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The reaction of F atoms with GBrCl was studied using a pulsed radiolysis technique and found to proceed
via two channels: direct hydrogen abstraction and adduct formation. The adduct exists in equilibrium with
F atoms and CKBrCl. The equilibrium constank, = [Adduct]/([CH.BIrCI][F]) = (4.2 + 1.0) x 10716
cm®molecule®. In 1000 mbar total pressure of S&t 294+ 2 K, the yield of the adduct is 6& 11% and

the overall rate constant for reaction of F atoms with,BHLI is ks (1000 mbar)= (3.6 + 0.9) x 10"t cn?
molecule s71. The adduct reacts with NO with a rate constant of (2409.41) x 10! cm® molecule?

s 1. The atmospheric fate of the alkoxy radical CHBrCIO is Br atom elimination, which occurs at a rate
estimated to be=2 x 10° st in 700 Torr of air at 295 K. Relative rate techniques were used to measure
k(Cl + CH.BrCl) = (4.2 + 0.5) x 103 andk(F + CH,BrCl — CHBrCl + HF) = (1.2+ 0.4) x 101 cm?
molecule! s71. These results are compared to the available literature data.

1. Introduction recent work from our laborato8 and we will compare kinetics
and UV absorption data for these different adducts. The
formation of a short-lived molecular complex from the reaction
of Cl atoms with CHI and CHBr has been reported by Wine
et al’

The atmospheric fate of CHBrCIO radicals was determined
using a FTIR spectrometer coupled to an atmospheric reactor.
Results are reported herein.

The use of bromine-containing organic compounds as fire-
extinguishing agents (e.g., eBr and CRCIBr) and as soil
fumigants (e.g., methyl bromide) is subject to increasing concern
because of their adverse impact on stratospheric ozadkl,-

BrCl is a potential substitute for GBr (Halon 1301) and CF
CIBr (Halon 1211) in certain fire-fighting applications. Inter-
estingly, CHBrCl was used as a fire suppression agent by the
German Luftwaffe in World War If.

It has recently been showthat the atmospheric life time of
CH.BrCl is largely determined by reaction with OH radicals. Two experimental systems were used; both have been
By analogy to other hydrogen-containing spetiesaction of described in detail previously and are discussed briefly here.
CH,BrCl with OH radicals produces a halogenated alkyl radical ~ 2.1. Pulse Radiolysis SystemReactions were initiated by

2. Experimental Section

which will, in turn, react with Q to give a peroxy radical: the irradiation of SFCH,BrCl, SR/CH,BrCl/CH,4, and SK/
CH.BrCI/NO mixtures n a 1 Lstainless steel reaction cell with
CH,BrCl + OH— CHBrCI + H,O ) a 30 ns pulse of 2 MeV electrons from a Febetron 705B field
emission accelerator. $Was always in great excess and was
CHBrCl+ O, + M — CHBICIO, + M (2) used to generate fluorine atoms:
In the atmosphere the peroxy radical CHBrgh@ill react SFGM F + products A3)

with NO and be converted into the corresponding alkoxy radical
CHBrCIO. As part of a joint program between our two .
laboratories to survey the atmospheric fate of brominated _ The total pressure was varied over the range B200 mbar.
methane§¢ we have conducted an experimental study of the The radiolysis dose was varied by insertion of stamless steel
atmospheric chemistry of GBrCl. A pulse radiolysis tech- ~ attenuators between the accelerator and the chemical reactor.
nique was used to determine the kinetics and mechanism of We will refer to the radiolysis dose used in specific experiments
the reaction of F atoms with GBrCl. In this work we show as a fraction of the maximum dose that is achievable. The
that the reaction of F atoms with GBIrCl proceeds via two fluorine atom yield (reguired for qgan'.[ification of U_V absorptior_l
reaction channels: formation of an adduct and direct hydrogen SPectra) was determined by monitoring the transient absorption
abstraction. The formation of adducts from the reaction of F &t 260 nm due to CD, radicals produced by radiolysis of $F

atoms with other brominated methanes has been reported inCH#/O2 mixtures. Usingo(CH;O;) = 3.18 x 107'% cn¥
molecule’l, 10 the F atom yield was calculated to be {F

* To whom correspondence should be addressed. (318 + 032) x 10 molecules cm? at full radiOIySiS dose
lEmail: merete.bilde@risoe.dk. and 1000 mbar of S! Uncertainties reported in this paper

: Emg:: 'c‘)jer{grsiso@grc'jskoe-dk- are two standard deviations unless otherwise stated. Standard
I Email: twalling@ford.com. error pr.op_agation methods were used to calculate combined
® Abstract published if\dvance ACS Abstractsune 1, 1997. uncertainties.
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Transient absorptions were followed by multipassing the 0.4 — T T T
output of a pulsed 150 Watt Xenon arc lamp through the reaction
cell using internal White cell optics. Total optical path lengths
of 80 and 120 cm were used. After leaving the cell, the light
was guided througa 1 mMcPherson grating U¥vis mono- 0.3
chromator and detected with a Hamamatsu photomultiplier. The
spectral resolution was 0.8 nm. Typically, absorption transients
were produced in single-pulse experiments with no signal
averaging. A Princeton Applied Research OMA-II diode array
was used to measure UV absorption spectra. The diode array
was installed at the exit slit of the monochromator in place of
the photomultiplier which was used for measuring transient
absorptions.

Reagent concentrations used werg,4F—1000 mbar; Ck
BrCl, 0.1—20 mbar; CH, 0—20.2 mbar; and NO, 85 mbar.
All experiments were performed at 294 K. $99.9%) and 0.0 o, . . L
CHs (>99%) were supplied by Gerling and Holz, eB{ClI 240 260 280 300 320 340
(>99%) was supplied by Aldrich Chemical Co., Ltd. All Wavelength (nm)
gaseous reagents were used as received,B@H is a liquid
at room temperature and was degassed through severalfreeze Fi@furef 1|-| uv absg_rpltior_w SF}EC”U,”; feCOf’%e‘*g s ?fgsffg‘lea?]'g%tg%“

: B ulse 1oliowing raalolysis or a mixture o mbar o

pump-thaw cycles before Use. Partial pressures of the different pmbar of Sk. 'Ighe UVypathIength was 80 cm and the radiolysis was
gases were measured with a Baratron absolute membrang o, ot maximum.
manometer with a detection limit of 10 bar.

0.2 1

Absorbanceqg

01} .

2.2. FTIR—Smog Chamber System.The FTIR system was 0.6
interfaced to a 140 L Pyrex reactbrRadicals were generated
by the UV irradiation of mixtures of 330 mTorr of CHBrCl, 05 L

176—295 mTorr of C}, 0—14 mTorr of NO, and 7700 Torr

of O, with N, added where appropriate to give a total pressure R o4l
of 700 Torr. The loss of reactants and the formation of products CC, ’
were monitored by FTIR spectroscopy, using an analyzing path p
length of 27 m and a resolution of 0.25 cin Infrared spectra ‘é 0.3
were derived from 32 coadded interferograms. ,B#Il, HC- 8
(O)CI, and CO were monitored using their characteristic features S 02r
over the wave number range 70R000 cnt!. With the g
exception of HC(O)CI, reference spectra were acquired by 8 o1}
<

expanding known volumes of reference materials into the
chamber. HC(O)CI was identified by means of its characteristic 0.0
IR features at 1305 and 1784 chand was quantified using
0(1793 cnTl) = 1.63 x 1078 cn? molecule’® at 295 K12

-10 0 10 20 30 40 50 60

3. Results and Discussion .
Time (us)

3.1. Reactlon of F atoms with CHBrCI.  Figure 1 shows Figure 2. Transient absorbance at 310 nm following the pulsed
the UV absorption spectrum observedd us after the pulse  radiolysis (32% of maximum dose) of 5 mbar of g&Cl and 995
radiolysis of a mixture of 5 mbar of GIBrCl and 995 mbar of mbar of Sk. The UV path length was 120 cm.

SK. The UV path length was 80 cm, the spectral resolution

was 2.24 nm, and the radiolysis dose was 42% of maximum. approximately 2303200214 and 215 nnt? respectively, and do
The spectrum is an average of three spectra obtained undehot absorb appreciably at wavelength®70 nm. On the basis
similar conditions and shows two absorption maxima, one of these results, it seems very unlikely that the CHBrClI radical
centered around 255 nm and the other around 300 nm. Theabsorbs significantly at 310 nm. In the rest of this paper we
form of this spectrum is similar to those of products formed in rely on the assumption that only the adduct absorbs at 310 nm.
the reaction of F atoms with GBrH® and CHBr.° By analogy 3.2. Determination of the Equilibrium Constant. To

to the reactions of F atoms with @BrH and CHBr, we expect  jyyestigate the equilibrium constaki = ka/k_4s five sets of

that the reaction of fluorine atoms with GBYCl proceeds via  gxperiments were performed in which the maximum absorbance
two channels: adduct formation, reaction 4a; and hydrogen 4310 nm following pulsed radiolysis of GRrCI/SFs mixtures

abstraction, reaction 4b: was measured. In each set of experiments the initial concentra-
tions of CHBrCl and Sk were constant and only the radiolysis
CH,BrCl + F== CH,BrCl---F (4a, -4a) dose was varied. Five initial concentrations of BIHCI were
used: 0.1, 0.25, 1.0, 2.0, and 5.0 mbar. Figure 2 shows an
CH,BrCl + F— CHBrCl + HF (4b) example of a transient absorption obtained with a mixture

containing 5 mbar of CHBrCl. Figure 3 shows plots of the
By analogy to the CjBrH and the CHBr systems, we ascribe  maximum absorbances as functions of the radiolysis dose for
the absorption band at 300 nm to the BCl---F adduct and different initial concentrations of CiBrCIl. Although some of
that centered at 255 nm to a sum of contributions from the the plots are slightly curved it is clear that the maximum
CHBrCl radical and the CHBrCl--+F adduct. CHBr, CH.CI, absorbance depends on the initial concentration ofB2l. If
and CHC} radicals display maximum UV absorbance at the reaction of F atoms with GIBrCl proceeded only via
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04l Figure 4. Plot of normalized maximum transient absorbance at 310
(o® . nm as a function of [CEBrCl]. The UV path length was 120 cm. See
0 o2 o4 06 08 text for details.

Relative dose the absorption cross section of the adduct at 310 nm. We
FiQIUfz 3-d!V|IaXi_mU:(“ t_ratnSientfa(%S)OéblancbeS Z};élo (réf;?of%”;miggrthe assume that for a concentration of 5 mbar ,8FKCI the
puised radiolysis of mixtures o .1 mbar y . ililkvri H H :
CHBrCl, (C)_l mbar CHBIrCI, (D) 2 mbar CHBrCI, and (E) 5 mbar ﬁqqali(l:IrgLIﬁ«.n:;olf]szl'[frtaetcijo:]O;?I;L)zjéﬁgaigddghsi :g[gy?kzdﬁg the
CHBrClI, all in 1000 mbar total pressure of §Rs a function of the . o a )
radiolysis dose. The UV path length was 120 cm in all experiments. IN S€ction 3.5 it will be shown that at 1000 mbar total pressure
Solid symbols are the observed data; open symbols have been correcte®f SFs the fraction of F atoms that forms an adduat/{(ksa +
for the influence of reaction 6. The solid lines are linear regressions to Kgp), is 0.68+ 0.11. Usingksd/(Ksa + kap) = 0.68+ 0.11 and
the corrected data. two additional pieces of information: (i) the initial concentra-
tion of fluorine atoms using full radiolysis dose of §=F (3.18
+ 0.32) x 10% molecules cm® and (ii) the maximum
absorbance of 1.6& 0.01, we are able to calculate the
absorption cross section of the adduct at 310 ogil0 nm=
1.67 In 10/(0.68[FJ120 cm)= (1.48 + 0.28) x 10-17 cn®

hydrogen abstraction, then the absorbance derived from the low-
dose data should be independent of the initial concentration of
CH,BrCl. Thisis not the case. The dependence of the observed
absorption at 310 nm on the GBICl concentration is consistent
with the formation of an adduct which exists in dynamic

L : molecule'®.
equilibrium with F atoms and CiérCl In Figure 4 the absorbances obtained from linear least-squares
CH,BICl+ F=X —P (4a, -4a,6)  analysis of the corrected data in Figure 3 are plotted against
the concentration of CiBrCl. Since the corrected data
CH,BrCl + F— CHBICI + HF (4b) represent a system witks = 0, [X]max iS given by (see the

Appendix for further details).
where “X” is the CHBICI---F adduct and reaction 6 represents CH.BICITE (=) (=)
the reaction of the adduct with other radicals as discussed in [X] o = [CHBICIIFl, ((ﬂ) e (ﬁ) o ) 0)
section 3.6. In the Appendix it is shown that the maximum max n,—n, n, n,
concentration of the CHBrCl---F adduct [X}ax can be ex-
pressed as an analytical functionkaf, k—44, kan, andks. Initial where
estimates ok_s4ksa = 2.88 x 10 cmtmolecule andkayksa
= 0.42 were obtained from a fit of equation XlI in the appendix
to the observed data in Figure 3. The maximum concentration _ _ 2 _
of adduct was calculated for each dose and concentration of (+ o)[RH] — k+ \/((1 + [RH] + k) — 4ka[RH]
CH,BrCl in the experiments using expression Xl in the appendix 2
with (i) ke calculated usinde = dose (3.88x 10° s7%) from |, —
section 3.6 and (iiks = 0. To obtain the maximum absorbance
in the absence of reaction 6, each observed data point in Figure  —(1 + a)[RH] — k — /(1 + &)[RH] + K)? — 4ka[RH]
3 was multiplied by the correction factor + ([X]max — 2
[X] max)[X] max'. The open symbols in Figure 3 represent data
corrected forkg, that is, they show the maximum absorbance The equilibrium constant can be determined from a two
as it would be if the adduct did not react with other radicals parameter fit of the expressidnax = ox31° "™.20 cm([X}na’

n, =

but only decomposed to reform F atoms and,B#Cl. The In 10) to the data in Figure 4 where [%J is defined by the
solid lines are linear least-squares fits to the corrected data. Theequation given above (equation Xll in the Appendix). The best
slopes of the linear regressions were 0482.06, 1.15+ 0.10, fit is shown as the smooth curve in Figure 4 and was obtained
1.38 £ 0.10, 1.55+ 0.08, and 1.67+ 0.01 for initial usingk = k_s44ksa = (2.38 4+ 0.06) x 10 anda. = Kgp/kga =
concentrations of 0.1, 0.25, 1.0, 2.0, and 5.0 mbar of&8l, (0.60+ 0.06). The equilibrium constant I, = 1/k = (4.20

respectively. (Due to the high absorbances we only used datat- 1.01) x 10716 cm? molecule™.
up to dose 0.22 for [CEBrCl] = 5 mbar). From the low-dose 3.3. Determination ofk(F + CH,BrCl) Relative to k(F +
data using 5 mbar of CiBrCl (Figure 3E) we can calculate  CH,) Using the Pulsed Radiolysis SystemTo confirm that
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Figure 5. Plot of maximum absorption at 280 nm versus the
concentration ratio [Ck/[CH2BrCI]. Circles, 1000 mbar total pressure
of Sk. Triangles, 200 mbar total pressure ofsSEee text for details.

Figure 6. Plot of maximum absorption per 3.3810% F atoms versus

total pressure. The UV path length was 120 cm. Full radiolysis dose.
[CH.BrCI] = 5 mbar, [SkE] = 0—1000 mbar. Circles, full radiolysis

. . . dose; triangles, 52% of maximum dose. Solid symbols represent
the specie(s) responsible for the observed absorption at 280 Nnypserved data; open symbols represent simulated data. See text for

is (are) indeed formed from the reaction of F atoms withCH  details.
BrCl, a set of experiments was performed with £atided to
provide an additional loss mechanism for F atoms: with At cryerel = (0.39+ 0.02), Ay ch, = (0.01+ 0.01), and

ks/ks = (1.61+ 0.28). The solid line in Figure 5 shows the fit.

A control experiment using a mixture of 40 mbar of £&hd

960 mbar of Sk confirmed thatAecp, ~ 0. Usingks = (6.8

+ 1.4) x 107111516 givesk, (1000 mbar)= (4.23 £ 1.13) x
constant at 5 mbar, the concentration of Gkhs varied over 10 1 cm® moleculel s1. The experiment was repeated at 200
the range 6-20.2 mbar, and SFwas added to give a total  mpbar total pressure of $Rising a dose of 42% of maximum,
pressure of 1000 mbar. In all experiments, the radiolysis dose [CH,BrCIl] = 5 mbar, and [Ch] = 0—15.3 mbar. A three-

was 32% of maximum, the optical path length was 120 cm, parameter fit to the 200 mbar data gaMe cr,src; = (0.08 &

and the maximum transient absorption was measured. Figurep.01), Ar;cn, = (0.0054 0.005), andks/ks = (3.16 + 1.39).

5 shows the observed maximum absorbance as a function ofusingks = (6.8 + 1.4) x 101115 givesk, (200 mbar)= (2.15

the concentration ratio [CH[CHBrCI]. As seen from Figure 4 1.04) x 10~ cm® molecule s~ The overall rate constant

5, the addition of CH results in a decrease in the observed k, = (k45 + kap) for the reaction of F atoms with GBrCl
maximum transient absorption at 280 nm. The reaction of F decreases substantially as the total pressure is reduced from 1000
atoms with CH is rapid, ks = 6.8 x 10~** cm® molecule'! to 200 mbar of SE This observation suggests that at 1000

s L1 CH, is an efficient scavenger of F atoms. In contrast, mbar total pressure a substantial fraction of reaction 4 proceeds
we do not anticipate that CHs an efficient scavenger of other  via channel 4a. A detailed account of the results from a series
radicals potentially formed in the system. The fate ofsCH of experiments to map out the pressure dependence of reaction
radicals in the chamber is self-reaction, reaction with CHBICI, 4 is presented in section 3.4.

or reaction with CHBrCI---F. If the species responsible for From the FTIR results (section 3.7) we know ttglks, =

the absorption at 280 nm observed in theg/SH,BrCl (5.3+ 0.8), and hence, frorks/ks(1000 mbar)= (1.61+ 0.28)
experiments was not formed from the reaction of F atoms with and ks/ks (200 mbar)= (3.16 + 1.39) we can calculate the
CHZBrClI, the observed absorbance should be independent ofadduct yield % (M) = (ks (M) — kap)/ka(M) at 1000 mbar and

the partial pressure of GH The fact that this is not the case 200 mbar total pressure of §FWe obtain % (1000 mbar)=
suggests strongly that the radicals responsible for the absorption(0.70 + 0.11) and ¥%(200 mbar)= (0.40 + 0.28). We are

at 280 nm are formed by reaction of F atoms with BFCI. also in a position to calculate 45 from kya = ks(ka/ks — kap/ks)

The competition between reactions 4 and 5 was used t0= (2.94 4+ 0.95) x 101! cm® molecule? s'* at 1000 mbar
determine the rate constant for reaction 4. The solid line in total pressure. Usinis = kufk_4a= (4.24 1.0) x 10-16cm?
Figure 5 represents a three-parameter fit of the expression belowmolecule'? from section 3.2, we derivie_sa = kso/Ks = (7.0 £
to the experimental data: 2.8) x 10* s~1 at 1000 mbar total pressure of SF

3.4. Pressure Dependence of the Adduct FormationA

F+ CH,— CH, + HF (5)

In these experiments the concentration of,BFCI was kept

i k_s [CH,] series of experiments was performed to investigate the influence
AF+CHzBrC' AF+CH4 k, [CH,BrCl] of total pressure on the formation of the adduct. Mixtures of
Anax= k. [CH. (11 CH,BrCIl/SF; were subject to pulsed radiolysis, and the forma-
14— 4 tion of the adduct was detected at 310 nm. The initial
ks [CH,BrCI] concentration of CLBrCl was fixed at 5 mbar, the radiolysis

dose was 52100% percent of maximum, and the total pressure
of Sks was varied over the range 20000 mbar. The UV path

is the absorbance in the absence ofsCihd Asich, is the length in the cell was 120 cm. Figure 6 shows the observed
absorbance in the absence of BHCIl. Asrcr,ercl, Ar+cH,, and maximum absorbance per 3.28 10'®> F atoms generated by
ks/ks were simultaneously varied and the best fit was achieved the radiolysis pulse versus the total pressure. We ascribe the

where Anax is the observed maximum absorbande;chagrc
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Figure 7. Plot of the formation rat&omation Obtained from first-order
fits to the experimental transients at 310 nm following radiolysis of
mixtures of 5 mbar CEBrCl and 106-1000 mbar of SEversus total
pressure.

falloff of this curve to a decrease in the formation of the adduct
at low pressures.

Mathematically, the falloff can be described by the param-
etrization proposed by Tréeand recommended by the NASA
data evaluation committé®eto describe addition and thermal
dissociation reactions in atmospheric models:

Oy

In1

-

my, andm, are given by equation IV in the Appendix, and both
terms depend ORys K-44 Kan, andks. For ks the expression
below was used

A(M]) = [X] max
where

_ k[RHI[F],

[X] max m, —m,

k4a,({M]

- %adM ) 0 logudkea MY e
1+ Kyq MY/ Ky

k4a([M]) =

and fork_4, we used that the equilibrium constant is independent
of total pressure and henkey{([M]) = ks[M])/ K4 at any given
pressure M. We use&s; = (4.2 + 1.01) x 107 cm?
molecule! determined in section 3.2ksa0 and ksae are the
limiting low- and high-pressure rate constants for the formation
of the adduct, ané&([M]) is the observed maximum absorbance
as a function of the total pressure Mks was calculated
separately for each pressure and dose using 3.88 x 1P x
(dose)p)/1000 obtained from section 3.6. The expression was
fitted to the experimental data in Figure 6 using'°"m= (1.48

+ 0.28) x 10717 cn? molecule® (determined in section 3.2),
an optical path length df= 120 cm, and, = (1.2 + 0.4) x
101! cm?® molecules! s71 as obtained from the FTIR experi-
ments (see section 3.7). The best fit was obtained wjtkr k
(1.784 0.72) x 10739 cmf molecule? s andk, = (8.93+
0.63) x 10711 cm?® molecules! s and is shown in Figure 6

J. Phys. Chem. A, Vol. 101, No. 30, 199481

pressure of S We obtaink, (1000 mbar)= (3.6 £ 1.4) x
101 andky(200 mbar)= (2.14 0.9) x 1011 cm? molecules?
s71. Fork_44(1000 mbar) we obtaik_44(1000 mbar)= Kso/K4
= (2.40+ 0.51) x 1071Y(4.20+ 1.01)x 10716 = (5.7 + 1.8)
x 10* s71in good agreement with the value lof45(1000 mbar)
= (7.0+ 2.8) x 10* s~ obtained in section 3.3. The adduct
yields obtained from these rate constants ag€1¥00 mbar)=
(0.67 £+ 0.30) and %(200 mbar)= (0.43+ 0.22).

To confirm these rate constants, a biexponential expression
was fitted to the experimental transients. In all cases the trans-
ients were well fit by the following biexponential expression:

A=A exp(_kformtl) +A exp(_kdeca}z) + A,

In Figure 7 pseudo-first-order rate constakégnation for the
addition of F atoms to CpBrCl are plotted versus the total
pressure. As seen from Figure 7 the formation rate increases
with increasing total pressure. The expression

Ky (M) = Kyo(M) + Ky,
where

Kga gM]

Ml g g1HI0g(ke M kea )
1+ k4a,([M]/ k4aP°

Kyo(M) =

was used to fit the dataks, was fixed at the value oy, =

(1.2 & 0.4) x 10711 cm® molecules! s™1 obtained from the
FTIR experiments (see section 3.7). The best fit was obtained
usingksao= (3.51 % 2.07) x 1073° cmP molecules? s and

Kap = (7.33+ 4.71) x 1071 cm® moleculest s™1. From this

we calculateky(1000 mbar)= (3.59 4 1.12) x 107! andky-

(200 mbar)= (2.17 £ 0.59) x 10! cm® molecules?® s
These results are in excellent agreement with those obtained
above and also in good agreement with the valuels(@000
mbar)= (4.23 £ 1.13) x 107! andk4(200 mbar)= (2.15+
1.04) x 10711 cm® molecule’® st obtained from the relative
rate experiments described in section 3.3. The adduct yields
are Yx(1000 mbar)= (0.67+ 0.15) and % (200 mbar}= (0.45

+ 0.24).

The results obtained from Figure 6 are based on the
assumption that only the adduct absorbs at 310 nm. The results
obtained from the pseudo-first-order formation rate constants,
Figure 7, are independent of this assumption and so are the
numbers obtained from section 3.3 which are also obtained at
a different wavelength, namely 280 nm. The results obtained
in this section rely on the value &f, determined in the FTIR
experiments, on the other hand the valu&aibtained in section
3.3 is independent of the FTIR result. The good agreement
between the three sets of results strongly supports the assumption
that only the adduct absorbs at 310 nm, and the interpretation
of the FTIR experiments to givky, = (1.2 + 0.4) x 10712
cm® molecule® s,

As a final value ofks, we choose to quote an average of the
two values, determined in this section. We arrive at a total
rate constant for reaction 4 &f = (kqa + kap) = (3.6 & 0.9) x
101 cm?® molecule® st at 1000 mbar total pressure of §F

3.5. Reaction of the Adduct with NO. To investigate the
reaction of the adduct with NO, mixtures of GBtCIl/SF/NO
were subject to pulsed radiolysis and the resulting transient
absorption at 310 nm was monitored.

CH,BrCl-+-F + NO — products )

as open circles. Uncertainties were calculated using standard

error propagation methods including uncertainties{if]o and
kap. We can now calculatky(M) at 200 and 1000 mbar total

The concentration of CHBrCl was kept constant at 5 mbar,
the concentration of NO was varied from 0.4 to 2.1 mbar, and
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Figure 8. Transient absorbance at 310 nm following the pulsed
radiolysis (full dose) of a mixture of 5 mbar GBICl, 1.8 mbar NO,
and 992 mbar S~ The UV path length was 120 cm.
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Figure 10. UV absorption spectra obtained-883 ms after the electron
pulse following radiolysis of spectra A, 5 mbar NO and 995 mbay SF
and spectt B 5 mbar NO, 5 mbar CiBrCI, and 990 mbar S§~Spectra

C, D, and E are residual spectra obtained by subtracting 55, 65, and
75% of spectrum A from spectrum B, respectively.

and CHBrCI. To test this hypothesis, two chemical systems
were subject to pulsed radiolysis: (i) a mixture of 5 mbar NO
and 995 mbar Sfand (ii) a mixture of 5 mbar CHBrCI, 5
mbar NO, and 990 mbar $F UV absorption spectra were
recorded over the range 36316 nm using a resolution of 0.8
nm, a scan time of 3 ms, and full radiolysis dose. In reaction
mixture i) the following reactions are important:

SK, 2UVe oy products 3)
F+NO+M—FNO+ M (8)

Figure 10, spectrum A, shows the average of three spectra
acquired 86-83 ms after radiolysis of reaction mixture (i). The
two peaks are well-known FNO featur€s Figure 10, spectrum
B, shows the absorption (average of three spectra)830ms
following radiolysis of reaction mixture (ii). Clearly, FNO is
also formed in this system. By making the reasonable assump-
tion that FNO is formed in 100% yield in reaction 7, the adduct
yield in reaction 4 is given by the amount of FNO formed in
reaction mixture (ii) relative to the amount formed in reaction
This ratio was determined by subtraction of

was used, and the optical path length was 120 cm. Figure 8spectrum A from spectrum B. In Figure 10 the residual spectra
shows a typical experimental transient. This transient can be following the subtraction of 55, 65, and 75% of spectrum A
compared to the transient obtained in the absence of NO shownfrom spectrum B are shown. It is evident that the FNO vyield
in Figure 2. The decay of the adduct is much faster when NO in reaction mixture (ii) is 65t 10% of that in reaction mixture

is present. The decays of the observed transients at 310 nm(i). Two corrections are necessary before a final value for the

followed first-order kinetics and were fitted using a first-order
decay expressionA(= A exp(—ksit) + Ainf) to give pseudo-

adduct yieldksgks can be extracted. First, we have to consider
the possible interference from second-order chemistry in the

first-order decay rate constants. Figure 9 shows the pseudo-two systems. The maximum absorbance at 310.7 nm following
first-order rate constants for the decay of the adduct versus thepulsed radiolysis of reaction mixtures (i) and (ii) are plotted

concentration of NO. A linear least-squares fit gikes= (2.09
+ 0.04) x 107 cm® molecule® s71. To take account of

versus radiolysis dose in Figure 11. The maximum transient
absorbance is proportional to the radiolysis dose over the entire

potential systematic errors, we chose to add an additional 20%range tested for reaction mixture (i). This is not the case for

to the uncertainty ok;. Propagating this additional uncertainty
givesk; = (2.09 £ 0.41) x 10 cm® molecule! s1. We
ascribe they-axis intercept of (3.84t 0.63) x 1(° s71 to the

reaction mixture (ii). The full dose absorbance falls below a
linear extrapolation of the low-dose data by a factor of G186
0.10. Thus, the amount of FNO actually formed at full dose,

decay of the adduct in the absence of NO (i.e., the sum of therelative to the amount of FNO that would have been formed if

adduct losses from reactiorsta and 6 and possible self- and
cross-reactions.
On the basis of our experience with the £§B#-F adduct, it

no secondary chemistry was important, is 0.86. The adduct
yield in reaction 4 is then (0.6% 0.10)/(0.86+ 0.10)= (0.76
=+ 0.14) at 1000 mbar total pressure ofsgSFSecond, correction

seems likely that the products formed from reaction 7 are FNO is needed for direct reaction of F atoms with NO. Usk(lig +
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Figure 11. Plot of maximum absorbance at 310.7 nm following Figure 12. Plot of the first-order decay rate of the adduct versus
radiolysis of mixtures of 5 mbar NO and 995 mbarsSfith (circles) radiolysis c_iose foII_owmg rad|_oly§|s of $EH,BrCl mixtures. Tnangle_s
or without (diamonds) 5 mbar of added ¢BtClI. were obtained using a monitoring wavelength of 310 nm and circles

were obtained using 280 nm. See text for details. Closed symbols; [CH
NO) = (5.1 0.7) x 1071220.21andk, = (3.6 + 0.9) x 1011 BrCl] = 5 mbar; open symbols, [GBrCl] = 1—20 mbar. The straight
cm? molecule s~1 we calculate that (12.4 3.6)% of the F line is a linear least-squares fit to the 5 mbar data.
atoms react directly with NO in reaction mixture (ii). After

R [ f th ith oth icals i
applying this final correction the adduct yield is (0.£70.23). eaction of the adduct with other radicals s represented by

This number is in excellent agreement with the values of (0.70 reaction 6.

=+ 0.11) obtained in section 3.3 and (0.£70.15) obtained in CH,BrCl+ F+ M =X + M — products  (4a, -4a, 6)
section 3.4. While the determinations kaf/ks should strictly

be viewed as lower limits, the excellent agreement between the CH,BrCl + F— CHBICI + HF (4b)

results of the three independent methods suggests that these
determinations are close to the true valuégfks at 1000 mbar The intercept contains information concerning the decay,
of total pressure. Hence, we choose to report the adduct yieldDecomposition via reaction -4a gives an F atom and ong CH
at 1000 mbar total pressure of &S the average of these three  BrCl molecule. When the F atom reacts again with,8HCI,
determinations: Ygauc{1000 mbary= 0.684 0.11. 68% will reform the adduct and 32% will give the alkyl radical.
3.6. Decay of the Adduct. To investigate the decay of the  Therefore we interpret the intercept as &3 From this we
adduct in the absence of NO, the experimental transients atcalculatek_s45 < (3.75+ 0.79) x 10*s%/(0.32+ 0.04)= (1.17
280 and 310 nm following radiolysis of 5 mbar gBtCl and + 0.29) x 1® s71. This upper limit is consistent witk_4, =
995 mbar Sk were fitted using a first-order decay expression (5.7 + 1.8) x 10* s~L obtained in section 3.4 arld 4, = (7.0
which provided a good fit to the experimental data. The 4 2.8)x 10*s ! obtained in section 3.3. The adduct may also
radiolysis dose was varied between 6 and 42% of full dose. decompose unimolecularly into products other than F atoms and

Figure 12 shows a plot of the first-order decay rate constants CH,BrCl. The intercept provide an upper limit for this reaction
as a function of radiolysis dose. There was no discernible of (3.75+ 0.79) x 10* s L.

difference between results obtained at 280 and 310 nm. The 3.7. Kinetics of the Reactions of Cl and F Atoms with
decay rate increased linearly with radiolysis dose suggestingCH,BrCI. To investigate the kinetics of the reactions of Cl

that radicat-radical reactions such as reactions-12 are and F atoms with CBBrCl, relative rate studies were performed
important (X=CH.BrCl-+-F): using the FTIR system. The techniques used are described in
X + X — products ©) detail elsewheré>22 Photolysis of molecular chlorine was used
as a source of C| atoms.
X + CHBrCl— products (10) Cl, + hv — 2Cl (13)
X + F— products (12)
The rate of reaction 14 was measured relative to reactions 15
X + CH,BrCl — products (12) and 16.
A linear least-squares fit to the data in Figure 12 gives a slope Cl + CH,BrCl— CHBrCl + HCI (14)
of (3.884 0.28) x 1(° st and an intercept of (3.7% 0.79) x
10* s'. The slope contains information on the kinetics of Cl+ CH,— CH; + HCI (15)
reactions 9-12 and possibly other reactions. The adduct does
not coexist with F atoms ([X]/[FEE K4CHBrCI] = 52), and Cl + CH,Cl — CH,CI + HCI (16)
hence, reaction 11 is unimportant. To investigate the importance
of reaction 12 the concentration of GBfCl was varied over Figure 13 shows the observed loss of BFCI versus the

the range +20 mbar and the pseudo-first-order rate constant losses of the reference compounds following the UV irradiation
for loss of the adduct was measured at 280 nm. Results areof mixtures of CHBrCI/CH4/Cl, and CHBrCI/CHsCI/Cl; in
shown as hollow symbols in Figure 12. On the basis of these 700 Torr of air diluent. Linear least-squares analysis gki#/s
data we conclude that reaction 12 is of minor importance. kis= (4.0+ 0.3) andki4kis = (0.88+ 0.05). Usingk;s= 1.0
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Figure 13. Loss of CHBrCl versus CH (triangles) and CkCl (circles) Ln([Reference]t /[Reference]t)
when mixtures containing these compounds were exposed to Cl atoms °
in 700 Torr of air diluent. Figure 14. Loss of CHBrCl versus CHCHF; (circles), CD (squares),
and CH (triangles) when mixtures containing these compounds were
x 10713 18andkys = 4.9 x 10713 18giveskys = (4.0 £ 0.3) x exposed to F atoms in 700 Torr of;Nopen symbols) or air (filled
10 andkys = (4.34 0.2) x 10733 cm® molecule s1. We symbols) diluent,
choose to quote a final value kfs = (4.2+ 0.5) x 1013 cm? At this point it is germane to note that the rate constant ratio

molecule* s™%, which is an average of the two results above gk, was also studied using the pulsed radiolysis setup (see
with error limits that encompass the extremes of the individual section 3.3). The result from the FTIR technique in 700 Torr
determinations. We estimate that potential systematic errorsof ajr diluent wasks’ks = 5.3 + 0.8 and can be compared
associated with uncertainties in the reference rate constants couldjirectly to the determinations d&/ks = (1.61+ 0.28) andks/
add an additional 10% to the uncertainty range. Propagatingi, = (3.16 + 1.39) at 1000 and 200 mbar of SHiluent,
this additional 10% uncertainty givéis = (4.2+ 0.7) x 1073 respectively, from the pulsed radiolysis experiments. At a first
cm® molecule* s™t. This result is in good agreement with the  glance it appears that the results obtained using the two different
measurement déis = (4.2+ 1.2) x 1073 cm® molecule* s™* techniques are inconsistent. However, before we compare the
at 298 K by Tschuikow-Roux et & results from the two techniques, we must recognize the different
To determine the kinetics of the reaction of F atoms with time scales and the different radical concentrations of the
CH,BrCl, photolysis of molecular fluorine was used as a source experiments. The mechanism for the reaction of F atoms with
of F atoms. The kinetics of reaction 4 were measured relative CH,BrCl is given by reactions 4a, -4a, 6, and 4b.
to reactions 5, 18, and 19.
CH,BrCl+ F+ M =X + M — products (4a, -4a, 6)
F,+h—2F a7
CH,BrCl + F— CHBrCl + HF (4b)

F+ CH,BrCl — CHBrCI + HF ) Reaction 6 represents loss of the adduct via reaction with
other radicals. In the FTIR experiments the F atom concentra-
F + CHF,CH, (HFC-152a)—~ CHF,CH, + HF (18) tion is very low ((2-5) x 10° molecules cm?3). We know that
k_4ais of the order of 7x 10* s™1. For reaction of the adduct
with radical species (reaction 6) to be competitive with
decomposition of the adduct (reaction -4a) the pseudo-first-order
loss of the adduct via reaction with any radical “Y” must be of

F+ CD,— CD; + DF (19) the order of 18s™1. If we assume an upper limit for the rate

constant for the adduet Y reaction of 161° cm?® molecule®

Figure 14 shows the observed losses ohBIEI versus those  s~1then the concentration of Y would need to bé%Iifiolecule

of the reference compounds following irradiation of mixtures cm=3 to compete with reaction -4a. This is many orders of

of CH,BrCl/CHR.CHa/F,, CH,BrCl/CH4/F,, and CHBrCIl/CD4/ magnitude greater than the radical concentration in the chamber

F, in 700 Torr of N, or air diluent. There was no discernible and we can conclude that reaction 6 is not important in the FTIR

difference between results obtained ind\ air diluent. Linear chamber. Now consider the different time scales of the

least-squares analysis givegk;gs = (0.68+ 0.05),ks/'ks = (0.19 experiments. In the pulse radiolysis experiments the kinetic

+ 0.03), andky/kyg = (0.274 0.03). Usingkig=1.7 x 1071115 data is derived from monitoring the temporal behavior of the

ks = 6.8 x 107111516andk;o = 4.7 x 10711 24givesk, = (1.16 radical species over a time scale of 00 us. In the FTIR

+ 0.09) x 107, ky = (1.29+ 0.20) x 1071, andk, = (1.26 experiments the kinetic data is derived by observing the loss of

+0.14) x 1071 cm® molecule’® s74, respectively. We choose  CHyBrCl and CH, over time scales of 515 min. Because

to cite a final value forks, which is an average of the above reaction—4a occurs on a time scale much less tharl5 min

values with error limits which encompass the extremes of the the FTIR technique will be “blind” to channel 4a and will only

determinationsks = (1.2 + 0.3) x 107 cm® molecule® s, provide a measurement kf,. Henceky, = (1.2+ 0.4) x 10711

We estimate that potential systematic errors associated withcm?® molecule’® s71.

uncertainties in the reference rate constants could add an 3.8. FTIR Study of the Atmospheric Fate of CHBrCIO

additional 20% to the uncertainty range. Propagating this Radicals. To determine the atmospheric fate of the alkoxy

additional uncertainty givek, = (1.2 & 0.4) x 1071 cm?® radical CHBrCIO formed from reaction 21a, the FHRmog

molecule’® s71, chamber system was used to study the products resulting from

F+ CH,— CH, + HF (5)
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1200 1400 1600 1800 2000 2200 loss of CHBICI in Figure 16

Careful attention needs to be paid to the possible impact of
unwanted secondary reactions which could form or consume
Figure 15. Infrared spectra acquired before (part A) and after (part the observed products. In addition to reaction with Cl atoms,

B) irradiation of a CHBrCI/Cl/O/N, mixture (see text for details).  CH,BrCl could be lost via photolysis or heterogeneous reactions
Parts C and D show reference spectra of HC(O)Cl and CO, respectlvely.in the chamber. To test for photolysis, a sample of 17 mTorr

the Cl atom initiated oxidation of CH#BrCl with and without .Of CHZqu in .700 Torr of air was _irradiatc_ad fqr 7 min, which
NO present. All experiments were performed at 700 Torr total is the typical time scale for experiments in this work. To test
pressure at 295 K. In the absence of NO the CHBrCIO alkoxy ;oesrghet_?_roge?gogs |7OOS§’_|_a mletur_e(;){ 32 mTorrl o]l‘thI‘CI an(;j_
radical is formed via channel 20a. With NO present it is formed mTorr of Cin orr of air diluent was left to stand in

via reaction 21a. The aim of these experiments was to determinethe dark for 14 min. In both cases there was no discernible

-1
Wavenumber (cm )

loss (<2%) of CH,BrCl showing that photolysis and hetero-

CHBICIO, + CHBrCIO, — 2CHBrCIO+ O, (20a) geneous losses of this compound are not significant. The
behavior of HC(O)CI and CO in our reaction chamber have

CHBICIO, + CHBrCIO, — CHBrCIOH + CBrCIO  (20b) been studied p.reviousF?. CO is stable in the chamber and
reacts slowly with Cl atoms (at 700 Torr, k(€1 CO) = 3.2 x

_ 107 cm?® molecule! s7118), There are no significant losses
CHBICIO, + NO — CHBICIO + NO, (212) of CO in the chamber. HC(O)CI undergoes slow heterogeneous
decomposition in the chamber with a first-order rate constant
of 0.0055 mirr;25 over the experimental time scales used in
the present study, heterogeneous loss of HC(O)Cl is negligible.
Cl atoms react with HC(O)CI with a rate constantkgf = 7.8
x 10713 cm® molecule s71 26 (i.e., 1.9 times more rapidly than

CHBICIO+ M — HC(O)Cl+ Br + M (22) the reaction of Cl atoms with GIBrCl).

CHBrCIO, + NO + M — CHBrCIONG, + M (21b)

the relative importance of reactions-226 in the atmospheric
chemistry of CHBrCIO radicals.

CHBrCIO+ M — HC(O)Br+ Cl + M (23) Cl+HC(O)CI—CICO + HCI (27)

CHBICIO+M —CICO+HBr + M (24) CICO+M—Cl+CO+M (28)

Corrections for the impact of reaction 27 on the HC(O)Cl and

CHBrCIO+M — BrcO + HCl + M (25) CO product yields were calculated using the expressions

CHBrCIO + O, — BrC(0O)Cl+ HO, (26) | | 0.5k, A[CH,BrCl\-*
The loss of CHBrCI and the formation of products were [HC(O)Cllcor = HC(O)Cllops | 1 ki [CH,BrCl],

monitored using FTIR spectroscopy. Only two carbon contain-
ing products were observed: HC(O)CI and CO. Figure 15 [COl.orr = [CO],s — [HC(O)Cl) o + [HC(O)Cl s
shows FTIR spectra acquired before (part A) and after (part B)
a 30 s irradiation of a mixture of 29.9 mTorr of GBfCl, 266 where A[CH,BrCl] is the loss of CHBrCl and [CHBIrClI], is
mTorr of Ch, and 7 Torr of Q in 700 Torr of N diluent. the initial concentration. Corrected and uncorrected data are
Comparison with the reference spectra of HC(O)Cl and CO shown in Figure 16. Linear least-squares analysis of the
given in parts C and D shows the formation of these products. corrected data in Figure 16 give product yields of 045%




5486 J. Phys. Chem. A, Vol. 101, No. 30, 1997

TABLE 1: Kinetic and Mechanistic Data Determined in This Work for the F + CH,BrCl Reaction?

Bilde et al.

section 3.2 section 3.3 section 3.4 section 3.4 section 3.5
k4 (1000 mbar) (4.23:1.13)x 1012 (3.6+14)x 0% (3.594+ 1.12)x 1071
ks (200 mbar) (2.15: 1.04)x 10712 (21+£0.9)x 1012 (1.76+£0.59) x 10°1*
Ka (4.2+1.0)x 1076
Y x (1000 mbar) (0.7 0.112) (0.67+ 0.30) (0.67+ 0.15) (0.67+ 0.23)
Yx (200 mbar) (0.4Gt 0.28) (0.43+0.22) (0.45+ 0.24)
ksa.0 (1.78+£0.72) x 1072° (3.51+£ 2.07)x 1072°
Kaaw (8.93+0.63)x 10°1* (7.33+£ 4.71)x 10°1*

aUnits are cm molecule® s7* for ks andkuae, P molecule? st for ksaq and cni molecule? for Ky

and 4+ 6% for HC(O)CI and CO, respectively. Within the TABLE 2: Comparison of Equilibrium Constants, Adduct

experimental uncertainties we can account for 100% of the CH  Yields, and Absorption Maxima for Adducts Formed
BrCl loss. As seen in Figure 16, variation of the @artial between Fluorine Atoms and Brominated Methanes in 1000

pressure over the range-700 Torr and the consumption of mbar of SFe at 296 K

CH,BrCl over the range 423% had no discernible impact on ~ absorption

the product yields. Furthermore, the presence of NO had no .. m'éleggl‘r;) ?féjéjcf%ig m%'m)“m of
impact on the product yields showing that the yields of HC-

(O)Cl and CO are independent of the source of CHBrCIO F+CRBr — <lx 1012 5
radicals (reactions 20a or 21a) and that reaction 21b is not anF T CCkBr = <1x10° 17 5

. . f . . F+ CEBrH 1.6x 107" =~100% 295 4
important channel in the reaction of CHBrGl@adicals with F+CH,BICI 42x10%  68+11% 300 this work
NO. F+CHBr >5x101 31+ 5% 300 5

As noted above, HC(O)CI and CO were the only carbon-
Containing products that were Observed, and there was noreSU|tS are given in Table 1 and show that reaction 4 prOCGEdS
evidence for any formation of HC(O)B<QR%) or BrC(O)CI. via two channels:

From the 4+ 6% yield of CO it is possible to conclude that
reaction 22 is the only loss mechanism of CHBrCIO radicals.
Alternatively, the small CO yield may reflect the minor
importance of HBr or HCI elimination (reactions 24 and 25) or

possibly the formation .of BrC(O)CI followed qu some rapid |, 1000 mbar of SEdiluent at 296 K, the yield of the CH
(unknown) process which converts BrC(O)Cl into CO, or all g.c|...F adduct is approximately 70%, while in 200 mbar of

three of these sources of C_O could c_ontribute_. Howeve_r, it is SFs diluent the yield drops to about 45%. We have recently
clear that the sum of reactions 236, 'f, operative, comprise reported adduct formation in the reactions of F atoms with-CH
<10% of the fate of the CHBCIO radicals. Bré and CRBrH.5 Bozelli at al® have reported evidence for
The Cl atom initiated oxidation of CG#BrCl in airat 298 K 4 formation of an adduct in the reaction of F atoms with-CF
ha; been studied p.re.V|oust by Itoh eféCO and CQ were Br. It appears that adduct formation is a general feature of the
major carbon-containing products, while HC(O)Cl was a minor o40tion of F atoms with brominated organic compounds.
product. From an analysis of the formation of HC(O)CI versus Throughout this work the adduct has been denoted as CH
loss of CHBICI, Itoh et al*” concluded that CHBICIO radicals BrCl---F adduct. This “formula” has no implications concerning

eliminate both Br and Cl atoms witked/(kz2 + keg) = 0.75. the structure of the adduct. While the structure of the adduct

This conclusion is inconsistent with our observation of es- ;o \nknown. it seems likely that the attacking F atom is bound
sentially quantitative conversion of GBrCl into HC(O)CI (see to the bromine atom in the organic compound. Computational

Figure 16). The most likely cause of the discrepancy between gy,gjes are needed to establish the structure of the adduct.
the two stgdleg is a systematic error in the callbratlon of the | iierature data for adduct yields, wavelength of maximum
HC(O)Clyield in the previous work. The conversion of &H  5psomtion by the adduct, and equilibrium constants for the
BrCl into HC(O)Cl illustrated in Figure 16 shows that the fate ,4q.,ct forming channel in the reaction of F atoms with
of CHBrCIO radicals in the atmosphere is elimination of Br p.0in-i04 methanes in the gas phase are given in Table 2.
atoms to form HC(O)C", This bghavi.or.is analogous to that of The adduct yield decreases as the number of H atoms in the
CHoBrO and CiBEO radicals WQ'Ch eliminate Bratoms rapidly  n5jecyle increases reflecting the increasing importance of
to fo_rm HCHC and_HQ(O)B?, respectively. As d_|sc_uss_ed H-atom abstraction. The UV absorption spectrum obtained
prewouslyl, a lower limit for the rate of Br atom elimination following radiolysis of a mixture of S¥CH,BrCl indicates that
can be estimated from the absence of the carbonyl product, BrC-,o CHBICl--+-F adduct shows two broad UV absorption
(O)CI, expected from reaction 26 as follows. Rate constants p,4s: 4 weak feature centered-@55 nm and a more intense
for reactions of alkoxy radicals with Qie in the range (2-60) feature at~300 nm as is seen in the UV absorption spectra of
x 10715 cm® molecule! s™! 18 and appear to be anticorrelated o CRBrH--F and CHBr--F adducts. As noted previously,
with the C-H bond strength. The €H bond strength in the e equilibrium constant (i.e., the binding energy of the adduct)
CHBrCﬂO radical is I|kelly_t(l) be weak and so an eSt'matk?@f decreases with the introduction of electronegative substituents.
> 1071 e’ molecule™ s™ seems reasonable. From Figure This yrend is consistent with electronegative substituents
15 It can be seen that in the presence of 700 Torr ptk@_ withdrawing electron density from the Br atom thereby reducing
el|m|nat|qn of Br atoms occurs at' least an order of magnitude q attraction between the Br and the attacking F atom.
more rapidly that does reaction withOHencek, > 2 x 10° Adducts formed from the reaction of halogen atoms with
S different kinds of electron donors have been observed in solution
by pulsed radiolysis and flash photolysis. Examples are iodine
atom complexes with benzene, ethyl bromide, and ethyl
Two experimental techniques were used to study the kinetics iodide31-3bromine atom complexes with benzeand iodine
and mechanism of the reaction of F atoms with,8kCl. The atom complexes with polar solverits32:33 The lifetimes of

F -+ CH,BICl = CH,BICl---F (4a, -4a)

F + CH,BrCl — CHBICI + HF (4b)

4. Conclusion
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these adducts are of the order of microseconds to milliseconds.
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[XI(t) = c(e™ — &™) (V1)

Adducts observed in solution have been interpreted as charge

transfer (CT) complexes according to the Mulliken thedry,

The time where the concentration of X is at its maximum is

and it is established that the charge transfer energy (energy offound by differentiating X with respect to time and equating

maximum absorption) increases with increasing ionization
potential of the electron donét. As pointed out by Mulliker??
structural differences between adducts in solution and in the

this with zero:

0= C(mlemltmax _ rnzemztmax)

gas phase influence the thermodynamic properties of the adducts.

Chemical and physical knowledge concerning a larger number

of gas phase halogen adducts is needed before comparison and

_ In(my/m,)

VIl
m, —m Vi

max

general conclusions about structural and thermodynamic proper-

ties of gas phase adducts are possible.

Finally, we show here that the atmospheric fate of CHBrCIO
radicals is elimination of a Br atom which is estimated to
proceed with a rate2 x 10° st in 700 Torr of air at 296 K.
Appendix

Consider the reaction system:
CHBrCl+ F=X—P (a, -a, 6)
(b)

The time dependence of X and F are given by the differential
equations | and Il:

CH,BrCl + F— CHBrCI + HF

diX]

B gRHIF - (DD O)
d[F
W ot RHIFL Fh )

where [RH] is the concentration of GBrCI which is assumed

to be independent of time. This is a set of coupled first-order
linear differential equations which can be reduced to one second-
order equation Il

d’X]

dt?

+ (e +IRH] + K+ k)T +

(keks 1 kok—a T kpkg) [RH][X] =0 (111)

This equation can be solved analytically. The roats, @nd
my) of the characteristic equation are:

m, =

(ky + K)[RH] — (k5 + ko) +

(kK IRH] + K, + kg)® — 4k + Kok o + ki) [RH]
2

n‘b:
~(ky T )RH] — (k_o+ k) —

(kK IRH] + Ky + kg)® — 4k + Kok, + kiko)[RH]
2

(V)

and the concentration of the adduct as a function of time is
given by equation V:

mt

X] =c,e™+ ce™

V)

At time t = 0 the concentration of X is zero, and herge=
—C; so that [X] as a function of time is given by equation VI

To obtain the maximum concentration of ¥« is inserted into
equation VI

] ( (ml) my/(mp—my) (ml) my/(mp—my)
= C —_— — | —
max n-lz rle

To find an expression fae, the condition [F} = [F] + [X] +
[R] is used:

) VI

dFl__dX]_dRl_dP]

dt dt dt (%)

By inserting expression VI for [X] an#,[RH][F] for d[R]/dt,
and using that [Ff [F]o at timet = 0, expression X for c is
obtained:

diP]

. KIRHIFlg
m—-m
The maximum concentration of adduct as a function of the
concentration of RHk,, k-5 andky is given by

k[RHI[F], ((ml)ml/(mzml) (ml)mz/(mzml)
Com—m, \\my m,
Consider the special case whége= 0. We definen; = my/
Ka, N2 = mylky, kK = kegks, ando. = ky/ka. In terms of these

new parameters the maximum concentration of adduct is given
as a function of [RH], K, andx through equation XII:

X)

[X] max ) (X1)

RHIIE n. \nu/(n—ny) n, \n2/(nz—y)
X e = U)o ]O((—l) —(_l) ) fork,=0
n, —n, \\n, n,
(XI1)
where
n, =

—(1+ &)[RH] — k + V(1 + 0)[RH] + K)2 — 4ka[RH]
2

n, =

—(1+ &)[RH] — k — V(1 + 0)[RH] + K)2 — 4ka[RH]
2

(X1l
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