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The rate constant for the reaction of gHBr with OH was measured by both flash photolysis resonance
fluorescence and discharge flow electron paramagnetic resonance technigues over the temperaturetange 277
370 K. The Arrhenius expression 3.4 x 10712 exp{ —(978 + 72)/T} cm® molecule s was derived

from a composite fit to both data sets. Absorption cross-sections e€IBiH were measured from 187 to

290 nm at 295 K. The solubility of C4IBr in water was also estimated to determine if such a process
could be important in determining the atmospheric lifetime o(CIBr. The atmospheric lifetime and ozone
depletion potential for CLCIBr were estimated.

Introduction flowed through the reactor at a total flow rate between 0.08
Chlorobromomethane (CBM) is a natural source gas, formed @1 1.6 c(STP) s. Various CHCIBr/argon mixtures were
by algal biological processes, which delivers bromine into US€d to verify that the dilution process did not introduce any
Earth’s atmospherk. However, the limited measurements of ~SyStematic error into the rate constant measurement. The
the atmospheric abundance of EHBr vary widely. Rasmus- concentration of ChLCIBr in the bulb mixtures was verified by
sen and Khald reported approximately 2.2 pptv in the Arctic UV absorption measurements to be correct within 1%. The
with a uniform height distribution up to 7 km, while Class and concentrations of the gases in the reactor were determln_ed by
Ballschmite? reported 0.4 pptv for the mean concentration over Measuring the mass flow rates and the total pressure using an
30 °S to 40°N. In spite of its lower concentration than the MKS Baratron manometer. Flow rates of both argon and the
main source of atmospheric bromine, & (10—15 pptv)? H.O/argon mixture were measured using calibrated Tylan mass
CBM and other organic bromides can influence the reactive flOW meters, whereas that of the @EiBr/argon mixture was
bromine budget in the atmosphere, depending on their efficiency détermined by direct measurements of the rate of pressure
of bromine release via both chemical reactions and solar c"@nge in a calibrated volume. Hydroxyl radicals were
ultraviolet photolysis. Additional interest in chlorobromomethane Produced by the pulsed photolysis (62 Hz repetition rate)
stems from its effectiveness as a cleaning agent in industrial ©f H20 (introduced via the 276 K argon#8 bubbler) using a
applicationg and as a possible fire suppressant. In order to X€NON fla§h lamp focu§ed into the reactor. The radicals were
better quantify the atmospheric behavior of this compound, we then monitored by their resonance fluorescence near 308 nm,
have determined the rate constant for its reaction with OH and €Xcited by a microwave-discharge resonance lamp (2.1 Torr or
have measured its UV absorption spectrum. We have also 280 Pa of a ca. 2% mixture of8 in ultrahigh-pressure helium)
estimated the solubility of CKCIBr in water since oceanic or focused into the reactor center. The resonance fluorescence
rainout losses can possibly provide other sink mechanisms. Rate/gnal was recorded on a computer-based multichannel scaler
constant measurements were carried out in two different (Channel width 100us) as a summation of 20845 000
institutions by two different techniques using the same purified consecutive flashes. The radical decay signal at each reactant
CBM sample in order to improve the reliability of the data upon concentration ([CBM]) was analyzed as described by Orkin et

which atmospheric lifetimes are based. al 1%to obtain the first-order decay rate due to the reaction under
StUdy (L’CBM_l).
Experimental Sectior?® The principal component of the discharge flow/electron

Detailed descriptions of the apparatuses and the experimentaParamagnetic resonance (DF/EPR) apparatus is a quartz tubular
methods employed in the studies of the reaction between OH réactor of 2.0 cm i.d. internally coated with a fluorocarbon

and CHCIBr are given in previous papetsl* Therefore, only ~ Varnish (F-46) to reduce wall loss of OH and to prevent
brief descriptions are given here. heterogeneous reactions. The temperature of the reactor was
controlled &0.2 K) with water circulated through its outer

The principal component of the flash photolysis/resonance .
b P P D y jacket. Hydrogen atoms were generated by a microwave

fluorescence (FP/RF) apparatus is a Pyrex reactor (of ap-

proximately 50 crdinternal volume) thermostated with water dAscha(;gefu?]an b{Heblmlgtt_Jretang ?:1_' r?dlfals ptr_odul;:ed nearH
or methanol circulated through its outer jacket. The reaction the end of the movable injector by the Tast reaction between

was studied in argon carrier gas (99.9995% purity) at a total atoms and N@ The reactant (CKCIBr) ".in.d NQv_vere suppl_ied
pressure of 100.0 Torr (13.33 kPa). Flows of dry argon, argon to the flow reactor upstream from the injector tip as admixtures
bubbled through water thermostated at 276 K, ancb@Br in helium carrier gas (99.999% purity) and were always in large

(0.5-2.0% mixture diluted with argon) were premixed and ©€XC€SS over OH. The concentration of hydroxyl radicals at the
end of the flow reactor was monitored using electron paramag-

P - netic resonance spectroscopy. The initial OH concentrations
National Institute of Standards and Technology. . . ot oL2 5

+Russian Academy of Sciences. in this study were 2< 10*to 2 x 10** moleculescm™. The
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a total gas pressure of 3.0 Torr (400 Pa). The flow rates of all . . . T
gases were determined by direct measurements of the rate of 26 F
pressure change in calibrated volumes. The overall instrumental oa b
error using this system was estimated to be ca. 5%. At each 7 )
temperature, the dependence of the hydroxyl radical concentra- T"’ 2ok
tion upon the reaction time (the distance between the movable ¢ P
injector and the cavity of the EPR spectrometer) was measured 5 2.0 F ¢ T=298K
to obtain the first-order decay coefficients for the loss of OH at g mT=277X
different concentrations of Ci€IBr. The bimolecular rate nE 1.8F 3
constant kgu was then calculated from the slope in a plot of g
Tcem ™t versus [CHCIB]. SR R E
Experiments were also carried out with a fixed distance 7
between the injector and the detection zone. The dependence S t4p E
of the OH concentration (the EPR signal) versus the concentra- & 12k E
tion of CH,CIBr was measured to obtain tkesm value. Under K /'E
conditions of plug flow, the rate constant is given by 1.0 /IE 3
_p 9In[OH] 0.8 ' ' . '
keam =~ 9[CH,CIBI] 0 ! 2 ° * °

Pulse Energy, J

Figure 1. Dependence of the observed rate constant for the reaction
of OH with CH,CIBr on flash energy obtained in FP/RF experiments
at 277, 298, and 370 K.

wherev is an average flow velocity arlds the distance between
the injector and a center of the EPR cavity.

The absorption cross sections for CBM were measured over
the wavelength range of 18290 nm using a double-beam  TABLE 1: Rate Constants Measured for the Reaction
diffraction spectrophotometét. The spectrum was recorded between OH and Chlorobromomethane
with an increment of 0.20.5 nm and a spectral slit width

keem, 10713 cm® molecule? s (no. of expts)

ranging from 0.2 to 1.0 nm. The pressure inside the 14.0

0.05 cm quartz absorption cell, thermostated at 296K, was temp, K FP/RF DF/EPR
measured by a bellows inductive manometer with an accuracy 277 0.91+0.10 (2)

of £0.01 Torr (1.3 Pa). Absorption spectra of the evacuated g?g iéﬁ 8'22 g‘B 1%% 8'28 g;
cell and of the cell filled with CHCIBr were alternately recorded 330 158+ 0.09 @) 155+ 0.05 3)
several times and the absorption cross sections calculated from 349 1.764+ 0.25 (3) 1.90+ 0.17 (3)
their difference. The spectrum was recorded in three overlap- 370 2.10+£0.17 (3) 2.26+ 0.13 (4)

ping wavelength ranges. Cross-sections over each of the three
ranges were determined from the slopes of a plot of the clear dependence of the observed rate conskdit) on flash
measured absorbance versus concentration. Typically, four toenergy (Figure 1). From this figure, one can see that even
six concentrations were used for each spectral range. Theresults obtained at the lowest energy were still slightly affected
overall instrumental error resulting from uncertainties in the path by some “additional chemistry”. Values tgf’h,,(298 K) were
length, pressure, temperature, and the measured absorbance watso measured at the highest flash energy using various total
estimated to be less than 2%. flow rates and flash repetition rates. No dependence of the rate
The solubility of CBM in water was estimated from measure- constant on variations of either the total flow rate by a factor
ments of the change in the UV absorption by both 10 and 2% of 3 or flash repetition rate by a factor of 10 was discernible.
mixtures of CHCIBr in argon. The mixtures were equilibrated This indicates that any additional chemistry is due to reactions
in a 5.8 L bulb with 108-460 cn? of distilled water, which with radicals rather than with stable products accumulating in
was then pushed out of the bulb and a new portion added for the reactor.
subsequent equilibration. Experiments were performed at ca. The values ok2%,, reported here were measured in the low-
900 Torr (120 kPa) with the 10% mixture and at both 900 Torr flash-energy range (indicated by the “shadowed” region in
(120 kPa) and 300 Torr (40 kPa) with the 2% mixture. Figure 1) and then slightly corrected using the observed
The sample of chlorobromomethane (Aldrich Chemical Co.) dependence dfg%SM on flash energy. The resultant values of
used in these studies was analyzed by using GC and GC/MS.g,, are presented in Table 1 and Figure 2. Generally, the
The only substantial impurity found was 0.48% &H,. UV extrapolation region corresponded to about 9% of the range over
analysis of the liquid phase of CBM indicated ca. 6 ppm of Br  which the measurements were performed, resulting in correc-
in the original sample. GC purification was performed to tions of only 3-6% in the measured values. The following

remove the impurities, and less than 0.005%;Chiremained  Arrhenius expression fdicgy Was derived on the basis of the
in the purified sample. No absorption band due to molecular resylts of the FP/RF measurements:

bromine was then detected. The same purified sample was used
for both measurements of the reaction rate constant as well Ky, (T) = (2_6j8-g) x 102 exp{ —(930+ 65)/T}

for UV absorption cross section measurements.

. . cm® molecule!s?
Results and Discussion

Rate constant measurements by the FP/RF technique emThere are two possible reasons for the observed dependence of
ployed in this study were complicated by the photolysis okCH the rate of hydroxyl radical loss on flash energy in our FP/RF
CIBr by the Xe flash lamp. Hence, experiments were performed experiments: (i) a secondary reaction with a radical product of
at the lowest possible flash energy (corresponding to an electricalthe reaction under study (R CHCIBr) or (ii) reactions with
energy of approximately 0.4 J) to minimize the possible effects possible radical products of the reactant photolysjs {RCH,-
of photofragmentation of C}CIBr. Additional experiments, Cl, CH,Br, CH,, CHCI, CHBYr). In the first case, the OH decay
carried out at flash energies ranging over-8444 J, showed a  due to chemical reactions can be described as follows:
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d[O ' |
% = —{keau[CBM] + k[R](t)} [OH](%)

T
This work, FP/RF
This work, DF/EPR
DeMore, 1996

o= ¢ 0

where [R]f) is a function of the initial concentration of hydroxyl
radicals. Note that sinckk should have only a slight depen-
dence on temperature, the above equation is essentially the same'
for any temperature. In our experiments a common range of
decay rates (rather than reagent concentrations) was generally
used. Therefore, the range of ratioq &&[R]/kcem[CBM]} was
roughly the same for all experiments. This range depends only ©
on the values okcgm[CBM] and the initial hydroxyl concentra-

tion used (i.e., experimental conditions) as well as on the rate
constant of the secondary reactien(a kinetic condition). Thus,

DeMore, 96/JPL 92-20

-
| a
n

-

cm molecule

to a first approximation, a secondary reaction involving a radical w03 L

product from the primary reaction results in the samlative

overestimation of the rate constant over the temperature range 0.8

of study. Therefore, with this type of experimental procedure

of operating with a common range of decay rates at each 25

temperature, the overestimation of the rate constant due to a )

secondary reaction should result mainly in an overestimation 1000/T, K

in the ArrheniusA factor rather than an error in the activation  Figure 2. Arrhenius plot of the measurddey values and the least-
energy. squares fit to both FP/RF and DF/EPR data (solid line) with its statistical

In the case of reactions between OH and photofragments the95% confidence intervals (dashed lines). Also plotted are the original
OH decay is described by result from ref 16 M) and values rescaled usikgew from ref 18 ().

dioH sion for kegm was derived on the basis of results of DF/EPR
t .
[ dt]( ) = —{Keay[CBM] + kph[Rph](t)} [OH](t) = measurements:

~{keewCBM] + K [CBM]logg IOHI()  keam(T) = (4.079) x 107" exp{ —(1069+ 79)1T}

cm® molecule* s
wherelocgw is the integrated coefficient of photodecomposition
of CBM. In this case reaction rates of OH with both CBM and The results of both the FP/RF and DF/EPR measurements
photofragments are proportional to the CBM concentration (in coincide at low temperature and show slight differences
contrast with the case discussed above). Such reactions with(however, within the confidence intervals) above= 330 K.
photofragments result in the sarabsoluteoverestimation of ~ An Arrhenius fit to the combined data sets yields
the rate constant over the temperature range. Therefore, a slope 40 10
of the plot of kK25, vs flash energy should be independent of keew(T) = (3.04709) x 10" exp{ —(978 72)IT}
the rate constant (or temperature) as observed in Figure 1. In cm® moleculéts™
contrast, in the case of an interference due to a secondary radical
reaction (Case |)’ the S|0pe should increase with increasing rateWhere the error limits are the statistical 95% confidence limits.
constant or temperature. For the purpose of atmospheric modeling, the region below

Additional experiments were conducted Bt= 277 K to room temperature is of the greatest interest. We can rewrite

check the degree to which the measured rate constant depende@e expression for the rate constant and error limits in the manner
chosen by the NASA Panel for Data EvaluatiSras we have

on the OH concentration alone. Note that for case i discussed f .

above, one would expect such dependence to be large. How-described previousls:

ever, when the initial concentration of OH was increased by a B 1 1
factor of 6.4 (via an increase in-B in the carrier gas with  Kegy(T) = 1.14x 10 13 exp{ —-97 T E}
both the total gas flow and flash energy (3.3 J) held constant)

3 -1 -1
obs  was observed to increase by only about 10%. Therefore, cm” molecule s
bs

the dependence df’g,, upon the initial OH concentration AK(T) 1 1
alone is about 1015 times less than the dependence we k—=0.05+ 0.021 exp%?Z‘_l—_—ﬁJ}
observed in the experiments using various flash energies M

(illustrated by .Fi.g.ure 1). (From independent exp.eriments W€ Here we have included the estimated systematic uncertainty of
know that the initial concentration of hydroxyl radicals is also 5o a5 well as the statistical uncertainty of 2.19F at 298 K.

approximately proportional to the flash energy, other experi- ~ The only other reported measurement of the rate constant
mental conditions being fixed.) for the reaction of OH with CBM is that recently published by
From the above observations we conclude that reactantDeMorelé The rate constankcem = 1.8 x 10712 exp(—906/
photolysis is the primary cause for any overestimation of the T) was obtained by a relative rate technique and is based on
rate constants in our FP/RF experiments and that our procedurehe author’s earlier determinatiiof the rate constant for the
of low-flash-energy operation coupled with a small (well- reference reaction between OH andCH (dichloromethane,
defined) correction yields values féegm that are free from DCM). Over the temperature region of overlap, this expression
errors associated with OH/radicals reactions. yields rate constants about 30% lower than those reported here.
Results of DF/EPR measurements are also presented in TabléNote, however, that an even higher systematic difference exists
1 and Figure 2. No dependence of the rate constant on thebetween the rate constant for the reference reactigpwuj
initial OH concentration over the range 0621011—12 x 104 determined by Hsu and DeMdfeusing the relative rate
moleculescm® was observed. The following Arrhenius expres- technique and those obtained by several absolute technigjues.
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TABLE 2: Comparison of Rate Constants for CHzX and -
CH,XCI, Where X = F, Cl, Br2 'y 10718 s N
A, 10712 c? k(298 K), 101 cr? ! e
molecule  molecule®s™ E/R K molecule’t st ° N
CHoF 3.0 1500 2.0 g ¥ “--iCF.CIBr
CH,FCI 3.0 1250 45 “q 1071® Ny
CHsCl 4.0 1400 3.6 & N X
CH,Cl, 3.8 1050 11.0 g AN
CH3Br 4.0 1470 2.9 S
CH.BrCI 31 990 11.4 85 _ .
o 10720 \
a All parameters are taken from ref 15 with the exception of those T N
for CH,CIBr, which are taken from the present work. § \ A
By
Combining the rate constants ratios obtained by Deffore ° CH,CIBr \ »
(kcem/kocm) with a recommended valifefor kpcw which is g 10 T O
based only on the absolute results, one can dégug = 4.8 B ‘-\
x 10712 exp(—1025). This expression yields values fkigy § \
that are 35-40% higher than those obtained in the present work. < 10722

Both the original and rescaled results from ref 16 are presented 180 200 220 240 260 280

in Figure 2 along with the results from the present study.
It is not clear whether the differences betweenkkg, values ) ) ) ] o

from the present study and those from ref 16 are due to Figure 3. Ultraviolet absorption cross-sections of &HBr (solid line)

unresolved errors in either of the studies or to remaining and CRCIBr (dashed line) aT = 295 K.

uncertainties irkpcw. This later uncertainty can be seen from  TABLE 3: Absorption Cross-Sections of CHCIBr at T =

the following exercise. Using the value feggy determined 295 K

from our absolute measurements, one can calcllgg from anm o 10Pcn? A nm o, 102Pcm? A nm o, 10-20cnd

the keem/koewm ratios obtained by DeMor¥. Thus we obtain

wavelength, nm

187 151.1 210 108.4 246 6.94
_ 188 126.4 211 104.0 248 5.46
koou(T) = (3.679) x 10 exp{ —(1050+ 110)T} 189 1125 212 99.6 250  4.24
3 ;1 -1 190 104.6 213 95.0 252 3.29
cm” molecule ” s 191 101.6 214 90.5 254 252
where the error Iimits are the s'tatistical 95% .confidence limits igg iggg gig gi:g ggg 1:2%
due to dat¥ scattering only. This expression lies between most 194 104.7 217 77.1 260 1.09
of the previous absolute determinati&hand that recently 195 108.4 218 72.9 262 0.807
obtained by the relative technigdie.Coincidentally, the latest 196 111.8 219 68.8 264 0.596
recommendatiof} for kpcm (taken simply as a mean from the 197 115.7 220 64.8 266 0.440
relative and absolute measurement studies) is nearly the same igg gg:g %gi gg:g g?g 8:%2
as the above result. 200 124.7 226 441 272 0.170
An additional observation can be made using these rate 201 126.3 228 38.2 274 0.123
constants. In Table 2 we have listed the Arrhenius parameters 202 127.1 230 32.8 276 0.089
and room temperature rate constants fosEHCHCI, and CH- 203 127.1 232 28.0 278 0.064
Br as well as the three compounds derived by replacing an H ggé 323 ggg %g'g ;gg 8'8‘312
atom with a Cl atom. As can be seen from this series, the room 55g 1225 238 16.3 284 0.024
temperature rate constant increases in each case (by factors of 207 119.7 240 13.4 286 0.0178
2.2—3.9) and this increase appears to be due almost entirely to 208 116.3 242 10.8 288 0.0129
a reduction in the Arrheniu&/R of 250-500 K. Thus, chlorine 209 112.6 244 8.73 290 0.0098

substitution in these monomethyl halides increases the reactivity
of the remaining two H atoms by a reduction in the & bond
strength.

The UV spectrum of CBM has a maximum cross-section,
=1.27x 107 8cn¥, atA = 202.64 0.5 nm and shows a rising
absorption ag decreases below 192 nm. The absorption cross- Reactions with hydroxyl radicals in the troposphere are the
sections for CHCIBr are listed in Table 3 and plotted in Figure main removal processes for hydrohalocarbons. The atmospheric
3 along with that of CECIBr for comparisort> lifetime of CBM (rcem) can, therefore, be estimated by a simple

The effect of liquid water being added to a bulb containing scaling procedure. Following Prather and SpivakoviSkye
a CBM/Ar mixture was easily measurable. A near 40% can estimate the lifetime of CBM due to reactions with hydroxyl
decrease in the gas-phase CBM concentration was observed iiadicals in the troposphere as
the presence of 120 ¢hof water. No dependence on either

CIBr without and with water in the bulb, respectively. Thus,
we obtainedS~ 19 for CBM in distilled water afl = 295 K.

Atmospheric Implications

the abundance of CI&IBr in the mixture or on the total gas OH __ kwc(277 K) OH
pressure in the bulb was observed. We can estimate an Ostwald Teem = Kepu(277 K)T'V'C
solubility coefficient § from the following equation:
V. [[CBM] wherer2h,, andzyq are the atmospheric lifetimes of CBM and
—_9g 0 _ methylchloroform (MC), respectively, due to reactions with
v,\[CBM],, ) hydroxyl radicals in the troposphere, akgbm(277 K), kmc-

(277 K) = 6.69 x 1071% cm® molecule* s1 15 are the rate
whereVy andu,, are the volumes of bulb and liquid water and constants for the reactions of OH with these substanc&s=at
[CBM], and [CBM], are the measured concentrations of,€H 277 K. The total atmospheric lifetime of methylchloroform has
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been derived from measurements of trends in its concentrationmention here the results of calculations performed fop@Hi25
in the atmosphere to bayc = 4.8 yearg® A correction for This substance has the same reactivity toward OH ag0(BH,

both the ocean lodsand photolysis in the stratosph& & must resulting in an atmospheric lifetime as short as 0.40 y&ars.
be done to estimatef. from zyc: Calculations using a coupled dynamical/chemical two-dimen-
sional model of the atmosphere resulted in approximately a 25%

1_1 1 1 lower ODP value in comparison with that deduced from a
T, OH  gph - jocean scaling procedure similar to that used in the present paper.

Nonuniform distribution of the substance over the troposphere

ocean was cited as being the cause of this difference.

Here riph andt; " are the characteristic times for substance
losses from the atmosphere due to photolysis and due to ocean
removal (which are ca. 45 yeadf2® and ca. 85 year&,
respectively, in the case of MC). Such estimations result in
Ton = 5.7 yearsg25,, = 0.43 years.

Following the procedure described in refs 4 and 23, we can
estimateragy on the basis of its water solubility, assuming

that dissolution in the ocean leads to chemical degradation. For

this estimate, we have taken the parameters used for theOf Energy Problems of Chemical Physics was funded in part

estimation of the atmospheric lifetime of GB* due to ocean by the Russian Basic Research Foundation under Grant 96-05-
removal#24 along with the Ostwald solubility coefficient for 65477

CH,CIBr estimated in this work. This results in a value of

Tegy Of approximately 0.42 years, which should be considered References and Notes
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