHBr2O2 + ClO reaction at the CCSD(T)/cc-pVTZ//B3LYP/6-
311++G(d,p) level are depicted in Fig. 3. Table S1† summarizes the
RSC Adv., 2020, 10, 24308–24318 | 24309



Fig. 1 Optimized geometries (length in Å and angle in degree) for all the intermediates and transition states at the B3LYP/6-311++G(d,p) level.

RSC Advances Paper
relative energies including the ZPE corrections of the stationary
points. The Z-matrix Cartesian coordinates of all species found on
the singlet and triplet PESs are shown in Table S2.† Table S3†
displays the harmonic vibrational frequencies and the moment of
inertia of all the intermediate and transition states along with
available experimental values.

For the title reaction, our results indicate that addition/
elimination and SN2 displacement mechanisms take place on
24310 | RSC Adv., 2020, 10, 24308–24318
the singlet PES, while SN2 displacement and H-abstraction
mechanisms occur on the triplet PES. Next, we will provide
a detailed discussion of these processes.
3.1 The mechanism on the singlet PES

3.1.1 The production of adducts on the singlet PES. On the
singlet surface, the most signicant characteristic of the
This journal is © The Royal Society of Chemistry 2020



Fig. 2 Optimized geometries (length in Å and angle in degree) for all the reactants and products at the B3LYP/6-311++G(d,p) level. The values in
italics are experimental data from ref. 38.
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potential energy surface (PES) of the CH2BrO2 + ClO reaction is
the ability to form the minimum peroxide compound IM1
(CH2BrOOOCl) with no barrier. The newly formed O–O bond is
1.345 Å, the other O–O and C–Br bonds are somewhat longer,
and the C–O bond is somewhat smaller than those in the
CH2BrO2 radical. The isomer IM2 (CH2BrOOClO) is more
unstable than IM1 (CH2BrOOOCl) and may be formed passing
through the isomerization transition state TS1. TS1 presents
a OOCl three-center geometry, which is formed by migration of
the Cl atom to the middle-O atom, accompanied with cleavage
of the O–O bond. The migrating chlorine is found 2.257 Å away
from the shiing end-O by decreasing the OOCl angle from
111.7� to 68.9� and the breaking O–O bond is 2.312 Å. The
barrier for IM1 (CH2BrOOOCl)/ TS1/ IM2 (CH2BrOOClO) is
28.2 kcal mol�1, and IM2 (CH2BrOOClO) is still 2.2 kcal mol�1

higher than the separate molecular CH2BrO2 + ClO, so the
isomerization process may be possible at high temperatures.
Subsequently, IM2 (CH2BrOOClO) can surmount the TS2
barrier, leading to IM3 (CH2BrOClO2), where the –ClO is
transferred to the middle-O atom of the COO– skeleton, and the
This journal is © The Royal Society of Chemistry 2020
simultaneous breakage of the O–O bond occurs. The O–O bond
breaking in the triangular TS2 is stretched to 2.225 Å and the
formed Cl–O bond is 2.483 Å long. The magnitude of the
imaginary frequency for TS2 is 140i cm�1. The barrier for the
IM2 (CH2BrOOClO) / TS2 / IM3 (CH2BrOClO2) process is
16.3 kcal mol�1. In any case, the isomerization of IM2/ TS2/
IM3 is energetically more favorable than the isomerization of
IM1 / TS1 / IM2 by 11.9 kcal mol�1. Therefore, once IM2
(CH2BrOOClO) is formed, IM1 can easily convert to IM3. At the
CCSD(T)//B3LYP level, the energy of IM1 (CH2BrOOOCl), IM2
(CH2BrOOClO) and IM3 (CH2BrOClO2) are �17.1, 2.2 and
�8.0 kcal mol�1 relative to CH2BrO2 + ClO, respectively, which
may involve various dissociation processes, and will be dis-
cussed below.

3.1.2 Decomposition channels from IM1 (CH2BrOOOCl)
on the singlet PES. The energy-rich addition complex IM1
(CH2BrOOOCl) could decompose to various products. Through
TS3, with the 1,4-H shi and the breaking of the O–O bond of
the nearly planar HCOOO ring, associated with the breakage of
the isolated O–Cl bond (pointed out of the plane), the product
RSC Adv., 2020, 10, 24308–24318 | 24311



Fig. 3 Potential energy diagram of the reaction channels for the reaction of CH2BrO2 with ClO at the CCSD(T)/cc-pVTZ//B3LYP/6-311++G(d,p)
level.
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P1 (CHBrO + HO2 + Cl) is formed, which is the most feasible
pathway in energy. The barrier for the IM1/ TS3/ P1 process
is 12.1 kcal mol�1. The elimination channel is the most
exothermic (DH ¼ 32.9 kcal mol�1), and the relative Gibbs free
energy (DG) is �47.5 kcal mol�1 (Table S1†), indicating that the
decomposition pathway to P1 (CHBrO + HO2 + Cl) is sponta-
neous and contributes more to the reaction under certain
conditions.

The second route involves the HOOCl-elimination through
TS4, with one of the hydrogen atoms in the –CH2Br group
moving to the middle-O atom of the –OOO– skeleton. The
breaking C–H and O–O bonds in the HCOO four-center struc-
ture TS4 are stretched to 1.179 and 2.128 Å, and the forming
O–H bond is 1.704 Å long. Although the whole R (CH2BrO2 +
ClO) / IM1 (CH2BrOOOCl) / TS4 / P2 (HOOCl + CHBrO)
reaction is highly exothermic by about 60.6 kcal mol�1, and the
relative Gibbs free energy (DG) is �66.7 kcal mol�1 (Table S1†),
the barrier for the IM1/ TS4/ P2 process is 24.0 kcal mol�1,
indicating that this HOOCl-elimination process is spontaneous
and may be efficient in the high temperature region.

The production of the P3 (CHBrO2 + HOCl) channel from
IM1 (CH2BrOOOCl) takes place via an HCOOO ve-centered-
ring. As shown in Fig. 1, TS5 occurs via the migration of one
of the hydrogen atoms in the –CH2Br group to the middle-O
atom of the –OOCl skeleton accompanied by cleavage of the
O–O bond. In the ve-center HCOOO structure, the length of the
H atom to either the C atom or the O atom is 1.167 or 1.546 Å,
respectively, and the broken O–O bond is 2.562 Å. The IM1
(CH2BrOOOCl) / TS5 / P3 (CHBrO2 + HOCl) reaction is
moderately exothermic by 16.4 kcal mol�1, and the HOCl-
elimination barrier is predicted to be 29.2 kcal mol�1, which
are 17.1 and 5.2 kcal mol�1 higher than the processes of IM1/
24312 | RSC Adv., 2020, 10, 24308–24318
TS3 / P1 and IM1 / TS4 / P2, respectively, suggesting that
the HOCl-elimination pathway is less competitive with the
production of the P1 (CHBrO + HO2 + Cl) and P2 (HOOCl +
CHBrO) pathways, and may be unimportant for the CH2BrO2 +
ClO reaction.

In addition, the –ClO group or Cl atom shiing from IM1
(CH2BrOOOCl) respectively undergoes the COOO four-center
transition state TS6 or COOOCl ve-center transition state TS7
to produce P4 (CH2BrOCl + O2(

1Dg)) and P5 (CH2BrCl + O3). In
TS6, the C–O and O–O bonds that will be broken and the C–O
bond that will be formed are extremely long at 2.619, 1.831, and
2.440 Å, respectively. In TS7, the breaking C–O and O–Cl bonds
and the forming C–Cl bond are 2.429, 2.326, and 2.804 Å,
respectively. The vibrational frequency analysis of TS6 and TS7
suggest only one imaginary frequency of 378i and 461i cm�1,
respectively. The energy barriers for the dissociation of IM1
(CH2BrOOOCl) / TS6 / P4 (CH2BrOCl + O2 (1Dg)) and IM1
(CH2BrOOOCl)/ TS7/ P5 (CH2BrCl + O3) are extremely high,
69.7 and 73.7 kcal mol�1, respectively, and thus these two
dissociation channels may be excluded judging from the higher
barrier heights.

3.1.3 Decomposition channels from IM2 (CH2BrOOClO)
on the singlet PES. When we considered the decomposition
channels from IM2 (CH2BrOOClO), it could undergo respective
O–O bond breaking associated with the 1,4-Br shi or 1,5-Br
shi from the C to the Cl atom or the terminal-O atom of the
–OClO skeleton (i.e., TS8 and TS9) to yield the nal product P6
(CH2O + BrClO2) and P7 (CH2O + BrOClO). In TS8 and TS9, the
loose COOClBr ve-membered ring and COOClOBr six-
membered ring are non-planar, respectively. In TS8, the Cl–Br
bond that will be formed and the C–Br and O–O bonds that will
be broken are as long as 3.252, 2.407, and 2.081 Å, respectively.
This journal is © The Royal Society of Chemistry 2020
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In TS9, the breaking O–O and C–Br bonds and the forming Br–O
bond are 2.096, 2.272, and 2.944 Å, respectively. The barrier
heights for the channels of IM2 (CH2BrOOClO) / TS8 / P6
(CH2O + BrClO2) and IM2 (CH2BrOOClO)/ TS9/ P7 (CH2O +
BrOClO) are 17.6 and 15.2 kcal mol�1, which are 1.3 kcal mol�1

higher and 1.1 kcal mol�1 lower than the process of IM2/ TS2
/ IM3, suggesting that these three channels could be
competitive with each other.

P4 (CH2BrOCl + O2(
1Dg)) could also be produced from IM2

(CH2BrOOClO) via transition state TS10 involving the terminal-
O atom migrating to the carbon atom, associated with the C–O
and Cl–O bonds breaking. The located loose COOClO ve-
centered-ring is non-planar in TS10. In comparison with the
production channels of P6 (CH2O + BrClO2) and P7 (CH2O +
BrOClO) from IM2 (CH2BrOOClO), the pathway of IM2 (CH2-
BrOOClO) / TS10 / P4 (CH2BrOCl + O2) has a higher disso-
ciation barrier (45.6 kcal mol�1), meaning this decomposition
pathway may not be plausible for the title reaction.

3.1.4 Decomposition channels from IM3 (CH2BrOClO2) on
the singlet PES. Two possible decomposition channels from
IM3 (CH2BrOClO2) are the elimination of the HOClO or BrOClO
to form CHBrO or CH2O, respective with either the H atom or Br
atom in the –CH2Br group shiing to the O atom, associated
with the O–Cl bond cleavage. The BrOClO-elimination is not
important compared with the HOClO-eliminations, as the
BrOClO-elimination barrier is 16.6 kcal mol�1 higher than the
HOClO-elimination. Moreover, the overall exothermicity of the
IM3 / TS11 / P8 (CHBrO + HOClO) and IM3 / TS12 / P7
(CH2O + BrOClO) reactions are 46.3 and 3.0 kcal mol�1,
implying that P8 (CHBrO + HOClO) is easily produced once IM3
(CH2BrOClO2) is produced.

3.1.5 SN2 displacement channels on the singlet PES. The O
atom or the Cl atom in the ClO radical could attack the C site of
CH2BrO2, kicking off the O2 (

1Dg) and producing the CH2BrOCl
or CH2BrClO, respectively. The transition states involved in
these two substitution steps are TS13 and TS14, respectively.
The forming and breaking C–O bond in TS13 are 2.050 and
1.794 Å, meanwhile the forming C–Cl bond and breaking C–O
bond in TS14 are 2.811 and 2.224 Å, respectively. The barrier
heights for these two channels, 61.5 and 58.1 kcal mol�1, are
rather high, therefore, these two elementary substitution
channels are prohibited for the title reaction.
3.2 The mechanisms on the triplet PES

H-abstraction and SN2 displacement reaction mechanisms are
presented on the triplet surface. The P3 (CHBrO2 + HOCl)
products on the triplet PES, exothermic by 16.4 kcal mol�1, can
be achieved by the O atom of the ClO radical directly
abstracting from the –CH2Br group through T-h-TS1. The
barrier of CH2BrO2 + ClO/ T-h-TS1/ P3 (CHBrO2 + HOCl) is
13.9 kcal mol�1, which involves the lowest barrier on the PES.
Four SN2 displacement reaction channels between CH2BrO2

and ClO could take place on the triplet PES. The Cl atom of the
ClO radical could attack the carbon atom or the terminal
oxygen atom of the CH2BrO2, kicking off the O2 (

3S) or CH2BrO
to give CH2BrClO or OClO via T-TS1 or T-TS2, or the oxygen
This journal is © The Royal Society of Chemistry 2020
atom of the ClO radical could attack the carbon atom or the
middle oxygen atom of the CH2BrO2, simultaneously with the
departure of O2(

3S) and O(3P), leading to CH2BrOCl or CH2-
BrOOCl via T-TS3 or T-TS4, respectively. The predicted heat of
reaction for the production of P10 (CH2BrClO + O2(

3S)), P11
(CH2BrO + OClO), P12 (CH2BrOCl + O2(

3S)) and P13 (CH2-
BrOOCl + O(3P)) is 8.5, 14.1, �39.6 and 31.7 kcal mol�1,
respectively. The above four substituent channels involve high
barriers (28.0, 45.0, 26.4 and 72.0 kcal mol�1) with respect to
the reactants, which are 14.1, 31.1, 12.5 and 58.1 kcal mol�1

higher than that of the H-abstraction pathway, thus, these four
substituent routes on the triplet are not competitive with the
H-abstraction pathway.
3.3 Rate constant calculations

As discussed above, for the reaction pathways producing P1, P2,
P3, P6, P7 and P8 (Scheme 1), the reaction energy barriers are
lower and the reactions are exothermic, so these reaction
pathways are involved in the kinetics calculations. However, the
reaction pathways producing P4, P5, P9, P10, P11, P12 and P13
with higher energy barriers are less competitive in energy, and
their contribution to the total reaction is negligible.

Temperature- or pressure-dependent rate constants for the
important pathways (Scheme 2) of the CH2BrO2 + ClO reaction
were calculated at 200–3000 K and 10�10 to 1010 atm using
RRKM theory, based on the optimized geometries, moment of
inertia and frequencies obtained at the B3LYP/6-311++G(d,p)
level, and the energies were obtained at the CCSD(T)/cc-pVTZ
level.

The steady-state approximation for all energized intermedi-
ates (IM1*, IM2* and IM3*) leads to the following expressions:

kIM1ðT ;PÞ ¼ aa

h

Qs
t Q

s
r

QCH2BrO2
QClO

e�Ea=RT

�
ðN
0

u

X3

NaðEsÞe�Es=RTdEs (1)

kIM2ðT ;PÞ ¼ aa

h

Qs
t Qs

r

QCH2BrO2
QClO

e�Ea=RT

�
ðN
0

uX2

X3

NaðEsÞe�Es=RTdEs (2)

kIM3ðT ;PÞ ¼ aa

h

Qs
t Qs

r

QCH2BrO2
QClO

e�Ea=RT

�
ðN
0

uX1X2

X3

NaðEsÞe�Es=RTdEs (3)

kP1ðT ;PÞ ¼ aa

h

Qs
t Qs

r

QCH2BrO2
QClO

e�Ea=RT

�
ðN
0

k2ðEÞ
X3

NaðEsÞe�Es=RTdEs (4)

kP2ðT ;PÞ ¼ aa

h

Qs
t Qs

r

QCH2BrO2
QClO

e�Ea=RT

�
ðN
0

k3ðEÞ
X3

NaðEsÞe�Es=RTdEs (5)
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Scheme 2 The dominant channels for the CH2BrO2 + ClO reaction.
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kP3ðT ;PÞ ¼ aa

h

Qs
t Qs

r

QCH2BrO2
QClO

e�Ea=RT

�
ðN
0

k4ðEÞ
X3

NaðEsÞe�Es=RTdEs (6)

kP6ðT ;PÞ ¼ aa

h

Qs
t Qs

r

QCH2BrO2
QClO

e�Ea=RT

�
ðN
0

k7ðEÞX2

X3

NaðEsÞe�Es=RTdEs (7)

kP7ðT ;PÞ ¼ aa

h

Qs
t Qs

r

QCH2BrO2
QClO

e�Ea=RT

�
ðN
0

k8ðEÞX2

X3

NaðEsÞe�Es=RTdEs (8)

kP8ðT ;PÞ ¼ aa

h

Qs
t Q

s
r

QCH2BrO2
QClO

e�Ea=RT

�
ðN
0

k11ðEÞX1X2

X3

NaðEsÞe�Es=RTdEs (9)

with the following denitions:

X1 ¼ k9(E)/(k10(E) + k11(E) + u)

X2 ¼ k5(E)/(k6(E) + k7(E) + k8(E) + k9(E) + u � k10(E)X1)

X3 ¼ k1(E) + k2(E) + k3(E) + k4(E) + k5(E) + u � k6(E)X2

In the above equations, aa is the statistical factor for the
reaction path a, and Ea is the energy barrier for the reaction step
a. QClO and QCH2BrO2

are the total partition functions of ClO and
CH2BrO2, respectively; Qs

t and Qs
r are the translational and

rotational partition functions of the entrance transition state,
respectively; Na(E

s) is the number of states for the association
transition state with excess energy Es above the association
24314 | RSC Adv., 2020, 10, 24308–24318
barrier. ki(E) is the energy-specic rate constant for the ith
channel and Ci is the ratio of the overall rotational partition
function of the TSi and IMj.

Based on the above thermodynamic results obtained at the
CCSD(T)//B3LYP level, the kinetic calculations were performed
for the dominant addition/elimination channels (on the singlet
PES) and the direct H-abstraction channel (on the triplet PES)
using RRKM theory. The temperature dependence of the total
and individual rate constants at a selected temperature range of
200–3000 K are shown in Fig. 4. The rate constants for IM1
(CH2BrOOOCl), IM2 (CH2BrOOClO), IM3 (CH2BrOClO2), P1
(CHBrO + HO2 + Cl), P2 (CHBrO + HOOCl), P3 (CHBrO2 + HOCl),
P6 (CH2O + BrClO2), P7 (CH2O + BrOClO), and P8 (CHBrO +
HOClO) and the rate constants of the H-abstraction channel on
the triplet PES are labeled as kIM1, kIM2, kIM3, kP1, kP2, kP3, kP6,
kP7, kP8 and kT-h-TS1, respectively. The overall rate constant for
the CH2BrO2 + ClO reaction is denoted as kover, where kover ¼
kIM1 + kIM2 + kIM3 + kP1 + kP2 + kP3 + kP6 + kP7 + kP8 + kT-h-TS1.

Fig. 4 reveals the contributions of IM1, IM2, IM3, P1, P2, P3,
P6, P7, P8 and the H-abstraction channel on the triplet PES to
the CH2BrO + ClO reaction versus 1000/T between 200 and
3000 K. Fig. 4 indicates that kIM1 reveals weak temperature
dependence at T # 600 K rst and then decreases with
increasing temperature, and the rate constants for other path-
ways exhibit a positive temperature dependence at 200–3000 K.
The contribution of IM1 (CH2BrOOOCl) takes over the reaction
below 600 K. Meanwhile, the contribution of P1 (CHBrO + HO2 +
Cl) becomes more important than that of other products at T >
600 K. For example, the values of kIM1/kover are 1.00 at 200 K and
0.62 at 600 K (Fig. 5), respectively. However, as the temperature
increases, the channel of production of P1 (CHBrO + HO2 + Cl)
overcomes IM1 (CH2BrOOOCl) and becomes predominant, and
the ratios of kP1/kover are 0.56 at 600 K, 0.94 at 1400 K and 0.66 at
3000 K (Fig. 5).

RRKM calculated the overall high-pressure limit rate
constants kinf(over) and the individual high-pressure limit rate
This journal is © The Royal Society of Chemistry 2020



Fig. 4 Predicted rate coefficients of total and individual primary
pathways at 760 torr, N2 in the temperature region of 200–3000 K for
the CH2BrO2 + ClO reaction.

Fig. 6 Predicted high-pressure limit rate coefficients of total and
individual primary pathways at high pressure in the temperature region
of 200–3000 K.
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constants kinf(IM1), kinf(IM2), kinf(IM3), kinf(P1), kinf(P2), kinf(P3),
kinf(P6), kinf(P7), kinf(P8) and kinf(T-h-TS1) in the temperature range of
200–3000 K are illustrated in Fig. 6. kinf(IM1) is equal to kinf(over),
which implies that the most favorable channel is the stabiliza-
tion of IM1 (CH2BrOOOCl) at 200–3000 K. For the main
emphasis is on atmospheric applications, the three-parameter
Arrhenius ts the total high-pressure limit rate constants
kinf(over) (in units of cm3 per molecule per s) within 200–3000 K
as follows:

kinf(over) ¼ 2.20 � 10�16T1.54 exp(�0.54/T)(200 # T # 3000 K)

We also investigated the pressure effect of the total and
branching reaction rate constants at selected temperatures of
298, 500, 1000 and 3000 K (Fig. 7) and a pressure range of 10�10

to 1010 torr. Obviously, the overall rate constants are not subject
to pressure. At 298, 500, 1000 and 3000 K, the stabilization of
the IM1 (CH2BrOOOCl) is the signicant channel at P$ 101, P$
102, P$ 104 and P$ 106 torr, respectively; at lower pressure, the
Fig. 5 Forecasted branching ratios for the CH2BrO2 + ClO reaction at
760 torr.
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production of P1 (CHBrO + HO2 + Cl) is the dominant reaction
channel.
3.4 Vertical excitation energy of IM1 (CH2BrOOOCl), IM2
(CH2BrOOClO) and IM3 (CH2BrOClO2)

The photo-oxidation of compounds containing bromine and
chlorine is signicant for Br and Cl atmospheric chemistry,
which as sources of Br and Cl, the photolysis might affect the
stratosphere and troposphere. To gain new insights into the
photolytic stability of the Br and Cl containing compounds, the
vertical excitation energy (TV) of the rst ten excited states for
IM1 (CH2BrOOOCl), IM2 (CH2BrOOClO) and IM3 (CH2BrOClO2)
were calculated by the TDDFT method using B3LYP/6-
311++G(d,p), and the results comprising wavelength (l), exci-
tation energy (TV) and oscillator strength (f) are listed in Table 1.
Compounds will be considered to photolyze if the TV value is
smaller than 4.1 eV or the wavelength is longer than 300 nm.39,40

From Table 1, it is seen that the TV value of the rst three excited
states of IM1 (CH2BrOOOCl) and IM3 (CH2BrOClO2) are 382 nm
(3.2 eV), 340 nm (3.6 eV), and 329 nm (3.7 eV) and 482 nm (2.5
eV), 465 nm (2.6 eV), and 410 nm (3.0 eV), respectively, and their
oscillator strengths are 0.0014, 0.0003, and 0.0168, and 0.0021,
0.0202, and 0.0035. The rst four excited states of IM2 (CH2-
BrOOClO) are 684 nm (1.8 eV), 374 nm (3.3 eV), 364 nm (3.4 eV)
and 331 nm (3.7 eV), and the oscillator strengths are 0.0001,
0.0082, 0.0075, and 0.0041, respectively, indicating the possi-
bility of photolysis of IM1 (CH2BrOOOCl), IM2 (CH2BrOOClO)
and IM3 (CH2BrOClO2) under sunlight, which will cause them
to be an origin of reactive bromine and chlorine species in the
atmosphere.
3.5 Atmospheric lifetime of CH2BrO2

The atmospheric lifetime of CH2BrO2 can be calculated using

the following formula: s ¼ 1
k½ClO�. Using the total rate

constants, 1.37 � 10�12 cm3 per molecule per s for the CH2BrO2

+ ClO reaction at 298 K and the global atmospheric ClO
RSC Adv., 2020, 10, 24308–24318 | 24315



Fig. 7 Predicted rate coefficients of total and individual primary pathways at high pressures in the temperature region of 200–3000 K.
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concentrations 1 � 107 molecules per cm3,41 the lifetime of
CH2BrO2 was estimated to be 20.27 h, which suggests that the
reaction of CH2BrO2 + ClO plays an important role in some
special areas and the marine boundary layer.
3.6 Atmospheric implications of CHBrO

With the concentration of around 107 molecules per cm3 in the
stratosphere, OH/ClO radicals play a signicant role in the
degradation processes of many molecules.42 Thus, the forma-
tion of CHBrO as a major product in the title reaction could lead
Table 1 The excitation energy TV (in eV), oscillator strength f (in atomic
(CH2BrOOOCl), IM2 (CH2BrO2ClO) and IM3 (CH2BrOClO2) at the TD-B3

Excited states

IM1 (CH2BrOOOCl) IM2 (C

TV F l TV

1 3.2 0.0014 382.37 1.8
2 3.6 0.0003 340.18 3.3
3 3.7 0.0168 329.99 3.4
4 4.2 0.0003 294.26 3.7
5 4.4 0.0095 277.97 4.2
6 5.1 0.0037 239.07 4.8
7 5.2 0.0199 234.54 5.4
8 5.45 0.0592 227.54 5.6
9 5.6 0.0084 220.97 5.8
10 5.6 0.0882 218.85 6.1

24316 | RSC Adv., 2020, 10, 24308–24318
to further reactions with OH and ClO, respectively. To be thor-
ough, the CHBrO + ClO/OH reactions were studied by the same
methods, and the corresponding PESs are depicted in Fig. 8a
and b, as well. According to the calculations, two channels were
located via different transition states for these two reactions.
The rst scenario starts from transition states TS-ClO or TS-OH
surmounting the barrier of 16.55 or 8.00 kcal mol�1, leading to
the nal products HCOOCl + Br or HCOOH + Br, respectively.
Moreover, the hydrogen atom in CHBrO could be abstracted by
OH/ClO radicals via h-TS-ClO or h-TS-OH. The IRC calculation
units) and wavelength l (in nm) of the first five excited states of IM1
LYP/6-311++(d,p) level of theory

H2BrOOClO) IM3 (CH2BrOClO2)

f l TV f l

0.0001 684.81 2.5 0.0021 482.56
0.0082 374.45 2.6 0.0202 465.33
0.0075 364.59 3.0 0.0035 410.05
0.0041 331.18 4.1 0.0518 299.90
0.1482 289.55 4.3 0.0018 286.12
0.0014 253.87 5.4 0.2292 229.05
0.0297 226.09 5.4 0.0293 226.33
0.0049 217.93 5.6 0.0007 219.90
0.0002 211.35 5.8 0.0018 212.98
0.0077 202.31 5.9 0.0013 206.78

This journal is © The Royal Society of Chemistry 2020
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conrms that the corresponding product is BrCO + HOCl or
BrCO + H2O. The barrier height of h-TS-ClO and h-TS-OH is
about 25.46 and �1.36 kcal mol�1. Thus, the OH-initiated
reaction might be one of the main removal pathways for
CHBrO.
3.7 Comparisons with the similar reaction of CH3O2 + ClO

In order to gain a deeper understanding of the reaction of
CH2BrO2 + ClO, it is very important to compare the mechanism
and kinetics between the title reaction and a similar system
(CH3O2 + ClO).43 It is concluded that the addition/elimination
and SN2 displacement mechanisms are found both on the
singlet PES of the above two reactions. On the triplet PES, H-
abstraction and SN2 displacement mechanisms are found for
the CH2BrO2 + ClO reaction and only addition/elimination is
identied for the CH3O2 + ClO reaction. By comparing the two
reactions, we nd that the most favorable channel is the oxygen
atom in ClO attacking the terminal-O atom in CH2BrO2 and
CH3O2, forming the intermediate CH2BrOOOCl and CH3-
OOOCl, and then decomposition to the nal products CHBrO +
HO2 + Cl and CH2O + HOOCl. The Br-substituted effect could be
speculated to be of no signicant role in the reactions of
Fig. 8 Reaction channels and relative energy (unit: kcal mol�1) at the
CCSD(T)/cc-pVTZ//B3LYP/6-311++G(d,p) level. (a) The energetic
profile of the CHBrO with ClO reaction. (b) The energetic profile of the
CHBrO with OH reaction.

This journal is © The Royal Society of Chemistry 2020
CH2BrO2 and CH3O2 with ClO in the atmospheric conditions.
Also, no kinetic behaviors were discovered for the CH3O2 + ClO
reaction theoretically. The total rate constants show tempera-
ture dependence and pressure independence for the reaction
between CH2BrO2 and ClO.
4. Conclusions

The atmospheric oxidation process of CH2BrO + ClO was
studied at the CCSD(T)//B3LYP level of theory. H-abstraction
and SN2 displacement mechanisms on the triplet PES, and
addition/elimination and SN2 displacement mechanisms on the
singlet PES were identied, respectively. The dominant reaction
mechanism on the triplet PES is H-abstraction, and on the
singlet PES, addition/elimination. The rate constants of the title
reaction at 200–3000 K have been calculated employing
a Fortran code based on RRKM theory. According to the ob-
tained kinetics data, the ClO-addition to the terminal-O of
CH2BrO2 producing IM1 (CH2BrOOOCl) dominates the title
reactions at T$ 600 K on the singlet PES, and the O atom of ClO
abstracting one of the H atoms in CH2BrO2 dominates the
whole reaction at T > 600 K on the triplet PES. The atmospheric
lifetime of CH2BrO2 in the presence of ClO is predicted to be
20.27 h. IM1 (CH2BrOOOCl), IM2 (CH2BrOOClO) and IM3
(CH2BrOClO2) will photolyze under sunlight, which might be
one source of Br and Cl containing species in the atmosphere.
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