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Atmospheric Oxidation Mechanism of Bromoethane
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A mechanism for the atmospheric oxidation of bromoethane is proposed from an ab initio study. Using CCSD-
(T)/6-311++G(2df,2p)/IMP2/6-31G(d) level of theory, the structure and energetics of the 35 species and
transition states involved in the atmospheric oxidation of bromoethane are examined. From these calculations,
reaction enthalpies and activation energies to characterize the potential energy surface of the proposed
mechanism for the complete atmospheric degradation of bromoethane are determined. The studies revealed
that the hydrogen abstraction from thecarbon has the lowest activation energy barrier of all the possible
abstractions, making this pathway the most energetically favored pathway for the atmospheric oxidation process.
The brominated species that result from the oxidation abtltarbon are BrC(O)Ckand BrC(O)H. Other

species resulting from oxidation initiated at thearbon are also identified.

1. Introduction for Aeronomy!®> Bromoethane has also been detected in air
samples collected near chemical manufacturing areas. A bro-

Several chlorofluorocarbons (CFCs) and halocarbons are in oethane concentration of 170 mg/L has been reported for

need of replacements as part of the agreements of the Montreal - - -
nicipal landfill leach hat h n tr with chlo-
Protocol on Substances that Deplete the Ozone Led/é. rinue lgl'%a andfill leachate that had been treated with chlo

number of the replacements that have been proposed are . . . .
considered very short-lived (VSL) substances, since their . On the basis of its vapor pressure, bromoethane exists entirely

chemical lifetimes are similar to tropospheric transport time 1 the vapor phase in the atmosphere. The Henry’s law constant
scales. Characteristically, the concentrations of VSL halogen fOf Promoethane has been estimated to be 0.76rkiaol.
source gases proceed from natural sources and range in a feva—h's highlights thq |mportan9e of volatilization from environ-
parts per thousand for Bt Brominated compounds in the vapor mental waters. If_dlscharge(_j into water, _the_removal mechanism
phase are released into the troposphere, where they aré’f bromoethane is hydronS|§ an_d volatlllzathn. If bromoethane
transported to the stratosphere, producing Br atoms that catalyzdS 'eléased to soil, hydrolysis will play a major role under wet
ozone destruction 4650 times more effectively than ¢l SOil conditions.
atoms®—9 There are several atmospheric processes that affect For many natural and anthropogenic gases, reaction with the
the transport of the halogen to the stratosphere (i.e., physicalhydroxyl radical (OH) is considered the most effective fate in
and dynamical processes). Due to the complexity of these order to clean the atmosphere of any possible build-up of toxic
processes, it has not been easy to estimate the impact of VSLatmospheric gases contributing to the greenhouse éftéct!
halogen source gases on stratospheric oZoimtermediate Experimentally, kinetic studies have been performed to study
degradation products and their respective degradation pathwayghe rate of reaction of bromoethane with an OH scaveffgé?.
play an important role, as well. Typically, the expected Having an estimated rate of reaction of 0.33410 2 cm?/
degradation products are readily converted to inorganic halogenmolecule per second, bromoethane is expected to have a slow
by further reacting with scavengers present in the atmosphere atmospheric degradation due to its reaction with hydroxyl
The main use of bromoethane, also known as alkyl bromide, radicals?*?*This value corresponds to a half-life 648 days
is as an ethylating agent in chemical synthé&Ehis brominated ~ at an atmospheric concentration 0&510> hydroxyl radicals/
alkane is also used as a refrigerant, a fumigant, and as ac™®. Donaghy and co-worketédetermined by experimental
component of gasolin®:11 As a natural source, Class and co- Mmeans that the atmospheric lifetimes for bromoethane and its
workerd! found bromoethane to be a minor Component of respective reactions with hydrOXy' radicals and chlorine were
brominated and bromochlorinated methanes released to theéd1—73 days and 1.2 years, respectively. When modeling the
surrounding air from brown algae in the North and South atmospheric impact of compounds similar to bromoethane, a
Atlantic. As We”, Greenberg and CO-WOfké‘?S.n collaboration Challenge is to determine its abl“ty to detect the concentration
with the Martin Ryan Institute, detected bromoethane and other Of 0zone in the stratosphere. One of the most important factors
marine organic halides near Mace Head, Ireland. Another studythat need to be determined is the actual amount of bromoethane
performed over the Pacific Ocean between California and New and its reaction products that carry bromine into the stratosphere
Zealand showed a median concentration of bromoethane of 0.3and, by means of the Br released, determine the ozone destroyed
ppt13 This value is in agreement with the ones reported by by the bromine.
Carpenter and co-worket$ Another source of bromoethane is The degradation mechanism of bromoethane is initiated via
volcanic emissions. Bromoethane was part of the organohalo-its reaction with OH. There are two possible pathways that the
genated compounds detected in fumaroles and lava gas by aeaction can undergo leading to the formation of different
research team led by scientists from the Max-Plank-Institute degradation productso andj H-abstraction. For purposes of
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clarity, the halogenated carbon is called thearbon, and the BrCH,CH,
adjacent carbon is referred to as fhearbon. These possible @ ~OH OB\ P
pathways and their resultant radicals are shown in reactions la 5 H,0 H, RN
and 1b. BrCHCH, BrCH,CH,
:(—02 N 02
BrCH,CH; + OH = BrCHCH; + H,O (1a) (
BrCHO,CH; BrCH,CH,0,
L. BICH,CH, + H,0 (1b) (" -
; NO, ; NO,

The radical species produced are readily converted to more ,»BrCl'glOC}!f((:iH "BrCHZCHZQ\C)jH
stable substances via subsequent reaction withGbce the , O A0,
organic peroxy radicals (R are formed, the degradation . .~ -y A ¥ X
continues via reaction with nitric oxide (NO), where it is Oty Breo)cn BrCH, + HCO(OH BrCH,C(O)H
converted to N@ and the alkoxy radical (RO). The alkoxy CHa + BreOH ‘(‘02
radical can either further react with,©r undergo spontaneous roz

. i ; . BrCH,0,
fragmentation to continue the atmospheric degradation of ;

. o . CH;0, ' ~NO
bromoethane through the degradation of its intermediate deg- NO C
radation products. The yield of the degradation products depends ( , NO,
on the concentration of the scavengers (i.e., Ok},&0d NO) Y NO; _BrCH,0
and the atmospheric conditions. CH;0 Cj
Natural and anthropogenic processes produce the partially (02 p x‘HOZ

halogenated compounds that are present in the atmosphere. ; HO, Br + HC(O)H BrC(O)H

The atmospheric oxidation process of these compounds has been
of interest3=4° Even though data on the chemistry @fbro-
minated alkoxy radicals have been availaBé>*8 not until
Orlando and co-workef8 studied bromoethane have the
atmospheric conditions been taken into account to understand
the degradation mechanism for bromoethane. With the aim of
identifying other brominated species not yet accounted for, in
this study, we present a complete degradation mechanism for
the atmospheric oxidation of bromoethane.

HC(O)H
Figure 1. Atmospheric degradation pathways of bromoethane.

BrCHCH; (Figure 2b). Changes in the structure of the parent
molecule are noticeable when compared to the radical formed
by the H abstraction. The one hydrogen on the halogenated
carbon has a bond length of 1.082 A, and theBE bond length
decreases to 1.882 A. In addition, the-@C; bond decreases
from 1.513 to 1.485 A as the radical is formed. This radical is
readily converted into a peroxy radical via its reaction with O
BrCHO,CHs (Figure 2c). The peroxy radical reacts with NO
The Gaussian 03 suite of programs are used to perform all to form BrCHOCH; (Figure 2d). This newly formed radical has
the calculations discussed in this artiE‘PeThe geometries of a C—Br bond |ength of 2.006 A and a-60 bond with |ength
the molecules comprising the complete degradation mechanismof 1.346 A. The reduced radical stabilizes in three separate ways,
for the atmospheric oxidation of bromoethane are fully opti- dividing the pathway into three pathways. One pathway is the
mized, and their frequencies were obtained with the second- spontaneous fragmentation of BrCHO&td form Br plus HC-
order Mgller-Plesset (MP2) perturbation methitédhese fre- (O)CHs. The final product of this dissociation, HC(O)GHhas
quency calculations provided all the thermochemical data and 3 CO bond of 1.222 A and a-€C—0 angle of 124.3 as shown
vibrational frequencies of all the species involved in the in Figure 2e. Alternatively, there is another dissociation route
mechanism under study. True transition state structures arethatforms CH and BrC(O)H (Figure 2f). As observed in Figure
characterized by one imaginary frequency. The MP2-optimized 2f, this brominated aldehyde has a CO bond of 1.195 A and a
geometries are used in a series of single-point energy calcula-C—Br bond length of 1.960 A. When the methyl radical reacts
tions involving the following two levels of theory and basis set wjth an O, molecule, it forms CHO, (Figure 2g). The peroxy
combinations: CCSD(T)/6-311G(2d,2p) and CCSD(T)/6- radical undergoes a reduction as it reacts with NO to forrg@H
311++G(2df,2p). To obtain the total energies of the various (Figure 2h). Once again, an,@olecule oxidizes this newly
species, the calculated energies are corrected by using the ZPkormed alkoxy radical to form HC(O)H (Figure 2i). Formalde-
obtained at the MP2 level. Zero-point energy (ZPE) corrections hyde is a symmetric molecule with a CO bond length of 1.220
are added to the final predicted energetics to account for the A and H-C—0 angles of 122.2 On the other hand, a reaction
effects of molecular vibrations persisting at 0 K. These total among the alkoxy radical and,@an take place, forming HO
predicted energies are then used to determine the enthalpies oind BrC(O)CH (Figure 2j). This reaction causes the CO bond
the reactionsAH;), as well as the activation enerdy] barriers to be shortened to 1.194 A and the-C—O angle to increase
involved in the mechanism under study. to 128.9. The G-Br length is 2.002 A and the angle between
Br—C—-0 is 120.5.

The second pathway involves an OH molecule that can
abstract an H from the carbofi to the bromine. Thisg
of Bromoethane.3.1.1. Structures of the Speciesdved in abstraction leads to BrGi&H, (Figure 2k). This radical differs
the Atmospheric Degradation of Bromoethamere are two from its parent molecule in that the,€Cgs changes from 1.513
different hydrogen environments in bromoethane, as observedto 1.462 A. In addition, the hydrogen in tjfecarbon decreased
in Figure 2a. The first H abstraction is obtained by the reaction its length to 1.096 A. This radical can readily be oxidized by
of bromoethane with the OH scavenger at thearbon. This O, forming BrCH,CH.,0O; (Figure 2l). This newly formed peroxy
reaction generates a radical center on the halogenated carborradical can also be reduced by NO to form BeCHH,O (Figure

2. Computational Methods

3. Results and Discussions

3.1. Reaction Pathways in the Atmospheric Degradation
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(b) RI1,: BrCHCH,

(e) P1,: HC(O)CH, () P1,: BrC(O)H  (g) R1,: CH,0, (h) Ri1.: CH,0

(i) P1_: HC(O)H (i) P1,: BrC(O)CH, (k) RI2,: BrCH,CH, () RI2,: BrCH,CH,O,

(m) RI2,: BrCH,CH,0 (n) RI2,: BICH, (0) RI2,: BrCH,0,

|
[q) P2,: BrCH,C(O)H (r) TS1,: [BrCH,CH3 + OH —BrCHCH,+H, 0]  (s) TS1,: [BrCHOCH,— Br + HC(O)CH,J*  (t) TS1_: [BrCHOCH,—+BrC(O)H + CH,J*

(u) TS1,: [BrCHOCH, + O;— BrC(O)CH, + HO,]  (v) TS1,: [CH,0 + O,—HC(O)H + HO,J! (w) TS2,: [BrCH,CH, + OH— BrCH,CH, + H,OT
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(x) TS2,: [BrCH,CH,0—*BrCH, + HC(OJH]'  (y) TS2,: [BrCH,CH,0 + O,—* BrCH,C(OJH + HO,J"
Figure 2. Structures of the atmospheric degradation of bromoethane.
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(z) TS2,; [BrCH,0— Br + HC(OJH]  (aa) TS2,: [BrCH,0 + O3> BrC(O)H + HO,J'
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Figure 3. Potential energy surface for the hydrogen abstraction fromottearbon during the atmospheric degradation of bromoethane using

CCSD(T)/6-313+G(2df,2p)//MP2/6-31G(d) level of theory.

2m). As shown in Figure 2m, the new CO bond has a length of
1.384 A and the €H bond has increased to 1.100 A. The angles
change as well, where the-HC—O angle is 108.0 and the
C—C—Br angle is 109.5 The BrCHCH,O, like the Br-
CHOCH; alkoxy radical from the first pathway, undergoes either
a unimolecular decomposition or oxidation withp.@\ form-
aldehyde molecule and a BrGKFigure 2n) radical are produced
when BrCHCH,0 undergoes a €C bond fission, producing
BrCH, and formaldehyde. It can be observed that Bs@QHs a
BrCH angle value of 116°7and C-Br and C-H bond lengths

of 1.863 and 1.079 A, respectively. The oxidation of the
brominated radical by molecular oxygen will give rise to
BrCH,O, (Figure 20). This newly formed peroxy radical is
reduced by NO, thus producing Br@8l (shown in Figure 2p).
This alkoxy radical can react via two different pathways. One
pathway is through a €Br bond fission that produces Br and
formaldehyde. On the other hand, the oxidation of BsOHvill
form BrC(O)H. Oxidation of the BrCLCH,O radical takes place
when it reacts with an © molecule, producing H® and
BrCH,C(O)H(Figure 2q).

3.1.2. Energetics of the Speciesditved in the Atmospheric
Degradation of Bromoethan&he complete atmospheric deg-
radation mechanism of bromoethane is shown in Figure 1. The
total energies of all the species involved in the present study,
as well as the frequencies, are included in Tables 1 and 2,
respectively. A list of all the calculated enthalpies of the
reactions AH,), as well as the activation energlgf barriers
involved in the mechanism, are summarized in Tables 3 and 4.
All the values reported in the potential energy surfaces (PESSs)

were calculated at the CCSD(T)/6-3t+G(2df,2p)//MP2/6-
31G(d) level of theory.

The energetics diagram for pathway 1 containing the calcu-
lated enthalpies of reaction and activation energy barriers is
shown in Figure 3. This first pathway corresponds to the
oxidation process that results from the H abstraction from the
carbona to the bromine. The hydrogen abstraction by OH
radical requires overcoming an activation energy barrier of 1.3
kcal/mol. The enthalpy of reaction for the H abstraction is
predicted to be-19.1 kcal/mol. The transition state corresponds
to a first-order saddle-point identified by an imaginary frequency
representing the €H—0O vibration at 2302 cmt. The newly
formed radical, BrCHCH] undergoes oxidation via reaction with
O, with a heat of reaction of-29.1 kcal/mol. The oxidation
product, BrCHQCHj, reacts with with the NO scavenger where
the O-0O bond breaks and another-XD bond formed. This
has aAH; of —16.4 kcal/mol.

The alkoxy radical formed, BrCHOGcan patrticipate in
the following reaction channels:

BrCHOCH, — Br + HC(O)CH, )
BrCHOCH, — BrC(O)H + CH, ©)
BrCHOCH, + O, — BrC(O)CH, + HO, @)

Reaction 2 is unimolecular release of Br atoms and shows a
bond-breaking and bond-forming process in which theBE
bond is broken and a=€0 bond is formed. This fragmentation
has a heat of reaction and a barrier height-dfl.0 and—0.2
kcal/mol, respectively.
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TABLE 1: Total Energies (hartrees) of the Reactants, Reactive Intermediates (RI), Products (P), and Transition States (TS) of

the Atmospheric Degradation of Bromoethane

species MP2/6-31G(#) CCSD(T)/6-311G(2d,2p) CCSD(T)/6-31#+G(2df,2p}
BrCH,CHs —2648.883 46 —2651.485 02 —2651.546 50
OH —75.514 69 —75.599 53 —75.624 91
H,O —76.177 76 —76.277 20 —76.306 62
0, —149.951 10 —150.067 77 —150.116 10
NO —129.555 59 —129.658 08 —129.701 22
NO, —204.558 51 —204.707 84 —204.780 43
Br —2569.981 46 —2572.470 43 —2572.504 08
HO, —150.487 97 —150.638 37 —150.689 05
Pathway 1
BrCHCHs —2648.242 08 —2650.833 60 —2650.895 30
BrCHO,CHs —2798.227 14 —2800.943 74 —2801.057 73
BrCHOCH; —2723.263 77 —2725.916 95 —2726.004 61
HC(O)CH; —153.301 97 —153.465 51 —153.518 13
BrC(O)CH; —2722.777 84 —2725.406 60 —2725.494 69
CHs; —39.642 49 —39.713 47 —39.725 30
BrC(O)H —2683.619 44 —2686.199 10 —2686.274 26
CH30, —189.623 53 —189.822 31 —189.886 94
CH;O —114.654 66 —114.789 28 —114.828 00
HC(O)H —114.147 66 —114.260 24 —114.299 48
Pathway 2
BrCH.CH; —2648.240 35 —2650.831 90 —2650.893 52
BrCH,CH0O, —2798.224 13 —2800.942 01 —2801.055 70
BrCH,CH,O —2723.256 28 —2725.909 94 —2725.997 84
BrCH,C(O)H —2722.753 15 —2725.383 97 —2725.473 13
BrCH, —2609.093 60 —2611.635 11 —2611.683 90
BrCH;0O; —2759.073 06 —2761.740 29 —2761.841 82
BrCH,O —2684.112 96 —2686.716 15 —2686.791 18

Transition States

MP2/6-31Gd)

CCSD(T)/6-311G(2d,2p)

CCSD(T)/6-311+G(2df,2p}

Pathway 1
BrCH,CHsz + OH — BrCHCH; + H»0] —2724.386 16 —2727.080 42 —2727.169 30
BrCHOCH; + O, — BrC(O)CH; + HO3] —2873.207 31 —2875.980 16 —2876.117 52
BrCHOCH; — BrC(O)H +CHg] —2723.234 52 —2725.894 90 —2725.982 76
BrCHOCH; — Br + HC(O)CHg] —2723.255 16 —2725.916 49 —2726.004 92
CH30 + O, — HC(O)H + HO;) —264.542 08 —264.831 40 —264.921 34
Pathway 2
BrCH,CHz + OH — BrCH,CH, + H0] —2724.383 41 —2727.078 44 —2727.167 04
BrCH,CH,0 + O, — BrCH,C(O)H + HO;] —2873.191 72 —2875.967 42 —2876.105 50
BrCH,CH,O — BrCH, + HC(O)H] —2723.215 02 —2725.880 56 —2725.969 88
BrCH,0 + O, — BrC(O)H + HO3] —2834.052 94 —2836.778 07 —2836.902 84
BrCH,O — Br + HC(O)H] —2684.098 93 —2686.712 26 —2686.787 62

a Corrected with ZPE.

Reaction 3 is another unimolecular dissociation reaction in 2. This second pathway corresponds to the oxidation process
which the C-C bond is broken and a=€0 bond is formed that results from the H abstraction from the carkfimo the
with an activation energy of 13.7 kcal/mol. This slightly bromine. The calculated barrier height for the abstraction of
endothermic reaction has a calculated reaction enthalpy of 3.2the § hydrogen is predicted to be 2.7 kcal/mol. This reaction
kcal/mol. The fragmentation process represented in reaction 3has aAH, of —18.0 kcal/mol. One negative frequency repre-

produces a Chlradical that is further oxidized by £nolecule,
having aAH; of —28.6 kcal/mol. The formed organic peroxy
radical, CHO,, reacts with NO, breaking the -GD bond to
form NO,. This bond-breaking and bond-forming process is
—12.7 kcal/mol exothermic. The newly formed alkoxy radical,
CH30, can react with an ©molecule, forming the HC(O)H
and HQ by overcoming a barrier height of 14.3 kcal/mol. This
reaction is exothermic by 27.9 kcal/mol. The first-order saddle
point representing the-€H—0 vibration is found to be at 3744
cm L,

On the other hand, reaction 4 represents the alkoxy radical

reaction with Q. In this oxidation process, a hydrogen is
abstracted from the alkoxy radical by the @olecule with an
activation energy and a heat of reaction of 2.0 ar89.6 kcal/

mol, respectively. Through vibrational frequency analysis, the

first-order saddle points representing the-Br, C—C, and

senting the GH—O vibration at 2132 cm! indicated the
transition state is a first-order saddle point. After the H
abstraction, the radical formed reacts with aprlecule to
form BrCH,CH,0O,. This step has a reaction enthalpy-€i28.9
kcal/mol. Immediately after the peroxy radical is formed, NO
reacts with BrCHCH,O, to form BrCH,CH,O and NQ by
breaking a G-O bond. This bond-breaking and bond-formation
step has a heat of reaction fL3.4 kcal/mol.

The newly formed alkoxy radical BrCi&H,0 from pathway
2 can participate in the following reaction processes:

BrCH,CH,O — BrCH, + HC(O)H (5)
BrCH,CH,0 + O, — BICH,C(O)H+ HO,  (6)

Reaction 5 represents the-C bond breakage and the=©

C—H—0 vibrations for reactions 2, 3, and 4 are found to be at bond formation with an activation barrier of 17.5 kcal/mol and

609, 649, and 960 cm, respectively.

a AH; of 9.1 kcal/mol. The BrCHradical formed reacts with

Figure 4 is the energetics diagram containing the calculated an G, molecule with an enthalpy of reaction 6f26.2 kcal/
enthalpies of reaction and activation energy barriers for Pathwaymol. The newly formed BrCkD, will react with the NO
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TABLE 2: Vibrational Frequencies (cm~2) of the Reactants, Products, and Transition States of the Atmospheric Degradation of
Bromoethane

species vibrational frequencies

BrCH,CHjs 3246, 3220, 3202, 3169, 3112, 1563, 1551, 1550, 1473, 1333, 1314, 1123,
1074, 1014, 796, 596, 299, 279

OH 3740

H.0O 3918, 3776, 1736

O, 1413

NO 3895

NO; 2290, 1382, 753

HO; 3606, 1477, 1237

Pathway 1

BrCHCH; 3294, 3206, 3166, 3080, 1548, 1532, 1469, 1328, 1155, 1056, 1042, 647,
472,306, 182

BrCHO,CH; 3235, 3224, 3210, 3124, 1549, 1542, 1465, 1378, 1302, 1249, 1153, 11186,
1047, 879, 713, 450, 393, 296, 280, 249, 79

BrCHOCH; 3246, 3232, 3129, 3107, 1551, 1542, 1454, 1295, 1251, 1138, 1037, 999,
935, 594, 343, 324, 300, 257

HC(O)CH; 3235, 3185, 3105, 2990, 1801, 1535, 1527, 1468, 1440, 1170, 1168, 926,
800, 515, 152

BrC(O)CH; 3240, 3222, 3124, 1894, 1525, 1524, 1443, 1143, 1076, 985, 573, 500,
336, 310, 167

BrC(O)H 3146, 1822, 1348, 925, 652, 358

CHjs 3410, 3410, 3221, 1481, 1481, 405

CH;0, 3263, 3254, 3138, 1551, 1540, 1502, 1276, 1221, 1172, 965, 507, 139

CH;0 3168, 3136, 3051, 1583, 1484, 1466, 1143, 1001, 838

HC(O)H 3010, 3081, 1793, 1297, 1585, 1214

Pathway 2

BrCH,CH; 3364, 3264, 3249, 3187, 1560, 1522, 1300, 1253, 1134, 1058, 791, 672,
539, 276, 265

BrCH,CH.0, 3264, 3236, 3180, 3160, 1546, 1543, 1420, 1341, 1288, 1265, 1227, 1111,
1051, 949, 799, 718, 535, 300, 219, 117, 97

BrCH,CH,O 3254, 3175, 3104, 3056, 1542, 1483, 1412, 1320, 1275, 1111, 1105, 1068,
843,711, 529, 362, 223, 131

BrCH,C(O)H 3251, 3157, 3038, 1787, 1509, 1445, 1271, 1201, 1090, 1005, 819, 658,
444, 270, 68

BrCH, 3414, 3260, 1457, 975, 712, 428

BrCH,O, 3280, 3182, 1529, 1363, 1231, 1227, 995, 932, 754, 396, 246, 49

BrCH,O 3166, 3091, 1436, 1318, 1128, 1067, 673, 623, 330

Transition States

Pathway 1
[BrCH,CH3; + OH — BrCHCH; + H,OJ* 3724, 3226, 3209, 3201, 3112, 1549, 1543, 1485, 1469, 1338, 1262, 1148,
1127, 1027, 835, 806, 652, 595, 302, 255, 194, 106, 83, 2302i
[BrCHOCH; + O, — BrC(O)CH; + HO,J* 3246, 3225, 3123, 1999, 1941, 1545, 1533, 1479, 1435, 1228, 1114, 1028,
980, 768, 647, 532, 381, 346, 300, 256, 236, 203, 89, 960i
[BrCHOCH; — BrC(O)H + CHz]* 3373, 3359, 3182, 3082, 1805, 1495, 1479, 1288, 1137, 990, 737, 694,
579, 395, 302, 219, 199, 649i
[BrCHOCH; — Br + HC(O)CHy)* 3250, 3208, 3113, 3098, 1548, 1534, 1492, 1450, 1352, 1174, 1051, 940,
878, 497, 288, 247, 234, 609i
[CH30 4 O, — HC(O)H + HO,]* 3065, 2951, 1822, 1601, 1478, 1424, 1257, 1166, 1004, 606, 411, 242,
123, 51, 3744i
Pathway 2
[BrCH,CH; + OH — BrCH,CH, + H,OJ* 3727, 3265, 3247, 3182, 3170, 1549, 1528, 1497, 1342, 1319, 1289, 1134,
1097, 1052, 875, 807, 724, 595, 403, 237, 119, 73, 62, 2132i
[BrCH,CH,0 + O, — BrCH,C(O)H + HO,|* 3245, 3167, 3030, 1812, 1782, 1554, 1522, 1403, 1369, 1291, 1204, 1069,
1026, 835, 737, 709, 590, 420, 346, 287, 188, 155, 66, 1856i
[BrCH,CH,O — BrCH, + HC(O)H[ 3373, 3236, 3057, 2984, 1710, 1557, 1463, 1293, 1210, 1014, 955, 772,
668, 582, 300, 169, 108, 736i
[BrCH,0 + O, — BrC(O)H + HO,]* 3292, 3165, 2056, 1763, 1443, 1394, 1009, 994, 654, 539, 346, 264,
74,58, 1522i
[BrCH,O — Br + HC(O)HF 3180, 3084, 1630, 1414, 1257, 1008, 778, 244, 623i
scavenger to break an-@ bond and form another-NO bond. in order to take place is 2.8 kcal/mol. The calculated reaction
This bond-breaking and bond-formation step has a reaction enthalpy is—35.2 kcal/mol.
enthalpy of —17.9 kcal/mol. The alkoxy radical formed, Reaction 6, involving the reaction of the BrgEH,0O radical

BrCH;O, has two reaction routes. The first is the dissociation with an G, molecule, has a reaction enthalpyd0.3 kcal/mol.

of the alkoxy radical to release a Br atom and HC(O)H, which The activation energy barrier that it has to overcome is only
has a heat of reaction ef7.8 kcal/mol and an activation energy 5.3 kcal/mol, indicating that this is the most favorable route to
barrier of 2.2 kcal/mol. On the other hand, the BeCHalkoxy end products from pathway 2.

radical can react with an Omolecule to form BrC(O)H and 3.2. Atmospheric Implications. The atmospheric oxidation
HO,. The energy barrier height that the reaction has to overcome mechanism of bromoethane that results from abstractions of both
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Figure 4. Potential energy surface for the hydrogen abstraction fromptiearbon during the atmospheric degradation of bromoethane using
CCSD(T)/6-31#+G(2df,2p)//IMP2/6-31G(d) level of theory.

TABLE 3: Heats of Formation (AHys) in kcal/mol for the Reactions Involved in the Atmospheric Degradation of Bromoethane

reactions MP2/6-31G(d) CCSD(T)/6-311G(2d,2p) CCSD(T)/6-311+G(2df 2p}
Pathway 1
BrCH,CHz + OH — BrCHCH; + H,O —13.6 —16.5 —-19.1
BrCHCH; + O, — BrCHO,CHs —21.3 —26.6 —29.1
BrCHO,CH; + NO — BrCHOCH; + NO; —24.8 —14.4 —16.4
BrCHOCH; — Br + HC(O)CH; —-12.3 —-11.9 —11.0
BrCHOCH; + O, — BrC(O)CH; + HO, —32.0 —37.8 —39.6
BrCHOCH; — BrC(O)H + CHs 1.2 2.8 3.2
CH; + O, — CH30, —18.8 —25.8 —28.6
CH30; + NO— CHz0 + NO; —21.4 —10.5 —-12.7
CHz;O + O, — HC(O)H + HO; —18.7 —26.1 —-27.9
Pathway 2

BrCH,CH;z; + OH — BrCH,CH, + H,0O —-12.5 —15.4 —18.0
BrCH,CH; + O, — BrCH,CH,0» —20.5 —26.6 —28.9
BrCHchzoz + NO— BTCHchzo + NOz —22.0 -11.1 —13.4
BrCH,CH,O + O, — BrCH,C(O)H + HO, —21.2 —28.0 —30.3
BrCH,CH,0 — BrCH, + HC(O)H 9.4 9.2 9.1
BrCH; + O, — BrCH,O, —-17.8 —23.5 —26.2
BrCH,0, + NO — BrCH,O + NO, —26.9 —-16.1 —-17.9
BrCH,O — Br + HC(O)H —10.1 —-91 —7.8
BrCH,O + O, — BrC(O)H+ HO, —27.2 —33.6 —35.2

aCorrected with ZPE.

TABLE 4: Activation Energies (E,) in kcal/mol for the Transition States Involved in the Atmospheric Degradation of
Bromoethane

transition states MP2/6-31G(d) CCSD(T)/6-311G(2d,2p) CCSD(T)/6-31#+G(2df,2p}
Pathway 1
[BrCH,CH; + OH— BrCHCH; + H.0] 7.5 2.6 1.3
[BrCHOCH; + O, — BrC(O)CH; + HO;) 4.7 2.9 2.0
[BrCHOCH; — BrC(O)H +CHg] 18.4 13.8 13.7
[BrCHOCH; — Br + HC(O)CH;] 5.4 0.3 -0.2
[CH30 + O, —~ HC(O)H + HO;] 40.0 16.1 14.3
Pathway 2
[BrCH,CH; + OH — BrCH,CH; + H,0] 9.2 3.8 2.7
[BrCH,CH,O + O, — BrCH,C(O)H + HO,] 9.8 6.5 5.3
[BrCH,CH,0 — BrCH, + HC(O)H] 25.9 18.4 17.5
[BrCH,0 + O, — BrC(O)H + HO;] 7.0 3.7 2.8
[BrCH,O — Br + HC(O)H] 8.8 2.4 2.2

a Corrected with ZPE.

thea andp carbons has been assessed in this work. Abstracting By means of this atmospheric oxidation route, the possible
the hydrogen from the carbon is considered the most favorable products that could result from the degradation of bromoethane
pathway. This is because it has to overcome the smallestare as follows. The energetically favored abstraction can
activation energy barrier of the two pathways, 1.3 kcal/mol.  produce the following end products: Br, BrC(O)gBrC(O)H,
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HC(O)CH;s, and HC(O)H. For the secondary H abstraction, the
possible end products that could be observed are Br, BocH
(O)H, BrC(O)H, and two HC(O)H. Note that each of the

J. Phys. Chem. A, Vol. 111, No. 45, 200171659

(8) Kamboures, M. A.; Hansen, J. C.; Francisco, JCBem. Phys.
Lett. 2002 353 335.

(9) Anderson, J. G.; Brune, W. H.; Lloyd, S. A.; Toohey, D. W.;
Sander, S. P.; Starr, W. L.; Loewenstein, M.; Podolske, Jl. &eophys.

pathways produces Br. An extensive literature search has showrRes.1989 94, 11480. ‘
that not many studies have been performed to characterize the_ (10) Bucher, J. R.; Morgan, D. L.; Adkins, B., J.; Travlos, G. S.;

species BrC(O)Ckand BrCHC(O)H.
As previously mentioned, Orlando and co-work€rper-

Davis, B. J.; Morris, R.; Elwell, M. RToxicol. Appl. Pharmacol1995
130, 169.
(11) Class, T.; Kohnle, R.; Ballschmiter, KChemospherd 986 15,

formed the most extensive experimental studies on bromoethane429.

Briefly, oxidation of bromoethane was initiated by reaction with
Cl over a range of temperatures (22298 K) and Q partial

pressures (20650 Torr). Studies were performed in both the
presence and absence of N®or this discussion, the authors

will focus on the experimental studies performed in the presence

of NOy, since the calculations described in this article are
performed considering the presence of NO. The experimental
findings suggest that #80% of the hydrogen abstraction
occurs on thex carbon, which is in agreement with our findings.
After forming the alkoxy radical, the experimental studies
confirm the calculations described in this article by HC(O}CH
as the primary product of the abstraction. Therefore, Br
elimination dominates, as previously observeddfdsrominated
alkoxy radicals’®3548 According to our model, other species
that could be observed as part of theabstraction are BrC-
(O)H, HC(O)H, and BrC(O)CH Under the experimental
conditions in the presence of N@rlando and co-workers did

not observe the presence of any of the above-mentioned

compounds. In the NEfree environment studies, the group
observed HC(O)H and BrC(O)GHbut described alternate routes
to describe their formation. Bierbach and co-worRedescribed
their observation of BrC(O)Cklas a reaction of the alkoxy
radical BrCHOCH with O; in their study of the oxidation of
trans-2-butene initiated by Br. According to the findings of the
experimental studies by Orlando and co-work&iis is shown
that BrC(O)CH is obtained via reactions among BrCh{TH;
radicals instead of the alkoxy radicals reacting with BEven
though Orlando and co-workéPsdo not mention products
from the abstraction as part of their studies in the \NO
experiments, they identify BrG#€(O)H in the product spectra,
which from our findings is the most favorable product of this
minor channel.
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