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Hydroxyl-Radical-Initiated Oxidation Mechanism of Bromopropane
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Bromopropane has been considered as a replacement for chlorofluorocarbons used as the active component
of industrial cleaning solvents, more specifically for HCFC-141b. The proposed mechanism for the atmospheric
oxidation of bromopropane is studied via ab initio methodology. Ab initio molecular orbital methods at the
CCSD(T)/6-3114++G(2df,2p)//MP2/6-31G(d) level of theory have been used to determine the structure and
energetics of the 58 species and transition states involved in the atmospheric oxidation of bromopropane.
The calculations show that the major oxidation species is bromoacetone. Other brominated species that result
from the oxidation are BrCH,CH,C(O)H, BrC(O)CH,CH3, and BrC(O)H, potential new bromine reservoir
species that result from bromopropane in the atmosphere.

1. Introduction

Species with atmospheric lifetimes of months or less are
considered very short-lived (VSL) substances since their chemi-
cal lifetimes are similar to tropospheric transport time scales.
Ozone depletion in the upper troposphere can occur when the
degradation of VSL source gases produces enough inorganic
halogen. While the emphasis has been on inorganic chlorine,
other inorganic halogens (i.e., bromine and iodine) have the
capacity of depleting stratospheric ozone.'-3 Typically, the
observed concentrations of VSL halogen source gases proceed
from natural sources and range in a few ppt for Br and I.3*
Brominated compounds, when transported and photolyzed in
the stratosphere, can produce Br atoms that participate in
catalytic ozone destruction 40—50 times more effectively than
Cl atoms.>~ It has not been easy to estimate the impact of VSL
halogen source gases on stratospheric ozone, mostly because
of physical and dynamical processes affecting the transport of
the halogen to the stratosphere.? The degradation pathways of
their intermediate degradation products play an important role
as well. Usually, the expected degradation products are readily
converted to inorganic halogen.

There has been an increasing interest in replacing chlorof-
luorocarbons (CFCs) and several other halocarbons as part of
the agreements of the Montreal Protocol on Substances that
Deplete the Ozone Layer.!!! A number of the compounds
proposed as replacements for the substances controlled under
the Montreal Protocol have short atmospheric lifetimes. An
important example is bromopropane. Bromopropane (BrCH,-
CH,CH3), also known as n-propyl bromide (n-PB) and 1-bro-
mopropane (1-BP), has been considered as a replacement for
CFCs used as the active component of industrial cleaning
solvents,!'~4 more specifically HCFC-141b."5 It is also a VSL
substance known to release Br atoms 2—3 times more effectively
than some CFCs would release CI atoms in the lower strato-
sphere.!3 For many compounds, reaction with the hydroxyl
radical (OH) is considered the most effective “cleaning method”
of the atmosphere from natural and anthropogenic gases that
could create a buildup of atmospheric gases contributing to the
greenhouse effect.>1%!17 Modeling!'!'320 and kinetic!>15:2122
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studies have demonstrated that the primary atmospheric sink
of n-PB is its reaction with OH, with an atmospheric lifetime
of 10—16 days. One of the challenges of modeling the
atmospheric impact of compounds such as bromopropane is
determining its ability to affect concentrations of stratospheric
ozone. In particular, one needs to determine what amount of
bromopropane, and its reaction products, reaches the stratosphere
where the Br released can react to destroy ozone. The amount
of Br that would be available to affect stratospheric ozone
greatly depends on transport and chemical removal processes
in the troposphere. Research on VSL species, such as bro-
mopropane, has demonstrated the dependency of the atmo-
spheric lifetime on the geographic distribution of surface
emissions of the scavenger.13141920 [t has been previously
determined that photolysis and an estimated ocean sink have
an insignificant effect on the residence time of bromopropane
in the atmosphere.!!?2

Being a less photolabile compound, the degradation mech-
anism of bromopropane is initiated via its reaction with OH, as
previously discussed.>!1-15:18-22 For purposes of clarity in this
article, the halogenated carbon will be called the o carbon, the
one next to it the S carbon, and the carbon on the end of
the chain the y carbon. There are three possible pathways that
the reaction can undergo, o, 3, and y H-abstraction, which will
lead to the formation of different degradation products. These
possible pathways and their particular radicals can be observed
in reactions la, 1b, and lc.

o

BrCH,CH,CH, + OH — BrCHCH,CH, + H,0 (1a)
s
— BrCH,CHCH, + H,0 (1b)

Y
— BrCH,CH,CH, + H,0 (lc)

Gilles and co-workers,!? using pulsed laser photolysis followed
by laser-induced fluorescence and G3 ab initio calculations,
determined the branching ratio of the reaction at room temper-
ature to be a 56, 32, and 12% yield for the 8, o, and y
H-abstraction, respectively. The radical species produced are

UJ 2008 American Chemical Society

Published on Web 07/31/2008



Oxidation Mechanism of Bromopropane

o -

&+ OH
BrCHCH,CHj

J. Phys. Chem. A, Vol. 112, No. 34, 2008 7931

“BFCH2-CH2CH3\

Y
Om "\ BrCH,CH,CH,

, i/ OH :
i o0, HO B ( 0,0 i 0,
. Mo {
BrCHO,CH,CH; v BrCH,CH,CH,0,
| ~NO y~NO
C BrCH,CHCH, C
NNO, L o .~ NO;
Y : 2 Y
B'l‘CHOICHchso 'BrCH2CHzCH2 0,
: ' :\v HO BrCHZFHOZCIh 4 Q"HOZ
» E N CNO ’ \
Br + HC(O)CH,CH;, ' BrC(O)CH,CH; »NO, HC(OH + BrCH,CH; BrCH,CH,C(O)H
CH,CH, + BrC(O)H Y 5
: BrCH,CHOCH, (‘02
! e H K 2
rOZ i E N
S ; ~THO: - pecn,cenyo,
CH,0,CH, : :
o BICH+HCOICH; | pem,cocH, CNO
C L —0, CH; + BrCH,C(O)H i »NO,
NANO, r : Y
¥ i~ 0, BrCH,CH,0
CH0CH,  BreH:02 P 2'\(02
o, :CNO CH;0, —~HO,
’ Npo, [>NO  i~NO ’ 5
C'H3 . HC(O)HY 2 ¥ C Br'CHz + HC(O)H BrCH,C(O)H
i 0, HCO)XCH; BrCH0 N0,
(— 0, CH30 (
CH,0, ”: HO, ‘.‘ :COZ BrCH,0,
L ~NO : /~NO
C BrC(O)H Br+HC(0)Hi HO, C
“NO :
o HC(O)H Y NO;
CH;0 BrCH,0
: S/ 5 702
L ~0, 3 Nt
(HO D
Y 2 ¥ A}
HC(O)H Br + HC(O)H BrC(O)H

Figure 1. Atmospheric degradation pathways of bromopropane.

readily converted to more stable substances via reaction with
O,. Once the organic peroxy radicals (RO;) are formed, the
degradation continues via reaction with nitric oxide (NO), where
oxygen is abstracted to form NO; and the alkoxy radical (RO).
This alkoxy radical will either undergo unimolecular decom-
position or will further react with O, to continue the atmospheric
degradation of bromopropane through the degradation of its
intermediate degradation products. The yield of the degradation
products will depend on the atmospheric conditions and on the
concentration of the scavengers (i.e., OH, O,, and NO). Both
bromoacetone*'? and propanal'? have been observed in labora-
tory experiments as products. It is known that all of the
degradation products of bromopropane that are not removed by
dry or wet deposition release Br atoms to the atmosphere.?’ The
Br released in the troposphere and transported to the stratosphere
is known to be responsible for the stratospheric effect of
bromopropane.

The atmospheric degradation of bromopropane has been
previously studied by Wuebbles and co-workers?’ by means of
two-dimensional and three-dimensional chemical-transport mod-
els in order to determine more accurate ozone depletion potential
(ODP) and atmospheric lifetime values. The most significant
finding from the modeling studies of Wuebbles and co-workers?
is that the degradation of bromopropane produces a significant
quantity of bromoacetone, which increases the amount of Br

transported to the stratosphere due to bromopropane. None of
the experimental or modeling studies have ascertained whether
the degradation of bromopropane might produce other bromine
reservoir species that could carry Br into the stratosphere. The
modeling studies of Wuebbles and co-workers? also suggest
that a complete understanding of the degradation process is
essential to accessing the atmospheric effects and ODP of short-
lived atmospheric species such as bromopropane. In this article,
we present a complete degradation mechanism for the atmo-
spheric oxidation of bromopropane in order to account for the
possible ways of obtaining other brominated species not yet
accounted for in the boundary experiments or modeling studies.

2. Computational Methods

All calculations were performed with the Gaussian 03 suite
of programs.” The geometries of the molecules under study
were fully optimized and their frequencies obtained. The
optimization and subsequent frequency calculations were per-
formed with the second-order Mgller—Plesset (MP2) perturba-
tion method. All of the optimizations were done with all
electrons unfrozen in the MP2 optimization. The frequency
calculations provided all of the thermochemical data and
vibrational frequencies of the species involved in the mechanism
under study as well as the transition states. Zero-point energy
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Figure 2. Structures of the atmospheric degradation of bromopropane.

(ZPE) corrections were added to the energetics. The optimized and CCSD(T)/6-311++G(2df,2p). The calculated energies were
geometries obtained at the MP2 level were used in a series of corrected by using the ZPE obtained at the MP2 level in order
single-point energy calculations involving the following level to obtain the total energies of the various species. These total
of theory and basis set combinations: CCSD(T)/6-311G(2d,2p) energies were then used to determine the zero-point-energy-
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TABLE 1: Enthalpies of Reaction at 0 K (AH,xy, k) in kcal/mol for the Reactions Involved in the Atmospheric Degradation of

Bromopropane
reactions MP2/6-31G(d)* CCSD(T)/6-311G(2d,2p)* CCSD(T)/6-311++G(2df,2p)*
Pathway #1
BrCHCH,CH3; + O, — BrCHO,CH,CHj3 —22.5 —27.0 —41.6
BrCHO,CH,CH; + NO — BrCHOCH,CH; + NO, —24.7 —14.5 —4.3
BrCHOCH,CH3; — Br + HC(O)CH,CHj3 —10.5 —10.5 —9.8
BrCHOCH,CH;3; — BrC(O)H + CH,CHj3 2.6 3.5 3.7
BrCHOCH,CHj3; + O, — BrC(O)CH,CH3 + HO» —323 —38.4 —40.0
CH>CH3 + O, — CH3CH,0, —22.5 —29.2 —31.9
CH3;CH;0; + NO — CH3;CH,O + NO, —21.0 —10.2 —12.2
CH3;CH,O + O, — CH3;C(O)H + HO, —239 —30.7 —32.9
CH3;CH,O — HC(O)H + CH3 6.6 8.4 8.7
CH; + O, — CH;0, —18.8 —25.8 —28.6
CH;0,; + NO — CH3;0 + NO» —21.4 —10.5 —12.7
CH;0 + O, — HC(O)H + HO, —18.7 —26.1 —279
Pathway #2
BrCH,CH,CH; + OH — BrCH,CHCH3; + H,O —16.5 —18.8 —21.6
BrCH,CHCH;3; + O, — BrCH,CHO-CHj3 —20.8 —26.9 —29.2
BrCH,CHO-CH3 + NO — BrCH,CHOCHj; + NO, —20.0 —9.5 —11.6
BrCH,CHOCH3; + O, — BrCH,C(O)CH3 + HO» —254 —-31.9 —34.2
BrCH,CHOCH3; — BrCH,C(O)H + CHj3; 3.8 6.0 5.8
BrCH,CHOCH3; — BrCH, + HC(O)CHj3 39 4.0 3.5
BrCH, + O, — BrCH,0, —17.8 —23.5 —26.2
BrCH,0O, + NO — BrCH,O + NO, —26.9 —16.1 —17.9
BrCH,O + O, — BrC(O)H+ HO, —27.2 —33.6 —35.2
BrCH,O — Br + HC(O)H —10.1 —9.1 —7.8
Pathway #3
BrCH,CH,CH; + OH — BrCH,CH>CH, + H,O —11.6 —13.8 —16.5
BrCH,CH,CH, + O, — BrCH,CH,CH,0, —21.3 —28.4 —30.7
BrCH,CH,CH,0, + NO — BrCH,CH>CH,O + NO, —20.9 —9.2 —11.6
BrCH,CH,CH,0 + O, — BrCH,CH,C(O)H + HO, —23.0 —30.2 —325
BrCH,CH,CH,0O — BrCH,CH, + HC(O)H 5.1 5.6 5.6
BrCH,CH, + O, — BrCH,CH,0, —20.5 —26.6 —28.9
BrCH,CH,0, + NO — BrCH,CH,O + NO, —22.0 —11.1 —13.4
BrCH,CH,O + O, — BrCH>C(O)H + HO, —21.2 —28.0 —30.3
BrCH,CH,O — BrCH, + HC(O)H 9.4 9.2 9.1

4 Corrected with ZPE.

corrected energy barrier (EB,), as well as the enthalpies of
reaction at 0 K (AHxn, 0k) involved in the mechanism under
study.

3. Results and Discussions

3.1. Reaction Pathways in the Atmospheric Degradation
of Bromopropane. 3.1.1. Structures of the Species Involved
in the Atmospheric Degradation of Bromopropane. As shown
in Figure 2a, bromopropane is composed of three different
hydrogen environments. The hydrogens in the § and y carbons
have bond lengths of 1.094 and 1.093 A, whereas the ones in
the o carbon have bond lengths of 1.091 A. The C—Br bond
has a length of 1.961 A.

In the first step of the pathway, the reaction with OH proceeds
by the H-abstraction from the a carbon, generating a radical
on the halogenated carbon, BrCHCH,CH; (Figure 2b). This
abstraction causes changes in the structure of the parent molecule
when compared to the radical formed. The C—Br bond length
decreases to 1.882 A, and the one hydrogen on the halogenated
carbon has a bond length of 1.084 A. Also, the Co—Cp bond
decreases from 1.515 to 1.487 A as the radical is formed. Once
the radical is formed, it readily reacts with O, to form the
corresponding peroxy radical, BrCHO,CH,CHj3 (Figure 2c),
which in turn reacts with NO to form BrCHOCH,CHj; (Figure
2d). Currently, the C—Br bond length is 2.011 A, and the C—0
bond has a length of 1.344 A. At this point, the pathway is

divided into three separate pathways. One pathway is the
unimolecular decomposition of BrCHOCH,CHj3 to form Br plus
HC(O)CH,CHj3. As illustrated in Figure 2e, the final product
HC(O)CH,CH3; has a CO bond of 1.223 A and a CCO angle of
124.7°. On the other hand, it is also a possibility that the alkoxy
radical will react with O, to form HO, and BrC(O)CH,CHj;
(Figure 2f). In this case, the CO bond is shortened to 1.195 A,
and the CCO angle is 128.7°. Also, the C—Br length is 2.004
A, and the BrCO angle is 120.4°. Alternatively, a unimolecular
decomposition to form CH,CHj; (Figure 2g) and BrC(O)H
(Figure 2h) can occur. As observed in Figure 2h, this brominated
aldehyde has a C—Br bond of 1.960 A and a CO bond of 1.195
A. When an O, molecule attaches to the vacant site on the
CH,CHj3 and forms CH3CH»O, (Figure 2i), the latter undergoes
a reduction as it reacts with NO to form the alkoxy radical
CH;3;CH,0 (Figure 2j), which will be oxidized by O, to yield
HC(O)CH3; (Figure 2k). This aldehyde has a CO bond length
of 1.222 A and the CCO angle of 124.3°. A unimolecular
decomposition of the alkoxy radical can produce CHj; and
HC(O)H (Figure 21). Formaldehyde is a symmetric molecule
with a CO bond length of 1.220 A and HCO angles of 122.2°.
The CHj3 radical formed will repeat the oxidation and reduction
cycles until it forms CH3O (Figure 2n), which will be oxidized
by O, to give another formaldehyde molecule.

Another possible site for the hydrogen to be abstracted by
OH is from the carbon f to the bromine. This  abstraction
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TABLE 2: Zero-Point-Energy-Corrected Energy Barrier (EB,) in kcal/mol for the Transition States Involved in the
Atmospheric Degradation of Bromopropane

transition states MP2/6-31G(d)* CCSD(T)/6-311G(2d,2p)* CCSD(T)/6-311++G(2df,2p)*
Pathway #1
[BrCHOCH,CH; + O, — BrC(O)CH,CH; + HO,J* 35 2.1 1.3
[BrCHOCH,CH; — Br + HC(O)CH,CH;]* 4.8 0.0 —0.2
[BrCHOCH,CH; — BrC(O)H + CH,CH;]* 14.1 10.6 10.3
[CH;CH,O + O, — CH;C(O)H + HO,J* 33.1 10.0 4.1
[CH;CH,O — HC(O)H + CH;]* 25.0 18.3 17.9
[CH;0 + O, — HC(O)H + HO,J* 40.0 16.1 14.3
Pathway #2
[BrCH,CH,CH; + OH — BrCH,CHCH; + H,O]* 6.2 1.4 0.2
[BrCH,CHOCH; + O, — BrCH,C(O)CH; + HO,J* 8.3 5.6 4.5
[BrCH,CHOCH; — BrCH,C(O)H + CH;]* 23.0 16.6 16.0
[BrCH,CHOCH; — BrCH, + HC(O)CH;]* 23.5 16.5 15.3
[BrCH,O + O, — BrC(O)H + HO,J* 7.0 3.7 2.8
[BrCH,O — Br + HC(O)HJ* 8.8 24 2.2
Pathway #3
[BrCH,CH,CH; + OH — BrCH,CH,CH, + H,OJ* 7.8 3.8 2.7
[BrCH,CH,CH,0O + O, — BrCH,CH,C(O)H + HO,J* 8.3 5.8 4.8
[BrCH,CH,CH,O — BrCH,CH, + HC(O)HJ* 20.7 13.6 13.2
[BrCH,CH,O — BrCH, + HC(O)H]* 25.9 18.4 17.5
[BrCH,CH,O + O, — BrCH,C(O)H + HO,J* 9.8 6.5 5.3

4 Corrected with ZPE.
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Figure 3. Potential energy surface for the hydrogen abstraction from the o carbon during the atmospheric degradation of bromopropane using the
CCSD(T)/6-311++G(2df,2p)//MP2/6-31G(d) level of theory.

will lead to BrCH,CHCH3;. As it is illustrated in Figure 2o, the
Cu—Cp has changed from the parent molecule from 1.515 to
1.460 A. As well, the Cs—C, has changed from the parent
molecule from 1.527 to 1.487 A. Also, the hydrogen in the f3
carbon decreased its length to 1.085 A. This radical will be
oxidized by O,, forming BrCH,CHO,CH3; (Figure 2p), which
will be reduced by NO to form BrCH,CHOCHj; (Figure 2q).
At this point, the § C—H bond increases to 1.100 A, and the
new CO bond has a length of 1.390 A. The HCO angle is 109.0°,
while the CCC angle is 111.0°. Similarly to the first pathway,
this alkoxy radical will undergo several ways of unimolecular
decomposition or oxidations. Its oxidation will give rise to HO,

and BrCH,C(O)CH3 (Figure 2r). This oxidation product has an
increased CCC angle of 114.0° and a shortened CO bond of
1.221 A. One of the possible unimolecular decompositions
available to BrCH,CHOCH3; will produce BrCH,C(O)H and
CHj3, which will end up producing a formaldehyde molecule,
as explained previously in Pathway 1. As illustrated in Figure
2v, BrCH,C(O)H is an aldehyde that has a CO bond length of
1.220 A and a CCO angle of 122.5°. On the other hand, an will
produce HC(O)CH3 and BrCH; (Figure 2s). As observed in
Figure 1, the brominated radical will be oxidized by molecular
oxygen to form BrCH,O, (Figure 2t), which will be reduced
by NO producing BrCH,O (Figure 2u). This alkoxy radical
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would either be oxidized, forming BrC(O)H, or will form Br
and formaldehyde.

The abstraction of a hydrogen on the y site will lead to
BrCH,CH,>CH, (Figure 2w). This radical has a Cs—C, bond
length of 1.491 A and CH bond lengths at the attacked carbon
of 1.082 A. As in the previous pathways, this radical will react
with O, to form the peroxy radical, BrCH,CH,CH,O, (Figure
2x). The peroxy radical is reduced to an alkoxy radical,
BrCH,CH,CH,0 (Figure 2y), via reaction with NO. This alkoxy
radical can undergo an oxidation that will produce BrCH,-
CH,C(O)H and HO,. As observed in Figure 2z, BrCH»-
CH,C(O)H has a CO bond length of 1.222 A and a HCO angle
of 120.6°. On the other hand, a unimolecular decomposition
will produce formaldehyde and BrCH,CH, (Figure 2aa). A cycle
of oxidation and reduction by O, and NO, respectively, will
lead to BrCH,CH»O. As observed in Figure 2cc, BrCH,CH,O
has a CO bond of 1.384 A and a HCO angle of 108.0°. Also,
the CC bond has a length of 1.519 A. The newly formed radical
will either undergo an oxidation to form BrCH,C(O)H or a
unimolecular decomposition to form formaldehyde and BrCH,.
The BrCH, radical will produce Br, formaldehyde, and BrC(O)H,
as previously discussed in Pathway 2.

3.1.2. Energetics of the Species Involved in the Atmospheric
Degradation of Bromopropane. The overall reaction mechanism
is shown in Figure 1. Tables 1 and 2 list all the enthalpies of
reaction at 0 K and the zero-point-energy-corrected reaction
energy barrier (EB,) calculated for the atmospheric degradation
mechanism of bromopropane.

A schematic containing the calculated enthalpies of reaction
and energy barriers for Pathway 1 can be observed in the
energetics diagram, Figure 3. Pathway 1 is the oxidation process
that results from the hydrogen abstraction from the a carbon.
The first step on this pathway is the reaction of bromopropane
with the OH scavenger. The enthalpy of reaction is predicted
to be —18.9 kcal/mol at the CCSD(T)/6-311++G(2df,2p)//MP2/
6-31G(d) level of theory. The barrier height for the hydrogen
abstraction is predicted to be 0.9 kcal/mol at the same level of
theory. The transition state is a first-order saddle point with an
imaginary frequency at 2242 cm™!. Tunneling will be important
for this reaction. The formed radical, BrCHCH,CHj;, will
undergo a reaction with O, with a formation energy cost of

—41.6 kcal/mol. Subsequently, the formed organic peroxy
radical will react with NO, breaking the OO bond to form NO,.
This bond-breaking and bond-forming process will have a
AHixn, 0k 0of —4.3 kcal/mol.

The alkoxy radical formed, BrCHOCH,CH3, may participate
in the following reaction channels:

BrCHOCH,CH, — Br + HC(O)CH,CH, 2)
BrCHOCH,CH, — BrC(O)H + CH,CH, 3)
BrCHOCH,CH, + O, — BrC(0)CH,CH, + HO,  (4)

Reaction 2 represents a unimolecular decomposition of the
radical in which the C—Br bond is broken and a C=O bond is
formed. This process has an enthalpy of reaction at 0 K and
barrier heights of —9.8 and —0.2 kcal/mol, respectively.
Reaction 3 is another unimolecular decomposition in which the
CC bond is broken and a C=0 bond is formed with an energy
barrier of 10.3 kcal/mol. The reaction is only to some extent
endothermic, with a reaction enthalpy of 3.7 kcal/mol. On the
other hand, reaction 4 represents a stabilization of the alkoxy
radical via a reaction with O,. In this process, a hydrogen
abstraction occurs with an energy barrier and an enthalpy of
reaction at 0 K of 1.3 and —40.0 kcal/mol, respectively. Through
vibrational frequency analysis, the first-order saddle points for
reactions 2, 3, and 4 were found to be at 591, 501, and 871
cm™ !, respectively.

Reaction 3 produces a CH,CHj3 radical that will stabilize
reacting with O,, having a AHxn, 0k of —31.9 kcal/mol. The
newly formed organic peroxy radical, CH3;CH,O,, will react
with the NO scavenger where the OO bond will be broken and
another NO bond formed. This will have a formation cost of
—12.2 kcal/mol. The formed CH3;CH,O can undergo two
different reaction channels

CH,CH,0 + O,— CH,C(O)H + HO, 5)

CH,CH,0 —HC(O)H + CH, (6)

Reaction 5 involves a hydrogen abstraction via the reaction of
the alkoxy radical with molecular oxygen. The enthalpy of

reaction for this is —32.9 kcal/mol. The calculated energy barrier
for reaction 5 is 4.1 kcal/mol. The unimolecular decomposition
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where the CC bond is broken and a C=O bond is formed is
represented in reaction 6. The barrier height for the CC breakage
is predicted to be 17.9 kcal/mol, and the AH ok is 8.7 kcal/
mol. The obtained transition states were characterized by one
imaginary frequency at 3234 and 687 cm™! for reactions 5 and
6, respectively. The CHj3 radical produced in reaction 6 reacts
with O, under a —28.6 kcal/mol enthalpy of reaction at 0 K.
The organic peroxy radical formed will react with NO, and the
subsequent alkoxy radical will react with O, for formation costs
of —12.7 and —27.9 kcal/mol, respectively. In this last step of
the pathway, the formation of HC(O)H and HO, involves a
barrier height of 14.3 kcal/mol. The first-order saddle point was
found to be at 3744 cm™!.

A schematic containing the calculated energetics for Pathway
2 can be observed in Figure 4. Pathway 2 is the oxidation
process that results from the hydrogen abstraction from the
carbon. After performing the calculations for all 3 pathways
under discussion, abstracting the hydrogen from the S carbon
is considered the most kinetically favorable pathway. This is
because it has to overcome the smallest energy barrier of all
three pathways, 0.2 kcal/mol. The first-order saddle point was
indicated by one negative frequency at 1858 cm™!. This reaction
has a AH, 0k of —21.6 kcal/mol. Following the hydrogen
abstraction, the radical formed in the first step of the pathway
will react with O, to form the corresponding organic peroxy
radical. Therefore, when BrCH,CHCHj3; reacts with O,, it creates
an organic peroxy radical with a new CO bond; this step has
an enthalpy of reaction at 0 K of —29.2 kcal/mol. Subsequently,
BrCH,CHO,CHj3 will react with NO to form the corresponding
alkoxy radical and NO, by breaking a CO bond. This bond-
breaking and bond-formation step has a formation energy cost
of —11.6 kcal/mol.

The alkoxy radical BrCH,CHOCHj3; can be removed by the
following reaction channels:

BrCH,CHOCH, + 0, — BrCH,C(O)CH, + HO,
BrCH,CHOCH, — BrCH,C(O)H + CH,

(N
®)

T3,

2.7
BrCH,CH,CH,/ ZH H§ o
2

-1 6.5{ \

0

TS3,
(AL N 7 ,
NO ! 13.2,/
116 NOY Y g5

NO RI3. /475, ~ 5.6
02 HO;

-32.5

™ P1g + RI3y
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(C))

Reaction 7 represents the removal of the radical by reaction
with molecular oxygen. The channel represented by reaction 7
is kinetically favorable since the energy barrier that it has to
overcome is only 4.5 kcal/mol, and this means that the most
favorable end products for Pathway 2 are BrCH,C(O)CHj3 and
HO,. The enthalpy of reaction at O K for such a reaction is
—34.2 kcal/mol. The unimolecular decomposition represented
in reaction 8 is endothermic by 5.8 kcal/mol, with a barrier
height of 16.0 kcal/mol. The transition states for reactions 7
and 8 were attributed one negative frequency at 1783 and 745
cm™!, respectively. The CHj formed as part of reaction 8 will
undergo the degradation mechanism explained in Pathway 1.
Reaction 9 represents a CC bond fission reaction. It has an
energy barrier of 15.3 kcal/mol, whereas the enthalpy of reaction
at 0 K is 3.5 kcal/mol. It is a first-order saddle point with an
imaginary frequency of 841 cm™!. Now reactions 8 and 9 are
very dependent on the internal energy and pressure because
collsions will remove the excess energy. If the unimolecular
rate is fast, then the BrCH,CHOCHj; radical may decompose
before collisions can occur with molecular oxygen, reaction 7.
In that case, reaction 9 would be kinetically favored. Reaction
7 will tend to be favored at higher pressures, while reactions 8
and 9 will tend to be favored at lower pressures (hence, higher
altitudes). The BrCH, radical formed from reraction 9 will react
with Oy, and this reaction is exothermic by 26.2 kcal/mol. The
newly formed organic peroxy radical, BrCH»O,, will react with
the NO scavenger where the OO bond will be broken and
another NO bond formed. This will have a AHx, ok of —17.9
kcal/mol. The BrCH,O alkoxy radical can undergo two separate
reactions. On the one hand, the radical can easily react with O,
to form BrC(O)H and HO,. This reaction will have a barrier
height and an enthalpy of reaction at 0 K of 2.8 and —35.2
kcal/mol, respectively. On the other hand, the dissociation of
the alkoxy radical has an energy barrier of 2.2 kcal/mol. At the
same time, the AH, ok reaches —7.8 kcal/mol. Vibrational

BrCH,CHOCH, — BrCH, + HC(O)CH,

TS3,
RI3, —
NO~ 175 P1, + RI24
NOx4RI3, ! T34 91{ :
2837 YL L L0
Oz HO;\ 6.2
-30 LRI,
§ NO \-17.9
‘P2, NOzn 28 '|'szf 7 N\
” | 0O, HOg.I
-78{ \P1g + Br}
-35.2

Figure 5. Potential energy surface for the hydrogen abstraction from the y carbon during the atmospheric degradation of bromopropane using the

CCSD(T)/6-311+-+G(2df,2p)//MP2/6-31G(d) level of theory.
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frequency analysis identified the first-order saddle points to be
522 and 623 cm™! for the BrCH,O reaction with O, and the
unimolecular decomposition, respectively.

Figure 5 is a schematic that contains the calculated energetics
for Pathway 3. The abstraction of the y hydrogen has been
observed as the least kinetically favorable pathway for bro-
mopropane to undergo. Pathway 3 is the oxidation process that
results from the hydrogen abstraction from the y carbon. This
reaction will have a barrier height and an enthalpy of reaction
at 0 K of 2.7 and —16.5 kcal/mol, respectively. The imaginary
frequency attributed to the first-order saddle point was found
to be at 2254 cm~!. The formed BrCH,CH,CH, reacts with O,
with an enthalpy of reaction at 0 K of —30.7 kcal/mol. The
organic peroxy radical reacts with NO in order to form NO,,
breaking the OO bond. This reaction has a AHx, ok of —11.6
kcal/mol. The alkoxy radical BrCH,CH,CH,O, formed as a
result of the NO reduction of the organic peroxy radical, can
undergo two different reaction channels

BrCH,CH,CH,O + O, — BrCH,CH,C(O)H + HO,  (10)
BrCH,CH,CH,0 — BrCH,CH, + HC(O)H ~ (11)

The hydrogen abstraction represented in reaction 10 is obtained
after an energy barrier of 4.8 kcal/mol. The enthalpy of reaction
at 0 K for this reaction is —32.5 kcal/mol. On the other hand,
products from the decomposition of BrCH,CH,CH,O in reaction
11 are obtained after overcoming a barrier height of 13.2 kcal/
mol. The reaction is, to some extent, endothermic, with a
reaction enthalpy of 5.6 kcal/mol. The first-order saddle points
for reactions 10 and 11 were located with imaginary frequencies
values of 1894 and 635 cm™!, respectively. The BrCH,CH,
radical underwent a reaction with O, in order to form
BrCH,CH,0,, which had a formation cost of —28.9 kcal/mol.
The organic peroxy radical reacted with NO under a AHxn, 0
of —13.4 kcal/mol. The resulting alkoxy radical can either
undergo a reaction with O, or a unimolecular decomposition.
The reaction with O, has to overcome an energy barrier of 5.3
kcal/mol and an enthalpy of reaction at 0 K of —30.3 kcal/mol.
On the other hand, the barrier for the unimolecular dissociation
is 17.5 kcal/mol with a AH x, 0k of 9.1 kcal/mol. The resulting
BrCH, radical will undergo the degradation mechanism ex-
plained in Pathway 2. Transition-state structures were character-
ized by one negative frequency with values of 1856 and 736
cm™! for the BrCH,CH,O reaction with O, and the unimolecular
decomposition, respectively.

3.2. Atmospheric Implications. The atmospheric oxidation
mechanism of bromopropane has been thoroughly assessed in
this article. Previously, Gilles and co-workers!>2?* reported the
product branching ratios for the reaction of bromopropane with
the OH scavenger. Using pulsed laser photolysis followed by
laser-induced fluorescence, the group determined that the o, 3,
and y abstractions have a 32, 56, and 12% yield at room
temperature, respectively. These findings are consistent with the
predictions obtained by the present ab initio calculations results.
Our studies revealed that the hydrogen abstraction from the
carbon has the lowest energy barrier (0.2 kcal/mol) of all of
the possible abstractions. Therefore, this would be the most
energetically favored pathway for the atmospheric oxidation
process. Wuebbles and co-workers?? proposed a possible mech-
anism for the reaction among the OH scavenger and bromopro-
pane. In their 2D and 3D chemical-transport model, the group
found that the atmospheric degradation of bromopropane
produces significant quantities of bromoacetone (BrCH,-
C(O)CH3). This assertion is consistent with our findings.
Wuebbles and co-workers?? assumed that bromoacetone would
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be the more stable reservoir species resulting from the atmo-
spheric oxidation of bromopropane. The present work suggests
additional new chemistry and species (BrC(O)CH,CH; and
BrCH,CH,C(O)H) not accounted for in the Wuebbles et al.
study of 2001. As a result, new atmospheric modeling studies
are needed to assess the importance of the chemistry derived
from the present work. As explained previously, the production
of bromoacetone is obtained through Pathway 2, which results
from the hydrogen abstraction at the  carbon. Bromoacetone
is produced after the alkoxy radical reacts with molecular
oxygen. This reaction is the one with the lowest energy barrier
that the radical can undergo. Bromoacetone is formed after
overcoming a 4.5 kcal/mol barrier height, while the unimolecular
decompositions that the radical can undergo have barrier heights
of 15.3 and 16.0 kcal/mol, respectively. The experimental studies
of Gilles and co-workers!>?* also showed bromoacetone as a
stable degradation product. Other studies have mentioned
bromoacetone, Br, and BrCH>CH,C(O)H as major degradation
products of bromopropane.> This study shows that the
BrCH,CH,C(O)H is a result of oxidation initiated at the y
carbon site.

By means of this atmospheric oxidation mechanism, the
possible products that could result from the degradation of
bromopropane are as follows. For the primary abstraction, the
possible end products that should be observed are Br,
HC(O)CH,CH3, BrC(O)CH,CH3, BrC(O)H, HC(O)CH3, and
two HC(O)H. The energetically favored 3 abstraction route can
produce the possible end products Br, BrCH,C(O)CHj3,
BrCH,C(O)H, HC(O)CHj3;, BrC(O)H, and HC(O)H. On the other
hand, the tertiary y abstraction produces Br, BrCH,CH,C(O)H,
BrCH,C(O)H, and BrC(O)H. It is extremely important to note
that each of the pathways will produce Br. Our survey of the
literature shows that little is known experimentally about the
species BrC(O)CH,CH3, BrCH,C(O)H, and BrCH,CH,C(O)H.
These could be new potential bromine reservoir species resulting
from bromopropane in its oxidation in the atmosphere not yet
accounted for either experimentally or in atmospheric models.
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