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A pulse radiolysis technique was used to investigate the kinetics and products of the reactigBrbf @kh
fluorine atoms at 296 K. This reaction forms an adduct which is in dynamic equilibrium witBr&Fand
fluorine atoms. The UV absorption spectrum of the adduct was measured relative to the UV spectrum of the
CH;0; radical over the range 23880 nm. At 280 nm, an absorption cross section of {.8.3) x 1077

cn? molecule® was determined. From the absorption at 280 nm the equilibrium conistant [adduct]/
([FIICF,BrH]) was measured to be (1.590.13) x 10717 cm® molecule’®. In 1 atm of Sk, the forward rate
constantks = (1.4 4 0.5) x 107! cm?® molecule® s and the backward rate constdnt = (8.8 & 3.0) x

10° st were determined by monitoring the rate of formation and loss of the adduct. As part of the present
work a relative rate technique was used to meak(C¢+CFBrH) = (5.8 & 1.0) x 1075 cm® molecule®

s 1at 296 K and 700 Torr of N The fate of the oxy radical, GBrO, in the atmosphere is bromine atom
elimination and formation of COf

1. Introduction 2. Experimental Section

Halons are used as fire-extinguishing agents. The active The two different experimental systems used in the present
species in halons is bromine. When heated to high temperatureswork have been described in detail previo&%htand will only
halons decompose liberating bromine atoms, which trap the freebe discussed briefly here.
radicals that propagate combustion. However, bromine atoms 2 1. pulse Radiolysis SystemReactions were initiated by
are also very efficient in destroying ozone in the stratosphere. the irradiation of SHCFBrH and SE/CF,BrH/CH, mixtures
Bromine atoms are produced by photolysis of halons in the jn 5 1 L stainless steel reaction cell with a 30 ns pulse of 2
stratosphere. GBrH has been proposed as a substitute for \ev electrons from a Febetron 705B field emission accelerator.

conventional fully halogenated halons. Following release into Sk was always in great excess and was used to generate fluorine
the atmosphere, hydrogen containing halogenated species reaGioms:

with OH radicals to produce halogenated alkyl radicals which

will, in turn, react with Q to give peroxy radicald. For 2 MeV e
example, in the case of GBrH: SF;——— F + products (3)
CF,BrH + OH— CF,Br + H,0 1) F+ CRBrH — products (4)
CF,Br + O, + M — CF,BrO, + M 2 The radiolysis dose was varied by insertion of stainless steel
attenuators between the accelerator and the chemical reactor.
In the atmosphere the peroxy radical, BFO,, will be In this article we will refer to the radiolysis dose used in specific
converted into the corresponding oxy radical ;BRO. As part experiments as a fraction of the maximum dose that is

of a joint program between our two laboratories to survey the achievable. The fluorine atom yield (required for qua_ntifi_cation
atmospheric fate of halogenated compoutidswe have of U\_/ absorptlon spectra) was measured t_)y monitoring the
conducted an experimental study of the atmospheric chemistrytransient absorption at 260 nm due to {LHradicals produced

of CH:BrH. A pulse radiolysis technique was used to determine PY radiolysis of SECH4/O, mixtures:

absolute rate constants for individual reactions and to investigate Using o(CHzO2) = 3.18 x 107'% cn? molecule™,*? this

the mechanism of the reaction of F atoms with,BfH. The absorption corresponds to a F atom yield of (&.2.3) x 10'°
atmospheric fate of GBrO radicals was determined using a molecules cm? at full radiolysis dose and 1000 mbar of Sf
FTIR spectrometer coupled to an atmospheric reactor. ResultsThe quoted uncertainty includes 10% uncertaintg(@HzO;)

are reported herein. and 2 standard deviations in the absorption measurements. The
uncertainties reported in this paper are 2 standard deviations
*To whom correspondence should be addressed. unless otherwise stated. Standard error propagation methods

€ Abstract published irAdvance ACS Abstract#pril 1, 1996. are used to calculate combined uncertainties.
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. . ) Figure 2. Maximum transient absorbance at 280 nm following the
Figure 1. Transient absorbance at 280 nm following the pulsed pised radiolysis of mixtures of 20 mbar (circles) and 2.5 mbar (squares)
radiolysis (11% of maximum dose) of 2.5 mbar of 8FH and 997.5_ of CRBrH, respectively, and 980 and 998 mbar of,Sfespectively,
mbar of Sk. The UV path length was 120 cm. The smooth line is @ a5 a function of the radiolysis dose. The solid lines are linear regressions
first-order fit to the experimental data. to the low dose data (filled symbols).

Transient absorptions were followed by multipassing the
output of a pulsed 150 W xenon arc lamp through the reaction ~ Figure 2 shows plots of the maximum absorbances for the
cell using internal White cell optics. The physical path length two different mixtures as functions of the radiolysis dose. The
of the cell is 10 cm. Total optical path lengths of 80 and 120 maximum absorbances were linear functions of the radiolysis
cm were used. After |eaving the cell the ||ght was gu|ded dose up to 50% of the full dose. The deviations from |inearity
through a 1 m McPherson grating W\is monochromator and @t higher dose are ascribed to secondary ratticalical
detected with a Hamamatsu photomultiplier. All absorption reactions such as self-reaction of the absorbing species or
transients were produced in single-pulse experiments with no reactions between F atoms and the absorbing species. The solid
signal averaging. The spectral resolution was 0.8 nm. Reagentines are linear least-squares fits to the low-dose data. The
concentrations used were as follows: SB95-995 mbar: slopes of the linear regressions in Figure 2 are2.0.1 for
CFR,BrH, 0—50 mbar; CH, 2—40 mbar. All experiments were mixtures containing 20 mbar of GBrH and 0.96+ 0.04 for
performed at 296 K. S99.9%) was supplied by Gerling and ~ Mixtures containing 2.5 mbar of GBrH, respectively.

Holz, CRBrH (>97%) was supplied by Fluorochem Ltd., and In all experiments the initial concentration of ¢8fH is in

CH, (>99%) was supplied by Gerling and Holz. All reagents 9reat excess compared to that of fluorine atoms. At low doses
were used as received. The partial pressures of the differentone would expect complete conversion of F atoms to products
gases were measured with a Baratron absolute membraneiccording to reaction 4. As a consequence the absorbance
manometer with a detection limit of 10 bar.

A Princeton Applied Research OMA-II diode array was used F+ CF,BrH — products (4)
to measure the UV absorption spectrum of the,BH—F ) L )
adduct. The diode array was installed at the exit slit of the Should be independent of the initial concentration Op&H.
monochromator in place of the photomultiplier which was used !t IS clear from Figure 2 that this is not the case and the question
for measuring transient absorptions. The setup consisted of theVhich arises is, “Why is the observed absorbance using an initial
diode array, an image amplifier (type 1420-1024HQ), a control- concentratlor_l of 2.5 mbar GBrH ap"prommately _half_of that
ler (type 1421) and a conventional personal computer used for®PServed using 20 mbar of ¢BrH?” The data in Figure 2
data acquisition, handling, and storage. Spectral calibration wasShoW that F atoms do not react with {H via a simple
achieved using a Hg pen ray lamp. H-atom abstraction mechanism:

2.2. FTIR Smog Chamber System.The FTIR system was
interfaced to a 14% L Pyrex regctor. Radicals W)ére generated F+ CRBrH = CRBr+ HF (42)
by the UV irradiation of mixtures of GIBrH and C}, or F, in
700 Torr of N, or air diluent, at 296 K using 22 blacklamps
(760 Torr= 1013 mbar). The loss of reactants and formation
of products were monitored by FTIR spectroscopy, using an
analyzing path length of 26 m and a resolution of 0.25tm
Infrared spectra were derived from 32 coadded spectra. Refer-
ence spectra were gcquired by expanding known volumes of F+ CF,BrH =X (5,—5)
reference materials into the reactor.

because, in this case the two dose plots would have the same
slopes. The data in Figure 2 can be explained if the species
which absorbs at 280 nm is an adduct in which a F atom is
weakly bound to CEBrH and if the adduct is in dynamical
equilibrium with F atoms and GBrH:

The lower absorption observed for [€BfH] = 2.5 mbar
compared to the absorption with [eBTH] = 20 mbar can be
3.1. Adduct Formation from the Reaction of F with explained by a shift in the equilibrium toward the adduct at

CF2BrH. Figure 1 shows the transient absorption at 280 nm higher concentrations of GBrH. In the following we shall
following the radiolysis (11% of maximum dose) of 2.5 mbar show that all the experimental evidence can be interpreted in
of CRBrH and 997.5 mbar Sfusing an optical path length of  terms of an equilibrium between F, ¢BfH, and the adduct X.
120 cm. The maximum transient absorbances were measuredn sections 3.2 3.6 we proceed on the assumption that reaction
as a function of the radiolysis dose using mixtures of 980 mbar 4a makes a negligible contribution to the overall reaction. The
of Sk and either 2.5 or 20 mbar of GBrH. validity of this assumption is discussed in section 4.2.

3. Pulse Radiolysis Results and Discussion
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Figure 3. Plot of maximum absorbance as a function of {BfH]. [CF2 BrH], mbar
The UV path length was 120 cm. The relative radiolysis dose was 22%
of maximum dose. Figure 4. Plot of k’tvs [CRBrH]. See text for details.

3.2. Determination of the Equilibrium Constant. Assum- to the parent species. This is reasonable because the decay of
ing that all species behave as ideal gases the equilibrium constanth® adduct is much slower than its formation. At any time the
of (5) is defined as concentration of F atoms will be given by [B [Flo — [X],

where [Fh = (7.0 £ 0.7) x 10" molecules cm?3. The system
Ks = ks/k_s = [X]/([F][CF ,BrH]) is described as a first-order reversible reaction, and the dif-
ferential equations which describe this system can be solved
where X is the CFBrH-F adduct. analytically. See, for example, ref 14, for details on the algebra.

To determine<s, the maximum transient absorption following '€ rate law for the formation of X is

pulsed radiolysis of mixtures of gFand CRBrH at 280 nm XVt = KeFlo — (Ks+ k 9IXI,  Kg = k[CF,BrH]

was obtained from a double-exponential fit to the transient. The

absorbance was me"?‘sure.d at low dosg (22% of maximum) WhereThe solution of this nonhomogeneous first-order linear dif-
no secondary chemistry interferes with the measurements. Aterential equation is

plot of the absorbance as a function of the initial concentration

of CF,BrH is shown in Figure 3. The equilibrium constd€y K[Fl,

was derived from a two-parameter fit of the following expression X]1(t) = W(l —exp((Kg + ko)

to the experimental data: 55 75

The pseudo first order formation rate will be equakdCF,BrH]
+ k-s. Hence, in Figure 4 thg-axis intercept give&_s and

. , the slope give&s. We obtainks = (1.564 0.31) x 1071 cm?®
whereA is the observed absorbance as a function oLBEH] molecuﬁelg 51 Sand K = (k§_3 (i 2.5) x 1)0>5< sl The

and A, is the absorbance Wh_en all F atoms are c_onverted into equilibrium constant i&s = ks/k_s = (1.8 0.8) x 10-17 crm?
the adduct. The value obtained for the equilibrium constant i1l This is in good agreement with the value of (1.59
wasKs = (1.59+ 0.13) x 10717 cm® molecule™. The value | 4 13) 10-17 ¢ molecule® obtained in section 3.2.

obtained forA, was 0.48+ 0.01 , 3.4. Kinetics of the CRBrH —F Adduct in the Presence
To confirm this result and to deter_mme_ the rate constants of CH4. To further confirm that the adduct X is formed in the
for the forward and backward reactions in (%, and ks, reaction of F atoms with GBrH (eq 5), a set of experiments

respectively, two additional sets of experiments were carried was performed with added GHo provide a loss mechanism
out. They are described in the following subsections. for F atoms (eq 6)

3.3. Determination ofks and k—s. Another set of informa-
tion can be extracted from the experiments described in section F+CH,— CH;+ HF (6)
3.2. In all experiments the initial concentration of BFH is
at least 35 times the concentration of F atoms and hence the In these experiments the concentration obBiH was fixed
loss of F atoms and the formation of products will follow at20 mbar, the concentration of Gi¥as varied over the range
pseudo-first-order kinetics. The observed transient absorbance2—40 mbar, and SfFwas added so the total pressure remained
were fit using the expressio(t) = (Ainr — Ao)[1 — exp(kist)] fixed at 1000 mbar. The transient absorption at 280 nm was

A= AKCF,BrH]/(1 + K[CF,BrH])

+ Ao, whereA(t) is the time-dependent absorbanég; is the observed at different concentrations of £H he radiolysis dose
absorbance at infinite tim&!stis the pseudo-first-order forma-  was 22% of maximum, and the optical path length was 120
tion rate of X, andAy is the extrapolated absorbancet at 0. cm. Figure 5 shows the observed variation of the maximum

Figure 4 shows a plot of the pseudo-first-order rate constantsabsorbance as a function of the concentration ratio JCH
for the formation of X kst as a function of the concentration [CF.BrH]. As shown in Figure 5, the addition of GHesults
of CRBrH. The pseudo-first-order rate of formation of X in a sharp decrease in the observed absorption at 280 nm.

increased linearly with GBrH concentration. Linear least- The CH; radical does not absorb at 280 nm and the reaction
squares analysis of the data in Figure 4 gives a slope of (1.560f F atoms with CH is fast,ks = 6.8 x 10711 cm® molecule?
+ 0.31) x 107 cm?® molecule! s™% s~115 CH, is an efficient scavenger of F atoms. In contrast,

We assume that the formation kinetics for X are not we do not anticipate that CHs an efficient scavenger of other
influenced by any loss mechanism apart from decomposition radicals potentially formed in the system. The species respon-
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Figure 5. Plot of maximum absorption at 280 nm vs the concentration Figure 6. Plot of KyecayVs fcr,. See text for details.
ratio [CHy)/[CF2BrH]. See text for details.
and Sk was added in an amount such that the total pressure
sible for the absorption at 280 nm must therefore be formed remained fixed at 1000 mbar. The observed decay of the
from reaction of F atoms with GBrH, i.e., from reaction 5. transient absorption was fitted using the first-order expression
The competition between reactions 5 and 6 was used togiven in section 3.3 with = 0 being the time for maximum
determine the rate constant for reaction 5. The solid line in absorbance anktstthe decay rate of X. Figure 6 shows a plot
Figure 5 represents a two-parameter fit of the following of kyecayversusfcr,. The solid line is a linear regression of the
expression to the experimental data: experimental data which givdss = (9.4 £ 1.5) x 1¢° s?!
and an intercept of (1.3 0.9) x 10° s™%,
ke [CH] ! The positive intercept indicates that even in the absence of
Anax=Aed 1 T ES [CFZTH] methane there is a significant loss of the adduct. The intercept

can be explained by radicatadical reactions such as the adduct

whereAnax is the observed maximum absorbance as a function self reaction or the existenge of a loss mechgnism (eq 7) for
of the concentration ratio [CHI[CF-BrH] and A is the the adduct which does not involve the formation of F atoms:
absorbance with no Ctpresent. Aeq andkg/ks were simulta-

neously varied, and the best fit was achieved with= (0.405
+ 0.02) andkg/ks = (5.42+ 0.81). Usingks = (6.8 + 1.4) x
1071 (ref 15) givesks = (1.25 4+ 0.25) x 107 which is
consistent with the value d = (1.56 £ 0.31) x 107 cm?

molecule! s~! determined in section 3.3. This consistency f how they were determined is given in Table 1. The three
strongly suggests that the species absorbing at 280 nm is formeqc/’alues calculated foKs show good agreement '
by the reaction of F atoms with GBrH. If reaction of another We decide to cite Z final value dfs = (1 5é +0.13) x

species with CfBrH gave rise to the observed absorbance at 1017 ¢ molecule obtained using the method which gave

sgo rt]);nwllt 'g’ R'Qr?]lﬁhun!['vlse%itf?a: cr?tntys:;ri]t valuesigfwould the greatest precision. Fkyandk_s we choose to quote values
€ obtained Iro € two difierent techniques. which are averages of the results in Table 1 with error limits

A value ofk-s can be obtained by observing the decay of X )
. . . 8 * that encompass the extremes of the ranges; hiejree(1.4 +
in the presence of CH The following reactions are considered: 0.5) x 10 cn? molecule s~ andk_s = (8.8 + 3.0) x 109

sL

3.5. Decay of the Adduct. The decay of X was studied by
radiolysis of mixtures of 20 mbar of GBrH and 980 mbar of
SK. The decay of the transient absorptions were observed at
280 nm with the radiolysis dose varied over an order of
magnitude. Figure 7A shows the transient absorption at 280
nm following the radiolysis at full radiolysis dose. The optical
path length was 120 cm. The decay was fitted using a first
)_1 order expression. Figure 8 displays a plok@tayas a function

F+ CEBrH=X (5,-5)
X — products 7)

The different values oKs, ks, andk-s and a short summary

F+ CF,BrH =X (5,-5)
F+ CH,— CH, + HF (6)

Every time X decomposes to F atoms and.BfH the F
atoms can reform X via reaction 5 or be consumed by reaction
6. The fraction of F atoms reacting with methane is given by

fo, =1+ "_5@ of the maximum transient absorbance. Using the steady-state
ke [CH,] approximation for X, the concentration ratio [X]/[F] is constant.

In the limit of zero dose and hence zero F atoms, no secondary
If all the F atoms produced from the decomposition of X are chemistry takes place and the only way that the concentration

removed by reaction with methane, the decay rate of X will be of X can decrease is by decomposition of X, i.e., reaction 7.

k_s. However, if only a fraction of F atoms is removed through The intercept in Figure 8 can therefore be interpreted as the

this channel, the rate of decay for X is givenkagay= fchK-s. first-order decay rate constant for reaction 7. This gikes

This means that if we pldigecayas a function ofcy,, the slope (7.414£ 0.72) x 10* s,

is k_s. Decay rates were obtained from experiments where the  Using the diode array the radiolysis of mixtures of 20 mbar

concentration of C/BrH was held fixed at 20 mbar, the of CRBrH and 980 mbar of SfFwas followed. The UV path

concentration of Chlwas varied over the range-20 mbar, length was 80 cm, and the resolution was 0.8 nm. Figure 9
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TABLE 1
method figure Ks [cm® molecule!] ks [cm® moleculet s kos[s™
Ay as a function of [CEBrH] 3 (1.59+ 0.13)x 1077
Krormation @S @ function of [CEBrH] 4 (1.8+£0.8) x 10°Y7 (1.56+£0.31)x 10°1¢ (8.3£2.5)x 10°
ratio plot with CH, 5 (1.25+ 0.25)x 107
decay of X in the presence of GH 6 (1.3+£0.3)x 10°%7 (9.4£15)x 10°
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Figure 7. Transient absorbance following the pulsed radiolysis (A) é
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Figure 8. KkdecayVersus maximum transient absorbance. See text for
details.

shows the spectrum obtained 106 after the electron pulse.
The characteristic spectrum of €Was observed. At this time

Relative dose

Figure 10. Transient absorbance at 249 nm /&8 after the electron
pulse versus the relative dose. Mixtures of 5 mbar of8ZH and 980
mbar of Sk were radiolysed.

to assume that Ghs formed from decomposition of the adduct
via reaction 7.

Figure 7B displays the transient absorption at 249 nm
following the radiolysis of a mixture of 995 mbar S&nd 5
mbar of CEBrH. The dose was 42% of maximum, and the
optical path length was 80 cm. At 249 nm £&dicals absorb
strongly, and it is seen in Figure 7B that the absorption does
not fall to zero within the observed time interval, this is ascribed
to the formation of Ckradicals. CFE radicals are relatively
unreactive and are expected to be persistent in the reaction cell
over a time scale of the order of 10s. A series of experiments
was performed where the radiolysis dose was varied over an
order of magnitude. As shown in Figure 7A, at &8 after the
radiolysis pulse the loss of adduct is essentially complete.
Figure 10 shows a plot of the absorbanceS@&fter the electron
pulse versus the relative dose. The solid line is a linear least
squares fit to the low dose data. The slopgfis (0.61 +

there is no adduct left (see Figure 7A), and it seems reasonabled.04). The yield of CF relative to the amount of [lF]was
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T T T LA T T ] TABLE 2: Selected UV Absorption Cross Sections for the
- .CHgaf——{\Odduct ] CF,BrH —F Adduct
' 02000 [ - wavelength 10% wavelength 10°%
3 [ CF,BrH——F adduct (nm) (c? molecule’®) (nm) (cn? molecule’®)
(]
o 230 466 310 1012
£1500 7 240 795 320 682
o~ 250 985 330 437
g 260 977 340 266
o 1000 | ] 270 1051 350 163
~ 280 1290 360 94
o 290 1482 370 53
- 300 1334 380 18
~ 500 .
b ]
0.6 T T T T
O 1 1 1 1 1 1 | /\'H
240 260 280 300 320 340 360 380 'E‘ CD4
Wavelength, nm @
Figure 11. UV spectrum of the C/BrH- -F adduct. The spectrum of bN 04 r ]
the CHBr- -F adduct is shown for comparison. <
o
calculated from the expression [&fFo] = £2.303/¢(CF,)- ?
[Flo), where [Fh = 3.2 x 10'® molecule cm* andl = 80 cm is o2l .
the optical path length. Unfortunately, the literature values of S
o(CR,) differ considerably: 0249n:{CF;) = (2.9 £ 0.4) x = CH,
1071716 go400n(CF2) = (8.0 £ 1.4) x 1071817 ando49ni(CF) 5
= (8.4 + 0.4) x 10718 cn? molecule’1.1® From these values
the yield of Ck was calculated to be 19%, 69%, or 65%, 0.06-0=21 L L L
0.0 0.4 0.8 1.2 1.6 2.0

respectively. Quantification of the GFyield is further com-

pIicF{;ted by the fact thatz49nn{CF) is sel?nsitive to the internal Ln([Methane],,/[Methane],)

excitation of the Ckradical’® The internal excitation of the  Figure 12. Loss of CEBrH versus loss of methane when BfH/

CF radicals observed here is unknown. Therefore, we are methane mixtures were exposed to Cl atoms in 700 Torr of air diluent.

unable to provide a precise quantification of the substantial CF

yield. using the FTIR system to investigate the kinetics and mechanism
3.6. UV Absorption Spectrum of the Adduct X. The of the reaction of Cl atoms with GBrH. The techniques used

absolute cross section of the adduct X was determined at 280are described in detail elsewhéfe.Photolysis of molecular

nm from the experiments described in section 3.1. The chlorine was used as a source of Cl atoms:

absorption cross section was determined from the expression

= 2.3031(1 + Ks[CF2BrH])/(IKs[CF-BrH][F]o), whereo. is the Cl, + hw — 2Cl (8)
slope of a linear regression fit to the data shown in Figure 2,

=120 cm, and [F]= 3.2 x 10'® molecules cm?®is the F atom Cl + CE,BrH — CF,Br + HCI 9)
yield at full radiolysis dose. The results weve= (1.35 +

0.15)x 10~*7cm? molecule™* from experiments with [C/BrH] The kinetics of reaction 9 were measured relative to reactions

= 20 mbar andr = (1.16 & 0.13) x 10717 from experiments 10 and 11. The observed losses of,BfH versus CIR and
with [CF,BrH] = 2.5 mbar.

The UV absorbance spectrum of the adduct X following the Cl+ CD,— CD, + DCI (10)
pulsed irradiation of a mixture of 20 mbar of ¢BfH and 980
mbar of Sk was measured using a diode array. The conditions Cl + CH,— CH, + HCI (11)

were as follows: spectral resoluticn 3 nm, wavelength=

230-380 nm, gate= 1-2 us, 53.% of full radiolysis dose. To CH, following the UV irradiation of CEBrH/CD4/CIl, and
place the observed UV absorption of the adduct on an absoluteCF2BrH ICHJ/Cl, mixtures, respectively, in 700 Torr total
basis the.absoerons were ;caled to th","t at 280 nm ar‘dpressure of air diluent are shown in Figure 12. Linear least-
converted into absolute absorption cross sections ugRg&0nm) squares analysis givés/kio = 0.89+ 0.05 andky/kis = 0.061
=1.3x 10 Y7 cm? molecule®. The spectrum of the adductis ' go5 Usingkuo = 6.1 x 10-15 (ref 20) andka; = 1 0«
shown in Figure 11, and the absorption cross sections are given, j-13 (re.f 21) givesk = .(5.4i 0.3) x 10-15 andke = (6..11

in Table 2. The overall uncertainty in the absorption cross 0.5) x 10715 cm® molecule® 52, respectively. We choose to
sections is estimated to be 25% and arises from uncertainty in.jio 5 final value forke WhiCh’ is the average of the two

the F atom yield, the equilibrium constant, and the stability in o, herimental determinations with error limits which encompass

the lamp pulse used to record the spectrum. In Figure 11 a0 aviremes of the determinations. Herige= (5.8+0.8) x
spectrum of the adduct formed in the reaction of F atoms with 10735 moleculel sL. We estimate that potential systematic

19 ; ' : ; . nate tha
CHgBr'® is shown for comparison. As seen from Figure 11, o ¢ associated with uncertainties in the reference rate

the spectra of the two adducts are almost identical suggestinggqnsiants could add an additional 10% to the uncertainty range.

that they have similar structure. Propagating this additional 10% uncertainty gikes= (5.8 &

1.0) x 10715 cm® molecule® s71. While there is no literature

available forkg for direct comparison, our result is of the order
4.1. FTIR Study of the Reaction of CI Atoms with of magnitude expected for reaction of Cl atoms with a

CF,BrH. A series of relative rate experiments was performed halomethane containing two F substituefits.

4. FTIR Results and Discussion
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Figure 13. Formation of COFE versus the loss of GBrH observed
following the Cl atom (circles) or F atom (triangles) initiated oxidation
of CEBrH in 700 Torr of air diluent.
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Figure 13 shows a plot of the observed formation of GOF
versus the loss of GBrH following UV irradiation of a mixture
of 9.2 mTorr of CEBrH and 174 mTorr of Glin 700 Torr of

Bilde et al.
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Figure 14. Loss of CRLBrH versus loss of C£FH, and CRECHz when
CFBrH/CRCFH, and CRBrH/CRCH; mixtures were exposed to F
atoms in 700 Torr of either air (filled symbols) or.Kbpen symbols)
diluent.

2.0

to be 72 and 104 kcal mol, respectively?® The bond strengths
in Br—Cl and H-Cl are 52 and 103 kcal mol, respectively.

air. Linear least-squares analysis of the data in Figure 13 giveSHence, H atom abstraction is the only thermodynamically

a molar yield of COFE of 100 + 4%. COFR was the only
carbon-containing product observed. By analogy to the behavior
of other peroxy radicaf3 it is expected that the self-reaction
of CF:BrO; radicals proceeds to give the corresponding alkoxy
radicals, which will then eliminate a Br atom to give COF

CF,BrO, + CF,BrO, — CF,BrO + CF,BrO+ 0, (12)

CFBrO+ M — CFE,O+ Br (13)

The experimental observation that Cl-initiated oxidation of
CFBrH in our system gives 100% yield of CQ#Is entirely
consistent with the expected behavior. In addition to the
experiments performed in air, two experiments were performed
to investigate the products following the UV irradiation of
CFR,BrH/Cly/N, mixtures. The initial CEBrH concentration was
12.3 mTorr, the Gl concentration was either 2.7 or 10.4 Torr,
and N> was added to give a total pressure of 700 Torr.

CF,BrClI was the major product following UV irradiation of
CR:BrH/CI; mixtures, in yields of 88t 4% and 94+ 4% from
experiments employing 2.7 and 10.4 Torr ob,GEkspectively.

In addition to CELBrClI, one or more unknown products were
observed with infrared features at 793, 831, 923, 1093, 1153,
and 1161 cm® Trace amounts of CQFwere also detected
by virtue of its characteristic feature at 774 ¢ The observed
products can be rationalized in terms of the following reactions:

CF,BrH + CI— CF,Br + HCI 9)
CF,Br + Cl,— CF,BrCl + CI (14)
CFE,Br — — products (15)

Reaction 15 represents an unknown loss mechanism feBICF
radicals. The increase in @BrCl yield with increasing Gl
concentration reflects a competition between reactions 14 and
15 for the available CBr radicals. The trace of CQFeflects
the presence of a small amount of @ the 700 Torr of N
diluent, and so reactions 2, 12, and 13 play a small role.

At this point it is germane to consider the thermochemistry
of reaction 9. By comparison to structurally similar molecules,
we estimate the €Br bond and G-H bond strengths in GBrH

allowed channel of the reaction of Cl atoms withBFH. The
experimental results discussed above are consistent with the
expectation that GBr radicals are formed in 100% yield from
reaction 9. In light of the adduct formation between F atoms
and CRBrH, it seems likely that Cl atoms also form an adduct
with CFBrH. From the present work we cannot discern
whether formation of CfBr radicals in reaction 9 occurs via
concerted H-atom abstraction or via the intermediacy of a
CRBrH—CI adduct which eliminates HCI.

4.2. FTIR Study of the Reaction of F Atoms with CF,BrH.
To investigate the kinetics and mechanism of the reaction of F
atoms with CEBrH, a series of relative rate experiments was
performed using the FTIR system. Photolysis of molecular
fluorine was used as a source of F atoms:

F,+ hv—2F (16)

F + CF,BrH — products 4)
The kinetics of reaction 4 were measured relative to reactions
17 and 18. The observed losses of,BfH versus CECFH,

F -+ CF,CFH, — CF,CFH + HF (17)

F + CF,CH; — CF,CH, + HF (18)

and CRCHjs following the UV irradiation of CEBrH/CRCFH,/

F, and CRLBrH/CFRCH3/F, mixtures, respectively, in 700 Torr
total pressure of Nor air diluent are shown in Figure 14. Linear
least-squares analysis giviegk;7 = 0.67 £+ 0.06 andky/k;g =
0.40 &+ 0.04. The reactivity of both GEFH, and CRCHjs
toward F atoms has been the subject of recent investigations in
our laboratoried®24 Usingk;7 = 1.3 x 10712 (ref 15) andk;s

= 2.3 x 10712 (ref 24) givesks = (8.7 £ 0.8) x 10713 andk,

= (9.24 0.9) x 10-38 cm® molecule’! s71, respectively. We
choose to cite a final value fdg which is the average of the
two experimental determinations with error limits which en-
compass the extremes of the determinations. Heace,(9.0

+ 1.1) x 1078 cm? molecule! s™. We estimate that potential
systematic errors associated with uncertainties in the reference
rate constants could add an additional 20% to the uncertainty
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TABLE 3: Observed Product Yields (percent) following
Radiation of Fo/CF,BrH/N , Mixtures

11.5 mTorr 11.5 mTorr 11.5mTorr
[CFBrH][F2] 0.444 Torr 1.92 Torr 3.8 Torr

[COFR] 53+ 4 14+ 4 15+ 3
[CFJ] 9+1 64+ 6 70+ 6
[CFBr] 8+2 16+ 3 16+ 6
[CF:0:CFy] 541 <2 <2

total C 80+ 9 94+ 13 101+ 11

range. Propagating this additional 20% uncertainty gkies
(9.0 % 2.1) x 10713 cm® molecule* s,

While there are no literature data to compare with this result,
we can compare the value &f = (9.0 + 2.1) x 10713 cm?
molecule'! s obtained using the FTIR system with the value
expected on the basis of results from the pulse radiolysis
experiments. As discussed in sections 3.4 and 3.5, the pulse
radiolysis results show that the reaction proceeds via the
formation of an adduct which is in dynamical equilibrium with 0
F atoms and CiBrH. In addition to decomposition into sl #3
reactants, the adduct is also lost via a process which follows
pseudo-first-order kinetics to give products other than F atoms 4
and CRBrH: 3

CF4Br

A [products] (mTorr)
(&)

COF,

CF

F + CF,BrH = X (5,—5) 2 . or

X — products 7 COF

0

2

0 2 4 6 8 10

The reactivity of F atoms toward GBrH determined by the A [CF,BrH] (mTorr)

FTIR technigue was derived by comparing the loss ofE2H
to that of a reference compound whose reactivity toward F atoms Figure 15. Product yields of CKO), CF;Br(a), COR(®), and CROs-
is known. Hence, the FTIR technique is “blind” to any reaction CF(0) following irradiation of CRBrH/F,/N, mixtures. The experi-
channel which leads to reformation of §FH within the mental details are given in the text and in Table 3.
experimental time scale (minutes). The “effective” rate constant ~ Four carbon-containing products were observed following UV
measured by the FTIR method is thisgk;. Using the values  irradiation of CEBrH/F2/N; mixtures; Ch, CRBr, COR;, and
of Ks = (1.59+ 0.13) x 107 cm® molecule’? andk; = (7.4 CRO:CRs. In all product studies care must be taken to ensure
+ 0.7) x 10* s from the pulse radiolysis study, it would be that the reactant compound is lost only via the reaction of interest
predicted that the “effective” rate constant measured by the FTIR and that the products are not lost via secondary reactions. To
method would be (1.2 0.2) x 10-22cm? molecule st The assess possible heterogeneous and photolytic loss in the
value measured by the FTIR, (98 2.1) x 10713 cnm? chamber, CEBrH/air and CEBr/air mixtures were prepared,
molecule! s, is in excellent agreement with the value allowed to stand for 20 min, then irradiated for 20 min; no loss
predicted by the pulse radiolysis experiments. This agreement(<1%) of CRBrH or CRBr was discernible. It has been
supports the assumption made in section 3.1 that direct hydrogerfstablished previously that C@&nd CRO;CFs are not subject
abstraction makes a negligible contribution to the reaction of F t0 l0ss via heterogeneous reactions, photolysis, or reaction with
atoms with CEBrH. The kinetic data obtained using the pulse F atoms® Finally, CRBrH/CFR;Br/F/air mixtures were subject
radiolysis and FTIR techniques provide a consistent picture of to UV irradiation to check for reaction of F atoms with {&F.
the reaction of F atoms with GBrH proceeding essentially ~ In such experiments loss of GlTH was observed but there
via the formation of an adduct. Under the present experi- Was no loss £1%) of CRBr, showing that the CfBr is not
mental conditions, 1 atm at 296 K, the predominant fate of the consumed in this system via reaction with F atoms (F atoms
CFBrH- -F adduct is decomposition to reactants. A small may react with CEBr, but if so, the adduct must decompose to
fraction (8%) of the adduct decomposes into products. reform CRBr resulting in no overall loss of this compound).
To provide further insight into the mechanism of reaction 5, As seen from Table 3, the yields of €&nd CEBr increased,
experiments were performed using the FTIR smog chamber in While those of COFand CRO:CF; decreased, with increasing
which CRBrH/F, mixtures in 700 Torr of either air or Ndiluent [F2Jo. CRBr and COF, formation can be rationalized by the
were subject to UV irradiation. CQF\NaS the On|y carbon- formation of CEBr radicals via overall hydrogen atom abstrac-
containing product observed following UV irradiation of tion from CRBrH followed by reaction either with For with
CF:BrH/F, mixtures in air diluent. The formation of CQRs O impurity in the chamber to give GBr or CRBrO; radicals.
plotted versus the loss of GBrH in Figure 13. The results The CRBrO; radicals are then converted into COka reactions

obtained using F atom initiated oxidation of £&BFH in air are 12 and 13:

in_distinguishable from thos_e obtained _using Cl atom iniFiation, CF,BrH + F— CF,Br + HF (4a)
with COF, formed in essentially 100% yield. Three experiments

were performed in which#CF,BrH mixtures at a total pressure CEBr+F,— CF,Br+ F (19)

of 700 Torr made up with Ndiluent were irradiated and the
loss of CRLBrH and the formation of products were monitored .
by FTIR spectroscopy. Experimental conditions are given in CRBr + O, =~ CR,Bro, @

Table 3. Figure 15 shows the product yields with linear least- The formation of Ck and CRO3;CF; shows that a substantial
squares analysis. fraction of the reaction of F atoms with GBH proceeds via



7058 J. Phys. Chem., Vol. 100, No. 17, 1996

Bilde et al.

a mechanism other than simple hydrogen abstraction. There isradiolysis experiments shows that decomposition to reactants

only one reaction that can form @B;CF; in the chamber,
namely

CR0 + CFK0, — CR0,CFK, (20)
CR;0; and CRO radicals are formed following reaction of €F
radicals with Q. The detection of C§O;CF; as a minor product
shows that Cgradicals are formed. The Gproduct may also
reflect the formation of Ckradicals in the chamber and their
subsequent reaction withpF

CF,+F,—CF,+F (21)

CR+0,+M—CFKO,+M (22)

At 296 K and 700 Torr total pressuke; = 7.0 x 10714 (ref
26) andkz, = 3.5 x 10712 cm?® molecule? s71.27 Hence ky,/
ko1 = 50. For the conditions of experiment no. 1 (see Table 3)
and assuming all the GHs attributable to reaction 21, then the
O impurity is present at a concentration which is 2.2% of the
F,, i.e., 9.9 mTorr. The presence of such a small amount,of O
from a combination of incomplete evacuation, leaks of air into
the chamber, and/or the presence gfiOthe reactant gases is
not unreasonable.

5. Discussion

(pathway—5) is the main fate of the adduct. The question then
is which of the remaining possibilities account for that fraction
of the adduct loss which is not simple decomposition into
reactants. The results from the FTIR study shed some light on
this issue. CEH is relatively unreactive toward F atoMsnd,
if formed in the FTIR experiments, will not be lost via secondary
reactions. The absence of any observablgHCBhows that
pathway 27 is of no importance. For those experiments
employing the largest P, CF, was the dominant product
accounting for up to 70% of the GBrH loss. Pathways 23
and 25 lead indirectly (via the GBr + F; reaction) or directly
to CRBr and not Ch, so it appears these pathways are, at most,
of minor importance. Pathway 26 leads to,Gérmation via
reaction of the Ckradical with i, and so could be important.
In the presence of 700 Torr of air, @Fadicals are converted
essentially quantitatively into GB;CF:.25 The observation of
100% yield of COFE in CF,BrH/F,/air experiments shows that
in 700 Torr of air diluent pathway 26 is not a significant loss
of the adduct, i.e., if reaction 26 is responsible for the observed
CF4in the N, experiments, then there must be a reaction of the
adduct with Q to give directly, or indirectly, COFin the
experiments conducted in air diluent.

In the pulse radiolysis experiments we have shown that the
decomposition of the adduct gives a substantiaHZ®%) yield
of CR, radicals. Hence, we conclude that pathway 24, although
slightly endothermic, is of importance. There is insufficient

The pulse radiolysis experiments described in section 3 yinetic data concerning the chemistry of Qdicals to predict

demonstrate that the reaction of F atoms withBHH proceeds
substantially via the formation of an adduct, BFH- -F, which
at 296 K decomposes rapidly to regenerateBTH and F atoms

their behavior in the FTIR smog chamber experiments. It is
conceivable that in the presence of2 Torr of F, the Ck
radicals react to give Gfbut in the presence of trace amounts

and to give other products. Let us consider how the results of 4ir they react to give mainly CQFand in 700 Torr of air

obtained using the FTIR smog chamber system fit in with this

they react to give COfexclusively.

picture. Several consistent points emerge. First, the observation

of loss of CRBrH following UV irradiation of CRBrH/F,

mixtures shows that either not all of the reaction gives the

6. Conclusion

adduct, or not all of the adduct decomposes to regenerate the Halogen atom adducts have been observed in solution; see,

initial reactants, or both. Second, the observation of &
CR03CR; products cannot be explained if the reaction of F
atoms with CEBrH proceeded via a simple hydrogen abstraction

for example, refs 2931. These adducts are described as
charge-transfer complexes according to the Mulliken thébdry.
We present here a large body of self-consistent kinetic and

mechanism. There are several thermodynamically feasible mechanistic data which shows that the reaction of F atoms with

decomposition pathways for the adduct:

CF,BrH- -F— CF,BrH + F (-5)

—32 kcal molt
(23)

AH

CF,BrH- -F — CF,Br + HF

CF,BrH--F— CF,+Br+HF AH=+3kcal mo&)

CFE,BrH--F— CF;Br+H AH = —13 kcal mol'* (25)

CF,BrH--F—CF;+ HBr  AH = —30kcal mol'* (26)

AH = —49 kcal mol* (27)

CF,BrH- -F— CF;H + Br =
The heats of reaction above were derived ugihg(CR;) =
—111 kcal mot?1,28 AH{CFRBrH) = —109 kcal mot?, AH{CFx-
Br) = —57 kcal mot? (estimated by interpolation of literature
data for CRH and CBgH, and Ck and CBg?®), and
AH;(CF,BrH--F) = —90 kcal mot?! (assumed, for the sake of
argument, equal taH;(CFBrH) + AH;:(F)). Let us consider

these possibilities in turn and assess their likely importance

CF,BrH gives an adduct in the gas phase. The adduct is in
dynamic equilibrium with CEBrH and F atoms. The adduct
can also decompose to gfradicals and other products. Further
work is needed to assess if this novel reaction mechanism is
important in reaction of F atoms with other brominated
compounds.
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