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Rate coefficients over the range of 23860 K were measured for the reaction of OH with the following
bromopropane isotopomers: @EH,CH,Br (k;), CD;CH,CH,Br (k;), CDsCH,CD,Br (ks), CH;CD,CD,Br

(ks), and CRCD,CD,Br (ks). The hydroxyl radical was produced by pulsed laser photolysis and detected via
laser induced fluorescence. Reaction 1 can occur by H atom abstraction from three different carbon sites:
OH + CH3;CH.CH.,Br — CH3CH,CHBr + H,O (13., (l); — CH3CHCH,Br + H,O (1b,ﬁ), or — CH,CH,-

CH.Br + H,0O (1c;y). Branching ratios obtained from an analysis of the kinetic data at 298 K,afle =

0.124 0.08,kip ks = 0.56+ 0.04, andks, /k; = 0.324 0.08; uncertainties given are 2 standard deviations
and do not include systematic uncertainties. Stable products formed following reaction 1 in/@,NO
environment were measured using long path infrared absorption. Bromoacetone and propanal were observed
in the ratio [(CHC(O)CH:BI)/(CHsCH,CHO)] of 1.65+ 0.50 with an absolute bromoacetone yield of &.5

0.2 at room temperature. The product yields are consistent with the rate coefficient data. Ab initio calculations
show that C-H bond energies at both tleeandp sites decrease (relative to propane) by the addition of Br

at thea site. The calculated transition state energies decrease in theyorder> f, in qualitative agreement

with the experimental observations.

Introduction we useq, 3, andy (CH#?CH,*CH,Br) to denote reaction at
various carbon sites. Abstraction from each carbon site results
in distinct tropospheric degradation products, which may impact
the extent of stratospheric ozone loss differently. Therefore,
product branching ratios from the OHbromopropane reaction

are needed. To date, products have not been identified and
branching ratios have not been measured. In the absence of

Bromopropane, CKCH,CH,Br, has been proposed as a CFC
substitute for application as an industrial solvent. Understanding
the impact of this compound on the atmosphere requires
knowledge of its atmospheric lifetime. Previous laboratory
studie$—> show that reaction with OH is the primary loss process

. e g
- - abstraction from various sites using the empirical strueture
pane depends on the season, location of the emissions, atmofeactivit relationships of Atkinsofl®
spheric transport, and the lifetimes of the tropospheric end Y P i

products of the OH+ bromopropane reaction. Hence, the In this paper, we rgport'the rate coefficienky(T)—ks(T), .
. X . for the reaction of various isotopomers of bromopropane with
atmospheric impact of this short-lived compound on strato-

spheric ozone also depends on the products of the ©OH OH:
bromopropane reaction. . .
The H atom abstraction by OH in the reaction OH =+ CH,CH,CH,Br — products; k @
OH + CH,CH,CH,Br — CH,CH,CHBr + H,0  (la) OH + CD;CH,CH,Br — products; k; @)
— CH,CHCH,Br + H,O (1b
SCHCR, 0 (10) OH + CD,CH,CD,Br — products; ks (3)
— CH,CH,CH,Br + H,0O (1c)
. . . _ OH + CH,CD,CD,Br — products; k, 4
occurs from different sites along the carbon chain. In this work,
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the calculated €H bond energies and the transition states for fit to the data and does not include uncertainties in pressure or

reaction at each carbon site. the path length. The isotopomer absorption cross sections fell
' . within 5% of one another and of the previously measured Value.
Experimental Section To be consistent with the previous work from this laboratory,

we have used 4.8% 1071° cn? molecule’® as the absorption
cross section at 214 nm for all of the bromopropane isotopomers.
Rate Coefficient MeasurementsThe rate coefficients;- Photolytic production of OH at 351 nm was advantageous
(T)—ke(T) were measured as a function of temperature using a because bromopropane photolysis was minimized (compa}red
pulsed laser photolysis-laser induced fluorescence (PP-LIF) to 248 nm photolysis). The photolysis laser fluence was varied
system and procedures are described in detail elseWhéras over the range (719) mJ pulse! cm™2 The Ol-izprol?e Igser
mixtures containing the OH precursor, buffer gas (50 Torr of fluénce ranged from 0.2 to 0.4 mJ puidecm 2. Kinetics
He), and bromopropane flowed slowly through the cell. OH experiments were performed with total gas rovv_ rates Qf—215
radicals were produced by 351 nm pulsed laser photolysis of 220 Sccm, at pressures of50 Torr of He, resulting in linear
HONO. All experiments were carried out under pseudo-first- 928 flow velocities from 9 to 16 cnr's _
order conditions in OH, ([bromopropane]/[QdH} 1500), where Product_Formatlon.. Possible products generated in thg
[OH]y is the initial OH radical concentration. The OH temporal ?)tlTOSphe”C degradation of bromopropane after reaction with

profiles followed a simple exponential rate law: are

The OH rate coefficient measurements and end product
analysis are described separately in the following sections.

[OH], = [OH], exp(—kit) 0] CH,CH,C(O)H + Br (H abstraction reaction 1a)

wherekl = k[X] + kq, kq is the first-order rate coefficient for CH,C(O)CH,Br + HO, (H abstraction reaction 1b)

the loss of OH in the absence of bromopropane, [X] is the CH(O)CH,CH,Br + HO, (H abstraction reaction 1c)
bromopropane concentration, and the subsdripins from 1 2 2

to 5. The loss of OH in the absence of bromopropane is .
attributed to reaction with the photolytic precursor (and its 11€Se products are generated through the iR@icals produced
impurities, e.g., N@), diffusion out of the detection zone, and from the alkyl radical, R The detailed mechanism for formation

reaction with impurities in the bath gas. Values kfwere of these products is discussed elsewtfefe> ,
measured at various bromopropane concentrationskames Because unique products are formed for each site where H
obtained from the slope of a plot & vs [X]. atom abs;ractlon occurs, measurement of 'the _above products
The HONO concentration was estimated frég the first- provides information on the branching rat!os in reaction 1.
order rate coefficient in the absence of bromopropane, and | nerefore, we have measured the degradation products formed
attributed to the reactiéh following reaction 1 in 620 Torr of synthetic air containing NO
(NOx= NO + NOy) as a part of this work. Degradation products
OH + HONO— H,0 + NO, (6) from the Cl atom initiated oxidation of bromopropane were also
measured under similar experimental conditions.
ke(T) = (1.8 x 10 **) exp(—390/T) cm® molecule* s+ The experimental apparatsor the reaction product studies

consisted of an 18 L cylindrical glass photolysis/reaction cell
Values ofkg ranged from 100 to 20073. These values place  equipped with multipass infrared White optics that coupled to

an upper limit to the HONO concentration of (28.6) x 1013 a Fourier transform infrared spectrometer. The cell was sur-
molecule cm?®. The intercept from the fits ok versus [X] rounded by three light banks, each consisting of eight fluorescent
were within 10% of the value measured farin the absence  lamps emitting UV radiation (300400 nm with the peak
of bromopropane. Upper limits for [Oklfanged from 1x 10t intensity near 350 nmY. The infrared optical path length was

to 5 x 10 molecule cm® and were calculated from the HONO  29.5 m. Absorption spectra were measured over the range of
concentration, the measured photolysis laser fluence, the HONO800—4000 cnt?! at 1 cnt?! resolution.

absorption cross section at 351 nm (2.22 10719 cn? OH radicals were produced following the photolysis of &£H
molecule’?), and a quantum yield of 1 for OH productiéh. ONO in the presence of NO and,O

The bromopropane concentration in the gas flowing through
the reactor was measured by absorption at 214 nm (Zn pen-ray CH,ONO + hy — CH;0 + NO 7
lamp) at room temperature (2982 K) in 50 cm cells located
before and after the reaction cell. The measured concentrations CH,0 + 0, — CH,0 + HO, (8)

in the two cells agreed withint3% over the range of

concentrations, temperatures and pressures used in the kinetic

measurements. The average of the two values was used in the HO, + NO— OH + NO, 9)

kinetic analysis after correcting for the temperature difference

between the room-temperature absorption cells and the reactorin the Cl atom initiated oxidation experiments, Cl atoms were

The reactor was heated or cooled by circulating a fluid from a produced by the photolysis of £ITo obtain product yields,

thermostated bath through its jacket. infrared absorption spectra of the reaction mixture were
The absorption cross section of gEH,CH,Br at 214 was measured prior to photolysis and after® min of photolysis,

determined previously in our laboratotyin this work, the for total photolysis times between 5 and 20 min. Photolysis of

absorption cross sections of gEH,CH,Br and two isotopomers ~ bromopropane by the UV lamps was measured to be negligible.

were measured using a similar method. The absorption crossThe initial concentrations used in these experiments were-0.05

sections obtained were GDD,CD,Br [(4.714 0.10) x 1071° 0.5 Torr of bromopropane, 0.1 Torr of GENO, 0.01 Torr of

cn? molecule’l], CD3CH,CH,Br [(4.97 4 0.08) x 10719 cn? NO, and 0.05-0.12 Torr of C}.

moleculel], and CHCH,CH,Br [(4.93 & 0.09) x 1071% cn? Materials. Isotopically substituted bromopropane compounds

moleculel]. This uncertainty is @ from the precision of the  were obtained commerciallfbromopropane-3,3,3-D3; bro-



5360 J. Phys. Chem. A, Vol. 106, No. 21, 2002 Gilles et al.

mopropane-1,1,2,2-D4; bromopropane-1,1,3,3,3-D5; and bro-TABLE 1: Experimental Parameters in Measurements of
mopropane-DY. The stated isotopic purity was98% (except ~ Ku(T)?

CDsCH,CH,Br which was>99%), and no chemical purity was K [HONO] [OH]o  [CH3CH.CH:Br] ke
stated. T_he CBCH,CH,Br sa_mple (99% purity) was used in 530 6.1 33 530202 6.52+ 038
the previous study from this laboratotyAll samples were 233 3.8 2.4 2.3123.8 7.57+ 0.20
degassed under vacuum with numerous freg¢lzaw cycles and 244 6.0 3.7 4.9914.9 7.22+£0.18
were stored in Pyrex containers that were stored in a refrigerator 262 7.6 4.1 2.9819.0 8.29+0.18
when not in use. The sample was introduced into the gas flow 28%] 3.7 2.2 4.8212.7 8.86+ 0.25
from the reservoir through a stainless steel double-needle valve ggg 23'% 12'% 23'.7123123 g:;ﬁ 8:32
while the liquid sample was maintained at 25. 315 6.3 2.8 1.327.21 11.0+ 0.46
The impurities in bromopropane and its deuterated analogues 330 3.8 13 0.837.56 11.1+0.71
were identified using gas chromatograptmass spectrometry 345 3.1 1.4 1.056.21 12.3+0.64
360 2.8 1.2 0.945.47 13.4+0.19

(GCIMS). After identification, impurities were quantified using

a flame ionization detector (FID). A nonpolar column (SPB-5, 2 Concentrations are in units of #for HONO, 16* for OH, and

30 m, 0.32 mm, O5Am f||m) was used with a temperature 10 for CHsCH,CH,Br all in molecule Cm3, ki is in units of 1013

control program. For quantification, standards\dfexane (3.3 ?”‘3 mr?lef(_:ulelhsﬂa and thde(;mcertainty lgi\éen fdg is 20 precision
rom the fit to the data an oes not include systematic uncertainties.

mg/mL), bromo_propane (6.77 mg/mL), 2-pentanone (405 mg/ , Probe laser fluence was decreased by a factor of 2 to 0.2 mJ pulse

mL), and 2,3-dibromopropane (10.15 mg/mL) were prepared ¢z

in methanol. All compounds containing a single bromine atom

(ethyl bromide, propyl bromides, butyl bromides, and bromo- R e A L B T
hexanes) were assumed to have the same response in the FID A
as bromopropane. Similarly, 2,3-dibromopropane was a proxy ) OH+CHCH,CHBr s work
for dibromo compoundsp-hexane forn-pentane n-hexanes, ® Orkinetal.®
sulfides, disulfides, and siloxanes; 1-chlorohexane for propyl ¥ Hemdon etal.”
chloride; and 2-pentanone for acetotesi-butyl methyl ketone, " ¢ N°'s°"°'a'~‘5
and 3-methyl-2-butanone. Details of the gas chromatography/ 7, v O Tetonetal
mass spectrometry analyses for each compound and an estimate g ® Donaghyetal.
of their contribution to the measured reaction rate coefficients 'g‘ 2
at 230 K are given in Tables St&1le of the Supporting " LA E
Information. Total impurity contributions at 230 K calculated < ’
from Tables S1aSle were<49% fork;, <7% for ks, <4% for =4 L3
ks, <5% for ks, and <7% for k. A ]
A general concern in the measurements kpfwas the o ® °
ossibility of Br, contamination. The rate coefficient for the L R P E S PSP R A PR
Fe action Béf OH with Bj 25 30 3s . 40  45x107
VT, K
OH + Br, — HOBr + Br (10) Figure 1. Rate coefficients measured for the reaction of OH with;CH

CH,CH_Br in this work and in previous work. The fit recommended
. . . . for modeling is shown by the solid line.
is large and increases with decreasing temperat®lhere-

fore, the contribution of reaction 10 would be more pronounced Results and Discussion
at lower temperatures. For example, a 0.5% &mtamination
in bromopropane would account for 40% of the measured value Measurements ofky(T), OH + CH3CH,CHBr. We re-
of ki at 230 K and 15% at 360 K. One should note thag Br measured;(T) using the same apparatus and identical experi-
impurity levels of 3% in CHCH,CH,Br or CD;CH,CH,Br, 2% mental conditions as those used for determirkg(@)—ks(T).
in CD3CH,CD,Br, and 1% in CHCD,CD,Br or CD;CD,CD,- These measurements were performed to reduce the uncertainties
Br would lead to measured values kaf-ks that were temper-  in ky(T)—ks(T) relative toky(T) by cancellation of systematic
ature independent. Therefore, we determined an upper limit of errors. Our measured values given in Table 1 agree with
the Bp impurity by UV/vis absorption using a diode array previously reported values(T) increases with increasing
spectrometer with a Plamp. A 65 cm long single pass temperature, and an Arrhenius plot of the data displays slight
absorption cell was filled with 2685 Torr of bromopropane.  curvature. Previous studies have chosen to fit the curvature with
The absorbance for each isotopomer was measured between 277 variety of functional forms, but we fit our data to the form
and 510 nm. By absorbs from 320 to 600 nm with a peak k(T) = AT2 exp(—B/T). Previous results, those from this study,
absorption cross section of 6 1071° cnm? molecule’® at 400 and the recent data of Orkin et%are summarized in Table 2
nm2 No absorption could be attributed toBn any of the and presented in Figure 1. All reported measuremerniks afe
isotopomers. The Brcontamination was estimated to &0 within 8% of one another around 250 K, with the disagreement
ppmv for all samples. HBr, a potentially reactive impurity, was  increasing to~30% at temperatures closer to 400 K. Although
not measured. We assume that HBr, given its large vaporthe disagreement is largest at higher temperatures, for atmo-
pressure, would have been pumped off prior to the rate spheric purposes, this is the least relevant temperature range.
coefficient measurements. Our current values agree within 5% at 298 K with our previously
HONO was made from the dropwise addition of a 0.1 M reported valué.However, the 360 K value measured here is
solution of NaNQ to a 10% sulfuric acid solution in a flask  15% larger than that reported by Herndon et &he fit to all
which was kept in an ice bath. The small flow of He through of the published data yieldg(T) = (6.08 4+ 1.57) x 10718T?
the flask was varied to control the HONO concentration entering exp[—(—197 & 77)/T] cm® molecule’? s™%, which we recom-
the reaction cell. These mixtures were replaced daily. mend for use by atmospheric modelers.
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TABLE 2: Comparison with the Previous Measurements of OH+ CH3CH,CHBr, ki(T) = ATne BT

A, pressuré, k; (298 K) 10713
cm® moleculet st n B, K temp, K Torr cm®moleculets™  techniqué ref
(6.6+0.52)x 10718 2 -(154+24) 230-360 50 9.53+ 0.37 PP-LIF This work
d 210-480 10.10+ 0.15 FP-RF Orkin et aP
9.1x 107+ 0.5 (157+ 62) 230-298 100 8.7+ 0.4 PP-LIF Herndon et &l.
.75+ 0.9) x + - 2. 3£ 1. - elson et af.
(5.75£0.9) x 10712 0 (504+ 50) 271-363 1.123 10.3+ 15 DF-LIF Nel at
(5.29+0.29)x 1022 0 (456+31) 233-372 100 117 1.2 PP-LIF Téon et alt
298 11.8+ 3.0 RR Donaghy et dl.
(6.08+1.57)x 1078 2 -(197+77)  230-372 Recommended for Modelifig

aExperiments were done in He buffer ga®P-LIF is pulsed laser photolysis followed by laser induced fluorescence detection of GIRFFP
is flash photolysis followed by resonance fluorescence detection, DF-LIF is discharge flow followed by laser induced fluorescence detection of OH,
and RR is relative to the reaction rate of OH withGgH12). ¢ The 298 K value is obtained by converting the measured values near 298 K using
the value ofB determined from the fit to the daté. These authors represented their datd < 298 K) = (1.01+ 0.02) x 10 *2 exp{—(329 +
20)(1T — 1/298 K}}. This recommendation does not include the work of Orkin étlalthe unpublished data of Orkin et al. is included, the
resulting expression isk,(T) = (7.40+ 1.07) x 10*T? exp[—(—140 + 45)/T].

M L e ad E laiad aaad oo TABLE 4: Experimental Parameters Used for the
Measurements ofks(T)2
K [HONO] [OH]o  [CDsCH:.CD;Br] ks
230 6.4 3.4 0.9712.9 5.60+ 0.18
oA 244 4.0 2.2 1.869.56 5.16+ 0.06
o 262 3.6 2.0 1.239.39 5.44+ 0.23
= 272 5 2.5 1.5410.2 6.03+ 0.26
< 282 35 1.9 1.269.86 5.92+ 0.18
£ 298 3.0 1.6 1.3210.8 6.15+ 0.21
& 315 4.3 2.4 0.456.23 7.22+ 0.36
3 330 34 1.8 0.746.34 8.04+ 0.12
= 345 2.6 1.4 1.064.73 8.84+ 0.26
360 3.0 1.5 0.5%7.51 9.22+ 0.56
aConcentrations are in units of ¥for HONO, 16 for OH, and
N . . ; : 105 for CDsCH,CD.Br all in molecule cm?3, ks is in units of 103
Ly Y S R B T Y S P cm® molecule® s72, and the uncertainty given fdg is 20 precision
1 from the fit to the data and does not include systematic uncertainties.
1000/T, (K™)
Figure 2. Rate coefficients measured for the reaction of OH with JABLE S: Exper]irl(rlentgl Parameters Used for the
bromopropane isotopomers: @EH,CH,Br (W), CD;CH,CH,Br (), Measurements ofka(T)
CDsCH,CD.Br (a), CH;CD.CD;Br (v), C&CDZCDZB%O). The solid K [HONOQ] [OH]o [CHsCD,CD,Br] Ks
lines represent the fits of the data to the expressidhexp(—B/RT)
and are given in Table 7. The dashed lines are fit using the site gig gg gg gig%g gggi 8(1%
dependent rate coefficients given in Table 8. ) ’ ) ’ ’ ’
262 4.7 25 2.5616.8 2.40+ 0.13
TABLE 3: Experimental Parameters Used for the 727 16 7.9 4.3614.1 2.72£0.10
Measurements ofky(T)2 282 4.1 2.2 1.6918.1 2.6240.12
298 2.7 1.4 2.8915.0 3.43+ 0.10
K [HONO]  [OH]o  [CDsCH,CH.Br] ke 298 6.3 3.4 1.2414.6 3.68+0.16
330 7.0 3.3 2.4210.6 4.83+ 0.26
I A T I R 7 Y R
ggg gg i; 12133? ggsi 832 aConcentrations are in units of ¥for HONO, 161 for OH, and
296 58 19 6.1415.3 868+ 018 10" for CH;CD,CD.Br all in molecule cm?3, k4 is in units of 1013
320 45 >4 1.015.65 105+ 0.3 cm® molecule® s72, and the uncertainty given fdg is 20 precision
340 3.9 0.9 1.285.65 11.0+04 from the fit to the data and does not include systematic uncertainties.
360 2.7 1.5 0.675.47 11.4£ 0.5
a Concentrations are in units of £for HONO, 16+ for OH, and tures and there is a slight curvature in the Arrhenius plot); the
10'® for CDsCH.CHBr all in molecule cm?, k; is in units of 1013 ko(T)—ks(T) values were also fit to the fork(T) = AT2 exp[—
cm® molecule® s, and the uncertainty given fdg is 20 precision  B/T]. Table 7 summarizes the fit parameters. A qualitative trend

from the fit to the data and does not include systematic uncertainties. in the site specific reaction rate coefficients or branching ratios

(Kya /K1, kap /s, andksc /k;) can be obtained from the measured

Measurements of OH+ Bromopropane Isotopomers ks- o
(T)—ks(T). Room-temperature rate coefficients for the reaction values ofky—ks. For example, substituting-Ds for 7CH results

of OH with bromopropanes decrease in the ordesCHCH,- in a small,~_10%, decrease in the_ mea_sured rate coeffipient
Br (k) > CDsCH,CH,Br (k) > CDsCH,CD,Br (ks) > CHa- over the entire temperature range, implying that the reaction at
CD,CDBr (ks) > CDsCD,CDBr (ks). Figure 2 displays a plot ~ this position is small relative to the overall reaction. The rate
of k; vs 1000T for the five reactions studied here. The values Coefficient for CRCH,CD.Br is ~70% of that for CHCH,-

of ky(T)—ks(T) measured between 230 and 360 K and experi- CH2Br, implying that significant abstraction occurs from {te
mental parameters are given in Tabless3 The rate coefficients ~ position. The rate coefficients for OH reaction with &ED,-

all show a temperature dependence similar to that observed forCD,Br and CQRCD,CD,Br are~37% and~30%, respectively,

ki (i.e., the rate coefficient increases with increasing tempera- of the OH reaction with CECH,CH,Br, indicating that the
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TABLE 6: Experimental Parameters Used for the k,(CH,) k,(CH,Br)
Measurements ofks(T)? kg = — + k,(CH,) + ———
K [HONO]  [OH]o  [CDsCD.CD:Br] ks

233 3.0 18 2.8422.7 1.83+ 0.04 kif(CHy) | ki (CH,Br)

242 6.1 3.3 3.2826.5 1.77+0.11 k, = ki (CHy) + + -

261 4.1 2.5 2.1%16.4 2.184+0.08

282 3.1 1.7 3.5614.7 2.344+ 0.06

206 2.9 18 2.4616.7 3.30+ 0.16 k= kidCHy) | Ki(CH,) | ki CH,BI)

300 3.4 2.0 2.5614.9 2.724+0.20 Z z Z

300 9.2 5.0 1.4811.3 2.894+ 0.07

gég gg i'g 1;1%‘112 gg& 8'%1 wherek; (CHs), kin(CHy), andk;{CH,Br) are the site dependent

345 5.9 3.2 118116 4.14+0.13 rate coefficients at a given temperature &ngCDs), kir(CDy),

360 5.0 2.7 1.239.73 4.644 0.08 and k;o(CD_Br) are the corresponding rate coefficients when

_ _ _ ) hydrogen is replaced by deuteriugiT) is then derived from a

L OfscfzonéeDméa[t)'(g‘S gre 'IP_U”'tS IOf {flqor H3O|l:|O_, 10+ for O'f'"l g?g plot of ky(T)/ks(T) versus 1T. Such a plot was slightly curved
or CDCDLD-Br all in molecule cm”, ks s in units of 10 and yielded a fit ofz(T) = 1.429 exp(2547).
cm® molecule? s72, and the uncertainty given fdg is 20 precision . f . laci h .
from the fit to the data and does not include systematic uncertainties. USINg Z for a given temperature and placing the equations
for ky, ko, andks in a matrix form yields

TABLE 7: Nonlinear Fit Parameters for k; (T) through ks
(T) in the Form AT? exp(—B/RT)?2

1 11 k,(CHy) k,
cnj(z:me(c):T; 6 eoi 0.52 15EZRi 24 211 ]| alCH) ’ B ‘ <
3C ML HBT . . - -1 —1
CD3CH,CHBr 6.04+0.79 —147+ 40 z-1z Ki{CH,BI) ks
CDsCH,CD,Br 4.35+ 0.64 —169+ 44
CHsCD,CD,Br 8.76+ 1.37 233+ 48 ; - ; .
CDLCD.CD.Br 4671077 101t 52 Using the measured rate coefficient data yields four combina

tions{ (ku, ko, ks), (K1, Ks, k3), (ks, k2, ks), (ks, ks, k3)} which can
a Ais in units of 108 cm® molecule’ s™4, and the uncertainty given ~ be used to calculate site-specific rate coefficients. Thus, four
is 20 precision from the fit to the data and does not include systematic values ofky(CHz), kin(CHy), andki(CH,Br) and their deuter-

uncertainties. ated analoguesz{tki(CHs), z kin(CHz), andztk;(CH:Br))

are obtained. Such calculations were done at each temperature
majority of H atom abstraction occurs at tbeand 5 posi- to obtaink;(CHs), ki(CH,), andki{CH,Br) as a function of
tions. temperature. The average of these was used to calculate total

Product Branching Ratios. We have explored several rate coefficients for the bromopropane isotopomers. These fits
methods of quantifying the branching ratios using the measuredare shown in Figure 2 as dashed lines and the resulting
rate coefficient data, all of which ylelded similar results. Here, temperature_dependent rate coefficients for each site are given
we present the quantification obtained by assuming that (1) thein Table 8. The site specific rate coefficients reproduce the
reactivity of a given methyl or methylene group can be measured valueky(T)—ks(T), with the exception of the low-
suppressed by deuterium substitution without altering the temperature values &, where the fit was~20% higher than
reactivity of the neighboring carbon sites and (2) that the impact the value calculated using Table 7.
of deuteration can be quantified. Tully and co-worké?2 The kinetic isotope effectz(T), used here is essentially an
made the first assumption in their studies of deuterated propanesaverage of the kinetic isotope effects from theand j sites
to determine the reactivity of individual methylene and methyl pecause these account for the majority of the reactivity-(93
groups for both hydrogen and deuterium as a function of 849 depending upon temperature). Assuming a different kinetic
temperature. The ab initio calculations of Hu ettonfirmed, isotope for the methyl group could further refine our analysis.
to a first approximation, the reactivity of an individual abstrac- However, given the uncertainties in the measured Va|uk§.of
tion site was independent of neighboring alkyl groups. They (T)—ks(T) and insensitivity to they site rate coefficient
also noted that tunneling was responsible for the difference in (discussed below), such a refinement is inappropriate. We also
the kinetic isotope effects between the methyl and methylene note that the precision of these rate coefficients-a586 and
groups. would need to be even more precise to improve the branching

Using the above assumptions at a given temperature, the ratggatios.
coefficients ki—ks, can then be written as a sum of site-specific  The site dependent rate coefficients were used to calculate
rate coefficients. Assuming that the kinetic isotope effect is also the branching ratios for H (or D) abstraction at each carbon
independent of the site dependent rate coefficients (this as-site. The branching ratios given in Table 9 are obtained from

sumption is discussed below) the site dependent rate coefficients (given in Table 8), and the
presented uncertainty is one standard deviation of the average
ki (CHy)  k,(CH,) Kk, (CH,Br) value obtained using the four sets of linear equations described

= k,(CD,) = k,(CD,) = k,(CD,Br) above. The branching ratio for abstraction athgte is small

and, as seen in Table 9, has the largest relative uncertainty. Even
a large (20%) change in this rate coefficient, or changing the
value ofz for this site, has little effect on the overall branching
ratios. The methyl group branching ratio increases a factor of 2
from 230 to 360 K, and the methylene group branching ratio
decreases about 15% over this temperature range, whereas the
k. = ki (CHy) + Ky (CH,) + k, (CH,Br) CH,Br branching ratio is nearly temperature independent. These
2 z 1bi=" 2 lav>" 2 branching ratios are qualitatively consistent with the calculated

we can write

k, = k;(CH,) + k;(CH,) + k; (CH,Br)
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TABLE 8: Site and Temperature Dependent Rate regions other than 1740 crhwere strongly overlapped and were
Coefficients Obtained by Fitting the Isotopic Data for not used in the data analysis.
Bromopropane Several experiments were performed to evaluate the detection
k(T) cm® molecule™ s™* sensitivity and stability of bromoacetone in the reaction cell.
ki(CHs) 2.89x 1072 exp(-957/) The infrared spectrum of bromoacetone was quantified using
ki(CHz) 2.54x 1078 T2 exp(265T)2 absolute pressure measurements. Bromoacetone was produced
IlzlaEEBZ)Br) i-igx 1&12 eXp§—‘1188/11')m in the reactor by the reaction of Br atoms with propene in the
1ct 3, . X exp—
k(CDY) 111 x 1012 exp(—560/) presence of NO and O
12 -
kil CD-Br) 1.01x 107 exp(-7051) Br + CH,CH=CH, —~ CH,CHBICH,  (11a)
aThis nonlinear fit reproduces the data better than the Arrhenius
form of (2.48) x 10712 exp(—437/T) cm® molecule® s, — CH;CHCH,Br (11b)
TABLE 9: Average Branching Ratio Obtained from the followed by the reactions
Analyses Described in the Text (the Uncertainty Given Is 1
Standard Deviation) CH,CHCH,Br + 0, — CH,CH(OO)CHBr  (12)
K kac/ka Kap /Ky Kialky
230 0.08+ 0.08 0.61+ 0.02 0.30+ 0.08 CH,CH(OO)CHBr + NO — CH,CH(O)CH,Br + NO,
240 0.09+ 0.07 0.60+ 0.02 0.31+ 0.07 (13)
250 0.09+ 0.07 0.60+ 0.02 0.31+ 0.07
260 0.10+ 0.06 0.59+ 0.02 0.31+ 0.06
270 0.11+ 0.06 0.58+ 0.02 0.31+ 0.06 CH,CH(O)CH,Br + O, —~ CH;C(O)CH,Br + HO, (14)
280 0.11+ 0.05 0.57+ 0.02 0.32+ 0.05
290 0.12+0.04 0.56+ 0.02 0.32+ 0.04 The OH radicals produced from H@from reaction of HQ +
300 0.12+0.04 0.56+ 0.02 0.32+0.04 NO) lead to additional loss of propene via
310 0.13+ 0.03 0.55+ 0.02 0.32+ 0.03
320 0.14+ 0.03 0.54+ 0.02 0.32+ 0.03 — -
330 0.14+ 0.02 0.54+ 0.02 0.32+ 0.02 OH + CH,CH=CH, — Products (15)
340 0.15+ 0.02 0.53+ 0.02 0.32+ 0.02 .
350 0.16+ 0.02 0.52+ 0.02 0.32+ 0.02 From the megsured Ios§ of propene and formation of.br-omoac-
360 0.16+0.02 0.524 0.02 0.324 0.02 etone, we estimate the yield of reaction 11b tort#®%. Similar

experiments using Cl atoms, instead of Br, gave a chloroacetone

aB f d off, th t | 1.0. . . . .
ecause ot round ofl, fe sim may not equa yield of ~30% in good agreement with the previously reported

TABLE 10: Branching Ratios at 298 K Determined in This yields24 Using pure samples, the dark and photolytic loss of
Work and Those Used in Previous Modeling Studies bromoacetone was measured to be negligible on the time scale
kec /Ky Kap /Ky Kealks method of the product yield experiments. _
0.12+0.04 056+002 0.32+004 this work. OH Kinetics Prpr to using propanal a_\nd b_romoacetone as markers .for site-
<0.2 0.5+ 0.2 0.3+ 0.15 this work: product yields specific H atom abstraction, it was necessary to verify the

0.18 0.47 0.35 structurereactivity?” possible influence of secondary products. ThesCHCH,Br

radical formed by the OH attack on the central carbon atom
bond energies (see below) that show theHCbond strength can either add to ©or eliminate a Br atom to produce propene

decreases in the order GH CHyBr > CHa. CH.CHCHBS + O. — CH.CH(OO\CHB 16
Previously, because of the absence of experimental data, the 3 H,Br 2 ;CH(OO)CHBr  (16)

empirical structurereactivity relationships of Atkinséi®was . _
used to estimate product branching ratios for reactiéfi The CH,CHCH,Br — CH,CH=CH, + Br (47

results of the structu_rereactivity meth_od at 298 K are given The competition between £addition and Br elimination has
in Table 10, along with those from this study. Given that rate been studied for the reaction of Cl with GEH,Br, and the

coefficients from the structurereactivity relationships are . o yield was 2% in 500 Torr of,@t 228 K25 with 70—
e>§pected to be within a factor et2 for the reaction OT QH 80% of the H atom abstraction occurring from the BHsite.
with alkanes, the agreement betwgen the SUUCUBACIVILY \we haye measured the yield of propene, a marker for Br
estimate and the measured values is exceptional. The branCh'n%limination relative to the loss of the GEHCH,Br radical in
ratios obtained in this work are expected to be more precise; 5. hg ratio of the rate coefficients for reactions 16 and 17

however, the trends are in qualitative agreement with those was obtained from the yield of propene as a function ofl[O

predicted us_ing the structureeactivity method. The following equation relates the measured yield of propene
Product Yields. Propanal and bromoacetone were observed yth the rate coefficients:

as stable degradation products in both the OH and Cl atom

initiated degradation of bromopropane in synthetic air containing (kK A[O,] = (1 — @)l ()

NO. The bromopropanaldehyde, BrgEH,C(O)H was not

identified in either the OH or Cl atom initiated experiments. Cl whereg¢ is the propene yield defined as the measured propene
atom initiated bromopropane degradation experiments wereproduction rate with a given amount of,Qelative to the
performed for comparison purposes. The product yields of production rate in the absence of.@\ plot of the measured
propanal and bromoacetone were quantified relative to eachvalues versus [@)is shown in Figure 3 and yieldgg¢k;7 = (4
other (by using the €0 stretch features near 1740 chhand + 0.6) x 10718 cm® molecule'®. Although these measurements
relative to the consumption of bromopropane. The measuredare rather limited, we conclude that, under the experimental
infrared absorption cross sections of bromopropane were in conditions used to measure the yields of products in reaction 1,
excellent agreement with those previously published by Nelson the loss of CHCHCH,Br radical via Br elimination is less than

et al®> Propanal and bromoacetone absorption bands in spectrall0%.
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Figure 3. Determination of propene yield in the Br atom elimination
from the CHCHCH,Br radical using eq Il given in the text.
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Figure 4. Product yield data for the (A) OH bromopropane reaction
and (B) Cl+ bromopropane reaction. Solid symbo®) @re bromoac-
etone data and open symbof3)(are propanal data.

The product yields of bromoacetone and propanal from

Gilles et al.

TABLE 11: Computed Energies and Thermochemistry and
Measured Reactivity of Specific Bonds in Propane and
Bromopropane

Hzos—Ho,  BDEggg, k

species G3 (0K)au kcal mo* kcal molt (298 Ky
CH3CH,CH;s —118.99389 3.6
CH;CH,CH; —118.33391 3.7 101.3 0.5
CH;3CHCH; —118.33814 3.8 98.7 4.0
CH3CH,CH,Br  —2691.96438 4.2
CH3CH,CHBr —2691.30819 4.3 99.0 1.6
CH;CHCH.,Br —2691.31278 4.4 96.1 2.7
CH,CH,CH,Br —2691.30417 4.3 101.5 0.4

aGaussian-3 energy. 1 au627.4 kcal mot™. P Rate coefficient per
C—H bond, in units of 10 cm® molecule® s™.

product indicates that significant secondary loss of this product
is occurring during the course of these measurements. The
secondary loss results from reaction with OH or Cl atoms and
possibly other reaction intermediatsTherefore, our deter-
mination of the propanal yield is primarily determined by the
initial data points and an empirical extrapolation to time zero.
The reactivity of bromoacetone with OH and Cl is expected to
be relatively slow by analogy with the acetone and chloroacetone
reactions’’-28 C| atom relative rate reactions performed during
the course of this work confirmed this expectation. Therefore,
secondary reactive losses of bromoacetone are negligible. Using
the slope of the initial growth of the propanal signal, we
determined the ratio of the bromoacetone to propanal yield to
be 1.65+ 0.50 and 1.1 0.35 in the OH and Cl atom reactions,
respectively. The absolute yield of bromoacetone based on the
loss of bromopropane was measured to bet5Q0% in the

OH reaction. We estimate the yield of BrgEH,C(O)H to be
<20%. The uncertainty in the product yields is substantial
because of the relatively small changes in the bromopropane
concentrations, weak product absorption signals, and the spectral
overlap of the product spectra. The quoted uncertainties are
estimated based on the precision and reproducibility of the
measurements.

Ab Initio Calculations. To obtain some insight into the
experimentally derived site-specific reactivity, we carried out
ab initio calculations using the Gaussian 98 progfamobtain
bond strength and relative rate coefficients. The Gaussian-3 (G3)
methodology of Pople and co-workeéfsas extended to bromine
compounds by Curtiss et &t was employed to derive energies
of reactants, transition states, and products. Briefly, for each
species, the vibrational frequencies were obtained at the HF/
6-31G(d) level of theory (scaled by a standard factor of 0.8929),
and then a series of single-point energies was calculated at the
MP2=full/6-31G(d) geometries to approximate a QCISD-
(T)=full/G3Large calculation, where the G3Large basis set for
Br is a contracted 8s7p3d basis supplemented with diffuse, 3d2f
polarization and tight d,f polarization functions. The basis sets,
including a redefined 6-31G(d) set for Br, are detailed
elsewheré®32 The Br 3d orbitals were included in the
correlation treatments, and a spiorbit correction was made
to the OH radical energsf.

The unknown bond strength3y, at 298 K for the three €H
bonds §, 5, andy positions) in bromopropane were obtained
via AHo for the isodesmic reactions

reaction 1 were measured as described in the Experimental C,H; + CH,CH,CH,Br — C,H; + C;H,Br  (18)
Section. The bromoacetone concentration increased monotoni-

cally during the course of an experiment, whereas the propanalobtained from the G3 energies, to which were added thermal
signal increased initially and reached a plateau. Representativecorrections s — Ho given in Table 11) derived from the

data for reaction with OH and Cl are shown in Figure 4 parts
A and B, respectively. The temporal profile of the propanal

vibrational frequencies and including corrections for hindered
internal rotors®® The net thermal corrections faxHagg were
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TABLE 12: Properties of Transition States Based on ab
Initio Calculations and Fits to Experiment

calculatedgy,
transition state G3 (0K), &u kcal mof-1b
a TS1 OH+ CH;CH.CH,Br —2767.65806 1.0
a TS1 OH+ CDsCD,CD,Br 2.1
B TS2 OH+ CH;CH,CH,Br —2767.65961 0.0
TS1 - B TS2 OH+ CDsCD,CD;Br 1.1
' b y TS3a OH+ CH3CH,CH,Br —2767.65493 2.9
b4 TS3a OH+ CDchchzBr 4.0
y TS3b OH+ CH3;CH,CH,Br —2767.65569 24
y TS3b OH+ CD3;CD,CD,Br 3.6

aGaussian 3 energy. 1 au627.4 kcal mot. P Calculated barrier
based on G3 energies, corrected for zero-point energy changes in the
deuterium reactions.

3 [ e

Measured Activation Energy (keal mol")

0.0 Lisas I L I Loaanl 1 L i
] 1 2 3 4 5

Calculated 0 K Barrier (kcal mol”)
Figure 6. Calculated transition state theory barrier for H abstraction

TS3b from each carbon site versus 298 K activation energy for the site
Figure 5. Transition state geometries calculated at the HF/6-31G(d) dependent rate coefficients given in Table 8. These are taken from the
level of theory for the OH+ CH;CH,CH,Br reaction. Arrhenius fits, except for the CHhonlinear fit for whichE/R = 2T —

265. These are labeled @Bt (CD:Br) for aTS1, CH (CD,) for fTS2,

small, because the number of bonds of each type is conserved CHs (*CD3) for yTS3a, and Chl(CD;) for yTS3b.

in reaction 18. Similarly, errors arising from incomplete basis . 10 fe .
sets and electron correlation are also expected to cancel. Théf;rlrg)bered ring), 2'9<blcr q (_S|x-m_remb§_retq rltntg), a'f]tq Z.it i
Dygs values are listed in Table 11, together with the primary m (seven-membered ring). Two distinct transition states

; : : found for attack at thg C—H bonds. The lower energy
and secondary bond strengths in propane derived in the same€® . . .
way. The computed propane data are in excellent accord with ¥TS3b has OH approaching &HE' bond close to |n-p|lane with
experimental data: our prima.ss = 101.3 kcal mot can the C-C—C—Br backbone, which allows for formation of the
be compared to literature values of 101.0 and 161@5 kcal seven-membered ringTS3a, where H-Br stabilization cannot
mol-1,3435 and our secondary s = 98.7 kcal mott lies in occur, is 0.5 kcal matt higher in energy but also looser.

the middle of prior determinations of 9.3, 97:80.5, and 98.6 Figure 6 shows a clear correlation between the computed 0
1 0.4 keal mot 3436 - - ' K barriers, Ep, and the measured site and isotope specific

Br substitution (relative to propane) weakens theHCbonds activation energi(_efa, at298 K. A more quantitativ_e compari-
by 2.3 kcal mot? for the a position and 2.6 kcal mot for the son would require accurate estimation of the influence of
S position and leaves the most distap) pond almost unaffected quantum mechanical tunneling _Wh'Ch is beyond the scope O.f
(increased by 0.2 kcal mol). Presumably, the halogen in the presentlwork. Neverthgless it may be seen that thg trend in
bromopropane acts, perhaps unexpectedly, as an electron doncfi’t.)s.ervedEa IS consistent with that expected on the basis of ab
toward the electron deficient carbon in thdoromopropyl and Initio analysis.
i-bromopropyl radicals. The bond strengths are in qualitative
accord with the kinetics: as seen in Table 11, within propane
and bromopropane, the weakesti& bonds have the highest We have measured temperature dependent rate coefficients
per bond reactivity. for selectively deuterated bromopropanes. These rate coefficients

Transition states (TSs) for OH attack at tlg,((8), and ¢) were used to obtain product branching ratios for H (or D) atom
sites are shown in Figure 5, the detailed coordinates andabstraction on each carbon site. The change in rate coefficients
vibrational frequencies are given in the Supporting Information for the various isotopomers at 298 K yielded rough estimates
Tables S2-S5, and the G3 energy barriers relative to reactants of the branching ratios. Fitting site dependent rate coefficients
at 0 K, Eop, are listed in Table 12. These structures, where to our data yielded 298 K values &f; /ky = 0.12,kip /ky =
possible, have the hydroxyl group oriented toward the Br atom 0.56, andk;, /ky = 0.32. These product branching ratios are
suggestive of an attractive interaction that stabilz€S1,5TS2, consistent with the product measurement yields of bromoacetone
andyTS3b, and the HBr separations are 3.8 10710 (five- (0.5 + 0.2) and the ratio of bromoacetone/propanal (1465

Conclusions
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0.50) obtained in synthetic air. They are also consistent with

the ab initio calculations for €H bond energies in bromopro-

Gilles et al.

(13) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F,;
Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
M. J. Chemical Kinetics and Photochemical Data for Use in Stratospheric

pane relative to those in propane. The branching ratios obtainedyogeling Jet Propulsion Laboratory: Pasadena, CA, 1997.
from measurements of the rate coefficients are also consistent (14) Gas-Phase Tropospheric Chemistry of Organic CompouAtis
with the trends in the ab initio calculations. These branching kinson, R., Ed.; American Institute of Physics: New York, 1994; Vol.

ratios can be used for atmospheric calculations.
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