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OH Reaction Kinetics and Atmospheric Impact of 1-Bromopropane
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The temperature-dependent rate constant for the reaction of the OH radical with 1-bromopropane has been
measured using the discharge flow technique with laser-induced fluorescence detection of the OH radicals.

Rate constants were measured as a function of temperature betwee71 K andT = 363 K. The
temperature dependence is well described by a simple Arrhenius exprdg3iom; A exp[—E/(RT)]. We

find thatA = (5.754 0.9) x 1072 cm?® molecule! st andE/R = 504 4 50 K for the OH reaction rate with
CH3CH,CH,Br. The reaction rate af = 277 K is 9.3x 10712 cm?® molecule® s, which implies that the
atmospheric lifetime for CBCH,CH,Br is approximately 15 days using the scaling method of Prather and

Spivakovsky. In addition, the quantitative infrared spectrum for 1-bromopropane has been obtained using a

Fourier transform spectrometer. Together with the atmospheric lifetime estimate, this spectrum implies global
warming potentials of 1.0, 0.3, and 0.1 for integration time horizons of 20, 100, and 500 years, respectively.

We have calculated the ozone depletion potential (ODP) for bromopropane based on the kinetic results using

our 2-D model and using the standard semi-empirical approach. The semiempirical calculation of the ODP,
using the 15 day lifetime and the model calculated vertical profile of 1-bromopropane, gives 0.0019. However,
the 2-D model result is 0.027 using a fixed mixing ratio boundary condition for 1-bromopropane. It is likely
that the semiempirical method is inappropriate for species with lifetimes as short as 15 days.

Introduction We present details concerning the operating conditions and the

The production of chlorofluorocarbons (CFCs) and halons is chemical purity of the sample studied in the following section.

being eliminated due to their adverse effects on stratospheric
ozonel=3 In many applications previously served by CFCs and
halons, partially hydrogenated halogen-containing compounds OH Reaction Rate Measurements. The OH reaction rate

will be used as interim substitutes because of their shorter measurements were made using the discharge flow technique.
atmospheric lifetimes and consequent smaller (though still In this study, the OH radicals were created in a movable source
significant) impact on stratospheric ozoheThe reduced via the reaction of H atoms with NO The H atoms were
atmospheric lifetimes of the hydrogen-containing compounds generated by flowing an #He mixture through a 2.5 GHz
are primarily due to their atmospheric reaction with the OH microwave discharge cavity. In all cases thedOncentration
radical. Hence, measurement of the OH reaction rate coef-exceeded the H atom concentration by a factor 2@, and
ficients for these species generally determines their atmospheridhe OH formation reaction was completed within the radical
lifetimes and ozone depletion potentials (ODPs). In this paper, source injector. The OH radicals were mixed with the reactant
we examine the atmospheric impact of 1-bromopropane, agas and an excess flow of carrier gas (He) in the main flow
compound which will potentially be used as an industrial tube. This tube (diameter 2.5 cm) and the injector tube were
solvent. The emission of brominated organic compounds is coated with halocarbon wax to minimize OH wall losses. Flow
particularly problematic because bromine is estimated to be tube temperature was regulated to witli K over a 50 cm
~40-50 times more destructive to stratospheric ozone than is reaction zone using a circulating fluid cooling/heating jacket.
chlorine3® Hence, acceptable bromine compounds must have The temperature in the reaction zone was monitored using an
very short atmospheric lifetimes. alumel/chromel thermocouple.

An additional point of concern is that halogenated compounds ~ Upon exiting the reactor flow tube, the OH radicals were
often strongly absorb infrared radiation and contribute to detected with laser-induced fluorescence. The radicals were
“greenhouse” radiative forcing. This property is generally excited at 282 nm using the;Q line of the 0 vibrational
quantified as the global warming potential (GWP) for the band in the A-X electronic transition. The ultraviolet light
compound. The GWP depends on the atmospheric lifetime of source was a nitrogen pumped dye laser (Molectron) whose
the species as well as on its infrared spectrum. The shortoutput was frequency doubled. The OH fluorescence was
lifetime of 1-bromopropane leads to a favorable GWP. filtered to discriminate against scattered laser light and detected

In order to allow the precise calculation of the ODP and GWP using the +1 and G-0 band emission between 300 and 325
for 1-bromopropane, we have measured its temperature-de-nm. The fluorescence photons were collected with appropriate
pendent rate constant with the OH radical, and we have imaging optics and focused onto the cathode of a Hamamatsu
quantitatively determined its infrared absorption cross sections.R212 UH photomultiplier tube. The signal from the photo-
multiplier was integrated with a Stanford Research Systems
€ Abstract published ilAdvance ACS Abstractdune 15, 1997. gated integrator and sent to a personal computer with a Lab
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Master AD data acquisition board for signal processing. This TABLE 1: OH Reaction Rate Measurement$

arrangement provided a detection limit for OH radicals-df K x 1083 [OHJo x [R] x
x 10° cm3in a 1 Hzbandwidth at room temperature. This T (cm? 100 108
detection limit is valid for OH in a low pressure-b Torr or (K) molecule*s™ N (cm™3) (cm™3) P(Torr) V(cm/s)
less) helium carrier gas where quenching of the OH A state is 571 91+ 05 6 1 415 1.1 1420
negligible. 273 8.8£ 0.5 6 2 517 1.2 1440
The flow rates of the He carrier gas and of the reactants were 294 ~ 10.5£03 6 4 4-18 1.2,2.3 1100, 1570
measured using Tylan mass flow meters. These flow meters294  10.3+0.5 6 5 314 1.1 1900
were calibrated by measuring the rate of pressure rise in a 10.£10 3 2 1+16 115 1410
. . . 11.9£ 05 6 4 415 11 1890
calibrated volume. Pressure measurements in the flow calibra-345 130503 6 4 314 11 2020
tions as well as in the kinetics experiments were made with an 363  14.9+ 0.8 6 2 212 1.1 1910

MKS Baratron 10 Torr capacitance manometer which was
calibrated with a McLeod gauge. The helium that passed
through the discharge region had a stated purity of 99.999%

(Northeast Cryogenics) and was further purified by passing it |, each experiment, the OH fluorescence signal was measured
through a liquid nitrogen trap with molecular sieves. The main a5 3 function of injector position or length of reaction zone. In
carrier gas was helium which was delivered with a stated purity orger to provide a stable reference signal, the fluorescence
of 99.995% and used with no further purification. NM. G. intensity was measured twice at each position. The reactant
Industries, 99.5%) was also used as proylded.(ﬁhf Products, flow was alternately added either upstree®g) (0r downstream
99.995%) was passed through a liquid nitrogen trap before use(s,) of the reaction zone. An equal flow of helium was
Sample purity is of considerable importance in these StUdieS-aIternater added with opposite phase so that the pressure in
The 1-bromopropane sample was provided by Albemarle Corp. the system was constant. This switching was accomplished
after a careful gas chromatographic analysis. The overall purity using computer-controlled pulsed solenoid valves. The use of
of the sample was better than 99.9%. The three most abundantys ratio technique compensates for drifts in the experimental
impurities were 2-bromopropane (0.04%), propanol (0.02%), conditions on time scales longer than the measurement period
and dipropyl ether (0.01%). The presence of these impurities of 10 s, In particular, it guards against the effects of laser
will affect the measured rate constant by less than 0.2%. Othergrequency drift or variation in the efficiency of OH wall removal.
impurities are present at concentrations smaller than 0.01% and, addition, the sharp return of the OH signal after switching

should also have a negligible effect on the reported rate constantfrom reactant flow to helium flow suggests that the wall loss
Infrared Absorption Measurements. The infrared cross  yate did not change in the presence of the reactants.

sections were measured at room temperature using a MIDAC  The decay of the OH signal as a function of OH source
Fourier transform infrared spectrometer. Spectra were obtainedinjectOr position in the presence of reactant appeared to be
betl/\{een 800 and 4000 cthwith a spectral resolution of 2 gynonential. The first-order rate constakit, was obtained by
cm™. Each spectrum was the sum of 25 time domain scans; itting the OH signal to the following expression:

the total acquisition time for each spectrum was 25 s. The

aUncertainties irk' reflect random error uncertainties at the 95%
confidence limit.

aluminum sample cell was 10 cm long with KRS5 windows So(d) K
sealed in place with epoxy. The cell was filled with vapor for abap [{ ) (2)
each sample spectrum and evacuated for each background Son(0) v

spectrum, without moving the cell. The sample pressure was
measured using a 100 Torr MKS capacitance manometer. whereSon(d) is the ratioSz/Se at reaction distancel, andv is
Spectra were obtained over a wide range of pressurel@l  the average flow velocity. The data points were fit using a
Torr). Fits of absorbance versus pressure were quite linear withnonlinear weighted least-squares fit. Each data point was the
negligible intercepts at zero pressure. The spectrometer andaverage of 100 laser shots accumulated at 10 Hz. The weights
beam path were purged with dry nitrogen to minimize interfer- for the fit were obtained from the experimentally observed
ence from atmospheric water vapor and carbon dioxide. As a scatter in the fluorescence signal. The random error uncertain-
further validation check of the spectrometer, the quantitative ties in thek” were estimated from the deviation of the data
spectrum of CFC-11 was also measured under similar experi-points from the curves determined in the fits. No systematic
mental conditions. The agreement with the accepted literature deviations were observed. A small correction factor was applied
spectrurfl was excellent. to each first-order rate constant to account for the effects of
axial and radial diffusior.
Results The bimolecular rate constantd!, were obtained from the
OH Reaction Rates. The experimental conditions and slopes of plots ok! versus [R], where [R] is the bromopropane
measured rates are presented in detail in Table 1. Fairly low concentration. The slopes were determined in linear least-

hydroxyl radical concentrations ([Obl¥ (1-5) x 10° cm™3) squares fits, with the weights taken as the inverse squares of
were employed. For most experiments the ratio of reactant thek' uncertainties. The lines were constrained to pass through
concentration to initial OH concentration was betweefdrd the origin since significant offsets were not observed in

10" This ratio was varied considerably with no noticeable effect unconstrained fits. The random error uncertainties inkhe

on the measured rate constants, suggesting that secondarywere estimated from the deviations of tklefrom the fit and
chemistry was not a source of significant error in these are presented in Table 1. A plot df versus reactant
experiments. In addition, the pressure was varied by ap- concentration is shown in Figure 1 for data takei a 294 K
proximately a factor of 2 with no observed effect. The first and at two different pressures. The reaction rate does not vary
order wall loss in these experiments varied between ap- with pressure over the range studied.

proximately 2 and 207¥, with typical room temperature values The temperature dependence of the second-order rate constant
of ~10 s1. The uncertainties in the rate constants in Table 1 is displayed in Figure 2, where we have plottedkf)(versus
reflect only the random errors (95% confidence limit) observed 1/T. These Arrhenius plots are linear, indicating that the
in the fits to the data. temperature-dependent rate constants are well represented over
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Figure 1. Plot of first-order rate constant versus 1-bromopropane
concentration for reaction with OH radical at= 294 K.
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Figure 2. Arrhenius plot for the reaction of G¥&H,CH,Br with OH
radical.

this temperature range by

K' = Aexp(E/RT) 2)
Weighted linear least-squares fits ofkt versus 1T were used

to determineA andE. We reportA = (5.754 0.9) x 10712

cm® molecule’! s and E/R = 504 4+ 50 K for OH + CHs-
CH,CH,Br. Rate constant measurements were also attempted
at colder temperature3 & 230—-250 K), but the measurements
were compromised by surface effects and the data rejected. Th
reported uncertainties i\ and E were estimated from the
deviation of thek! values from the fit and reflect 95%
confidence limits. We believe that systematic errors in each
of the rate constant parameté&sndE are small compared to
the random errors. This is becausandE are correlated. The
situation is the opposite with the overall rate constant because
it is not correlated to another dependent variable. The random
error uncertainty in the overal rate constakit, as calculated
from eq 2 is less than 3% over the temperature range studied
We estimate systematic uncertainties~e6% for the overall
rate constant and report a total uncertaintykT) of +6%
with 95% confidence limits.

Infrared Absorption Cross Sections. The absorption cross
sections derived from the measured spectra are displayed
Figure 3 as a function of frequency. Below about 860 &m
the sensitivity of the detector of our FTIR spectrometer has

decreased enough that the signal-to-noise ratio of the spectrum.yiorofo

is significantly lower, and below about 785 cithere is no
signal at all. Since 1l-bromopropane has several absorption
bands in this low-frequency region which will contribute to our
calculation of its GWP, we extrapolated our quantitative
spectrum to 500 crt using a qualitative transmission spectrum
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Figure 3. Quantitative infrared spectrum of 1-bromopropane. The

portion of the spectrum drawn with a dotted line is an extension of our
measurement which is described in the text.

printed in the Aldrich Vapor Phase FT-IR libratyThus, this
segment of the spectrum has some additional uncertainty. The
Aldrich spectrum was used from 500 to 860 ¢nand is plotted

as a dotted line in Figure 3.

Discussion

Comparison with Previous Reaction Rate Measurements.
We are aware of two previous studies of the OH rate constant
with 1-bromopropane. Using the relative rate technique,
Donaghy and co-worketsfound a room temperature rate
constant of (1.18= 0.3) x 1072 cn® moleculel st at T =
300 K. This is consistent with the value calculated from the
Arrhenius expression of this work!! (T=300)= (1.07 £ 0.06)

x 10712 cm® molecule s71. In addition, Teon et al*® have
measured the temperature-dependent rate constant using the
pulsed laser photolysidaser-induced fluorescence technique.
They findK'(T) = (5.294 0.29) x 10712 exp[(—456 4 31)/T]

cm® molecule? s71, which is in excellent agreement with our
results.

It is also interesting to compare our rate expression with that
for the reaction of OH with propane. The recommended
expression & k'(T) = 1.0 x 101 exp(—660/T) cm? molecule™?
s~1, with K'(T=300)= 1.1 x 10-2¢cm® molecule! s 1. The

rimary bromine atom substitution has only a small effect on
he overall reaction rate and its temperature dependence. This
is probably coincidental, since it is expected that the presence
of the Br atom enhances reactivity at; @nd suppresses
reactivity at G.

Bromopropane Atmospheric Lifetime, GWP, and ODP
Estimates. The rate constants measured in this work may be
used to estimate the tropospheric lifetime of 1-bromopropane
with respect to removal by reaction with OH radical. We define
the tropospheric lifetime as the ratio of the total atmospheric
burden of the species divided by its integrated tropospheric loss
rate. Hence, the tropospheric lifetime is always greater than or
equal to the atmospheric lifetime. For 1-bromopropane, the
tropospheric lifetime is essentially equal to the total atmospheric
lifetime. Following the approach of Prather and Spivakovsky,

"we use the OH rate constant at 277 K to estimate lifetimes.

The tropospheric lifetimery, is calculated from the OH reaction
rate, k, via the simple procedure of scaling from the methyl
rm tropospheric lifetime of Prinn and co-workémand

its OH reaction rate constaht:

K, (T=277)

®3)

Tx
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wherekn(T=277) is the methylchloroform rate constant with credible results if the mixing ratio of the species is constant in

OH radical at 277 K (6.% 1075 cm® molecule’! s™1) andzmc the troposphere. The lifetime of a species as short-lived as

is the methylchloroform tropospheric lifetime with respect to bromopropane will depend on local OH concentrations rather

OH reaction. We estimatay as 5.7 years by modifying the  than the tropospheric average OH concentration; i.e., it will be

measured atmospheric lifetime of 4.8 years to remove the sensitive to the geographic distribution of emissions. In

contributions of stratospheric loss £ 50 years) and oceanic addition, the ODP calculation is sensitive to tropospherig Br

loss (85 yearsh?14 of methylchloroform. The OH reaction removal rates and to transport rates from troposphere to

rate with 1-bromopropane at 277 K is calculated from the stratosphere.

Arrhenius expression as 9:310713cnm?® molecule’! s™1. This

implies a tropospheric lifetime of only about 15 days. Thus, Acknowledgment. We thank Albemarle Corp. for the
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