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A pulse radiolysis technique was used to measure the UV absorption spectrag@OEIE| and CHCICHCIO,
radicals over the range 23300 nm. At 250 nmg(CH,CICHCI) = (1.7 £ 0.2) x 10 ¥ ando(CH,CICHCIO,)

= (3.5+ 0.5) x 1078 cn? molecule’. The observed self-reaction rate constant for,CI@HCI radicals,
defined as—d[CH,CICHCI]/dt = 2k,J/CH,CICHCI]? wask,; = (2.0 £ 0.3) x 10 ** cm® molecule' s ™. The
rate constant for reaction of GAICHCI radicals with Q in one bar of SEdiluent was (2.4+ 0.3) x 10712
cm® molecule! s™1. The rate constants for the reactions of LHCHCIO; radicals with NO and N@were

ks > 9 x 102 andks = (9.8 & 0.6) x 1072 cm® molecule® s, respectively. The rate constant for the
reaction of F atoms with C}CICH,Cl wasks = (2.6 & 0.2) x 107 cn?® molecule* s™1. The reaction of
CH,CICHCIG;, radicals with NO produced NQand, by implication, CHCICHCIO radicals. A FTIR
spectroscopic technique showed that,CKLHCIO radicals undergo both reaction with @d decomposition
via intramolecular 3-center HCI elimination. In 700 Torr of air at 296 K the rate constantkegtiQecomp=
(2.3+ 0.2) x 10°2°cm® molecule®. A lower limit of 4 x 10° s~* was deduced for the rate of intramolecular
3-center HCI elimination from CHCICHCIO radicals at 296 K in 1 bar of gEiluent. As part of this work

a relative rate technigque was used to measure rate constants ef (123 x 1072 and (6.4+ 1.4) x 1074
cm® molecule® s™* for the reactions of Cl atoms with GBICH,CI and CHCIC(O)CI, respectively. All
experiments were performed at 296 K. Results are discussed in the context of the atmospheric chemistry of
1,2-dichloroethane.

1. Introduction dichloroethane (CBECICH,CI) will react with OH radicals to
produce alkyl radicals which will, in turn, react with,@ give

Assessment of the environmental impact of organic com- :
P 9 jperoxy radicals:

pounds released into the atmosphere requires a detailed unde
standing of their atmospheric degradation. Alkoxy radicals are CH.CICH.CI + OH— CH.CICHCI + H.O )
key intermediates in the atmospheric oxidation of all organic 2 2 2 2
compounds. Until 1993 it was believed that the atmospheric CH,CICHCI + O, + M — CH,CICHCIO, + M (2)
fate of alkoxy radicals was either reaction with, omeriza- 2 2 2 2
tion, or decomposition (via €C bond scission or halogen atom
elimination). Recent experimental studies at Ford Motor
Company have demonstrated the existence of another atmo
spheric fate for-monochloroalkoxy radicals; namely intramo-
lecular elimination of HCE# At the present time there are

In the present work we have used pulse radiolysis to determine
the UV absorption spectra of GBICHCI| and CHCICHCIO;
radicals, and the kinetics of reactions @

significant uncertainties in our understanding of the atmospheric F+ CH,CICH,Cl —~ CH,CICHCI + HF (3)
chemistry of alkoxy radicals.

To provide insight into the atmospheric chemistry of halo- CH,CICHCI + CH,CICHCI — products (4)
genated alkoxy radicals and hence improve the technical basis
for predictions of the environmental impact of halogenated CH,CICHCIO, + NO — products (5)

organics we have conducted a study of the atmospheric
chemistry of 1,2-dichloroethane. This compound was selected .
for study because of its structural similarity to HFC-152 CH,CICHCIO, + NO, + M — CH,CICHCIONO, + M

(CH,FCH,F) and HFC-134 (CHFCHF:) which are under (6)

consideration as CFC replacements. In the troposphere 1,2- ) )
FTIR product studies were used to study the atmospheric fate

* Authors to whom correspondence may be addressed. of the .alkoxy radical CIzCICH.CIO. The results presentgd
® Abstract published ilAdvance ACS Abstractdjarch 15, 1996. herein improve our understanding of the atmospheric chemistry
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of alkoxy radicals and hence improve our ability to predict the
environmental impact of the release of organic compounds.

2. Experimental Section
2.1. Pulse Radiolysis SystemThe pulse radiolysis transient

UV absorption setup used for the present experiments has been

described in detail previously and will only be dealt with briefly

here® CH,CICHCI radicals were generated by the radiolysis
of SR/CH,CICH,CI gas mixtures in a 1 L stainless steel reactor
with a 30 ns pulse of 2 MeV electrons from a Febetron 705B
field emission accelerator. $Was always in great excess and

was used to generate fluorine atoms:

2MeV e
Sk,———

F + products 7

Six sets of experiments were performed. First, the kinetics
of the formation of CHCICHCI was monitored using its
absorption at 250 nm to provide kinetic data for the reaction of
F atoms with CHCICH,CI. Second, the rate of reaction of
CH,CICHCI radicals with @ was established by following the
formation of CHCICHCIO, radicals in reaction mixtures
containing Q. Third, the ultraviolet absorption spectra of
CH,CICHCI and CHCICHCIO; radicals were determined by
observing the maximum of the transient UV absorption at short
times (0-2 us) following the pulse radiolysis of SFEH,CICH,-
Cl and SKE/CH,CICH,CI/O, mixtures, respectively. Fourth,
using a longer time scale {8100 us), the decay of the
absorption ascribed to GBICHCI radicals was monitored to
determine the kinetics of the self-reaction (eq 4):

CH,CICHCI + CH,CICHCI— products (4)

Fifth, the rate of NQ formation following the pulse radiolysis
of SR/CH,CICH,CI/O2/NO mixtures was used to measuee
Sixth, the rate of decay of Nfollowing the pulse radiolysis
of SKR/CH,CICH,CI/O2/NO, mixtures was used to measuge

To monitor the transient UV absorption, the output of a pulsed
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Figure 1. Transient absorbance at 250 nm following the pulsed
radiolysis of a mixture of (A) 10 mbar G&ICH,CI and 990 mbar
Sk (radiolysis dose was 53% of maximum dose) and (B) 5 mbar
CH.CICH.CI, 30 mbar @, and 965 mbar SHradiolysis dose was 42%
of maximum dose). UV pathlength was 80 cm.

spectra were acquired and calibrated by expanding known
volumes of reference materials into the reactor. The reference
spectrum of HC(O)CI obtained from the reference library at Ford
Motor Company was calibrated usingl1793 cntt) = 1.63 x
10718 cn? molecule'.6

3. Results and Discussion

3.1. Kinetics of F+ CH,CICH,CI. Following the pulse
radiolysis of CHCICH,CI/SFs mixtures, a rapid increase in
absorption in the UV at 250 nm was observed, followed by a

150 W xenon arc lamp was multi-passed through the reaction slower decay. Figure 1A shows the transient absorption at 250

cell using internal White type optics (80 or 120 cm path length).
Reagent concentrations used were as followss, 860—970
mbar; @, 0—33 mbar; CHCICH,CI, 0—10.0 mbar; NO, 6-1.57
mbar; and N@ 0—1.16 mbar (1013 mbar= 760 Torr). All
experiments were performed at 296 K. Ultra-high purity O
was supplied by L’Air Liquide, S§(99.9%) was supplied by
Gerling and Holz, CHCICH,CI (>99.8%) was obtained from
Aldrich, NO (>99.8%) was supplied by Messer Griesheim, and
NO, (>98%) was supplied by Linde Technische Gase. The

CH,CICH,CI sample was degassed before use by repeated

freeze-pump—thaw cycling. All other reagents were used as
received. No evidence for absorption by LHCH,CI over the

nm following the radiolysis of a mixture of 10 mbar GEICH,-

Cl and 990 mbar S~ No absorption was observed when either
10 mbar of CHCICH,CI or 990 mbar of SFwas radiolyzed
separately. We assume that reaction of F atoms withGTEH,-

Cl proceeds exclusively via H atom abstraction. To the best of
our knowledge, the heat of formation of @EICH, radicals

has not been reported and we are unable to calculate the
thermochemistry of the chlorine abstraction channel:

F + CH,CICH,Cl — FCI + CH,CICH,

However, relevant data are available to evaluate the thermo-

230-300 nm wavelength range was discernable in the presentdynamics of analogous reactions involving £ CH,Cl,, and

experimentsg(230 nm) < 10721 cn? molecule™.
2.2. FTIR-Smog Chamber System.The FTIR system was

CoHsCl.” Cl atom abstraction from C4§€I1, CH,Cl,, and GHsClI
is endothermic by 2324 kcal mot?. It seems reasonable to

interfaced to a 140 L Pyrex reactor. Radicals were generatedconclude that the reacton of F atoms with ZHCH,Cl proceeds

by the UV irradiation of mixtures of 130130 mTorr of
CH,CICH,CI, 34—300 mTorr of C}, and 15-700 Torr of Q@

in 700 Torr total pressure with Ndiluent at 296 K using 22
blacklamps (760 Tore= 1013 mbar). The loss of reactants and
the formation of products were monitored by FTIR spectroscopy,

exclusively to give CHCICHCI radicals. We ascribe the
absorption shown in Figure 1A to the formation of ZHCHCI
radicals and their subsequent loss by self-reaction. The increase
in absorption at short times {@.0 us) followed pseudo-first-
order kinetics. Figure 2 shows a plot of the pseudo-first-order

using an analyzing path length of 27 m and a resolution of 0.25 rate constants for the appearance of absorption (filled symbols)

cm1,
CH,CICH,CI, CH,CIC(O)CI, HC(O)CI, and C@were moni-

Infrared spectra were derived from 32 coadded spectra.

as a function of the CKCICH,CI concentration. The solid line
in Figure 2 through the filled symbols is a linear least-squares

tored using their characteristic features over the wavenumberfit which gives a slope oks = (2.6 & 0.2) x 107! cmd

ranges 12061350, 1806-1900, 1726-1820, and 22862400
cm1, respectively. With the exception of HC(O)CI, reference

molecule’* s1. The positive intercept is (3.2 1.8) x 1P
sl and is statistically significant. To investigate the cause of
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Figure 2. Pseudo-first-order rate constants for the increase in absorp- ] ) )
tion at 250 nm following radiolysis of mixtures of-% mbar of Figure 3. Pseudo-first-order rate constants for the increase in absorp-
CH.CICH,CI and 1000 mbar of Sfvs [CH,CICH.CI]. Filled symbols tion at 250 nm following radiolysis of mixtures of 20 mbar of
are observed data; open symbols are the results of simulations describe@H2CICHCl, 10-33.5 mbar of @ and 1000 mbar of SFvs [O].
in the text. The insert shows the experimental transient using a mixture Filled symbols are observed data; open symbols are the results of
of 1 mbar CHCICH,CI and 999 mbar of Sf-the UV pathlength was simulations described in the text. The insert shows the experimental
80 cm and the radiolysis dose was 32% of maximum. The smooth curve transient using a mixture of 20 mbar @EICH,CI, 25.8 mbar of @
in the insert is the first order fit. and 960 mbar of Sfthe UV pathlength was 80 cm and the radiolysis
dose was 53% of maximum. The smooth curve in the insert is the first
order fit.

the positive intercept, the CHEMSIMULchemical kinetic
modeling package was used to simulate the rise in absorptionafter the radiolysis pulse to allow for conversion of F atoms
by CH.CICHCI radicals using a chemical mechanism consisting into CH,CICHCI radicals. The subsequent increase in absorp-
of reactions 3 and 4 witks = 2.6 x 10~ cm® molecule! s71 tion followed first-order kinetics. Figure 3 shows the observed
and ks = 2.3 x 107! cm® molecule® s™? (see subsequent pseudo-first-order rate constants (filled circles) as a function of
section). Two data points were simulated. The simulated rise O, concentration. A linear regression analysis of the data in
in absorption followed pseudo-first-order kinetics and a first- Figure 3 (filled circles) givesk, = (2.4 &+ 0.3) x 10712 cm?
order kinetic expression was fit to the simulated data to give molecule! s71, they axis intercept is (3.5 1.2) x 10¢ s,
the results shown as the open circles in Figure 2. As seen fromTo investigate the cause of the positive intercept the CHEMPSUL
Figure 2, within the experimental uncertainties, the simulated chemical kinetic modeling package was used to simulate the
data and experimental data are indistinguishable. We concluderise in absorption by CHCICHCIO; radicals using a chemical
that the cause of the positive intercept is the;CKEHCI radical mechanism consisting of reactions 2, 3, and 4 Witk 2.4 x
self-reaction which decreases the time taken for the absorption10-12 k; = 2.6 x 1071%, andks = 2.3 x 10711 cm? molecule?!
to react a maximum and hence increases the valudgsof sl The CHCICHCIO, radical self-reaction was included in
obtained. No correction to the value laf= 2.6 x 107 cm?® the model withkro,+ro, = 3.0 x 10712 cm® molecule’? s1
molecule* s tis needed. Quoted errors throughout this paper which describes the observed decay of absorption at 250 nm
are two standard deviations. Where appropriate, errors haveseen in Figure 1B. Two data points were simulated. The
been propagated using standard error analysis techniques.  simulated rise in absorption followed pseudo-first-order kinetics.
3.2. Kinetics of CH,CICHCI 4+ O,. The kinetics of the A first-order kinetic expression was fit to the simulated data to
reaction of CHCICHCI radicals with @ were investigated by  give the results shown as the open circles in Figure 3. As seen
radiolysis of CHCICH,CI/O,/SFK mixtures with the resulting  from Figure 3, within the experimental uncertainties, the
transient absorption monitored at 250 nm. As seen from Figure simulated data and experimental data are indistinguishable. We
1B, the transient absorption at 250 nm following radiolysis of conclude that the cause of the positive intercept are the self-
mixtures containing © was substantially larger than that reactions of the CRCICHCI and CHCICHCIO, radicals which
observed in the absence 0$.0OThis observation suggests that decrease the time taken for the absorption to react a maximum
a given concentration of peroxy radicals derived from 1,2 and hence increase the valuesk&f obtained. The modeling
dichloroethane (CKCICHCIO,) absorbs more strongly than the  excercise shows that the slope of the data plot in Figure 3 is
same concentration of alkyl radicals (@HCHCI). Such a not influenced by secondary reactions. Herges (2.4+ 0.3)
finding is reasonable upon the basis of the substantial databasex 10712 cm® molecule! s™%.
concerning the UV spectra of peroxy radicals which shows that 3.3. Spectrum of CHCICHCI Radicals. Measurement of
these species absorb strongly at 250 %ih.Kinetic data for the absolute absorption spectrum of LHCHCI radicals
the reaction of CHCICHCI radicals with Q@ were obtained by requires calibration of the initial F atom concentration. Ad-
observing the kinetics of the increase in absorption at 250 nm ditionally, experimental conditions are needed to ensure that

following the radiolysis of mixtures of 20 mbar of GEICH,- there is 100% conversion of F atoms to £LHCHCI radicals.
Cl, 6—33 mbar of Q, and 960 mbar of SFmixtures. The The yield of F atoms was established by monitoring the transient
lifetime of F atoms in the presence of 10 mbar of CHCH,CI absorbance at 260 nm due to methylperoxy radicals produced

is 0.08us. Hence, the absorption rise was fitted fromud by radiolysis of SEFCH4/O, mixtures as described previousfy.
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Figure 4. Maximum transient absorbance at 250 nm following the Figure 5. UV absorption spectra of radical species: HCHCI (@),
pulsed radiolysis of mixtures of 10 mbar @CH,CI and 990 mbar this work; CHCICHCIO; (W), this work; CHCIO, (a).13

SK; (circles) or 5 mbar CRCICH,CI, 30 bar of Q, and 965 mbar S

(squares) as functions of the radiolysis dose. The UV pathlength was TABLE 1

80 cm. The solid lines are linear regressions of the low-dose data (filled
symbols). The dotted lines are second-order regressions to the entire avelength 0o(CH,CICHCI) 0o(CH.CICHCIC,)

data set to aid visual inspection. (nm) (10"%cn? molecule®) (1072 cn? molecule'?)
230 240 390

Using a value of 3.18< 10718 cm? molecule’? for o(CHsO,) ggg 138 ggg

at 260 nm? the yield of F atoms at 1000 mbar of Swas 260 130 290

i 5 3

determined to be (3.& 0.3) x 10' molecules cm? at full 270 30 190

irradiation dose. The quoted error on the F atom calibration 280 53 120

includes both statistical{2 standard deviations) and potential 290 - 57

systematic errors associated with the 10% uncertainty in 300 - 31

0(CHz0). In the following, errors are propagated using
conventional error analysis methods and are showntas
standard deviations.

To work under conditions where the F atoms are converted
stoichiometrically into CHCICHCI radicals, it is necessary to
consider potential interfering secondary chemistry. A complica-
tion could be reaction 8.

at 250 nm and converted into absolute absorption cross sections.
Values obtained are given in Table 1 and plotted in Figure 5.
3.4. Spectrum of CHCICHCIO ; Radicals. Following the
pulsed radiolysis of mixtures of 5 mbar of GEICH,CI, 30
mbar of Q, and 965 mbar of Sfa rapid increase, complete
within 5 us, in UV absorbance in the region 23800 nhm was
observed, followed by a slower decay. An example is shown
in Figure 1B. We ascribe the UV absorbance resulting from

F 4 CH,CICHCI — products (8) radiolysis of SE/CH,CICH,CI/O, mixtures to CHCICHCIO,
radicals.
To check for complications caused by reaction 8, experiments  To work under conditions where the F atoms are converted
were performed using [C}ICH,CI] = 10 mbar and [S§f = stoichiometrically into CHCICHCIO; radicals, it is necessary

990 mbar in which the maximum transient absorption at 250 to consider potential interfering secondary chemistry. Potential

nm was measured as a function of the radiolysis dose. Figurecomplications include: (i) Loss of F atoms by reaction with

4 shows the observed maximum transient absorption (optical molecular oxygen

path length= 80 cm) ascribed to C}CICHCI radicals as a

function of the dose. As shown in Figure 4, the maximum F+0,+M—FO,+M (9)

absorption observed in experiments using maximum dose was

slightly less than that expected on the basis of a linear and (ii) unwanted radicalradical reactions such as reactions

extrapolation of the data obtained at lower doses. This 4, 8, 10, and 11.

observation suggests that reaction 8 is important in experiments

using the maximum initial F atom concentration. F + CH,CICHCIO, — products (10)
The solid line drawn through the GBICHCI data in Figure

4 is a linear least-squares fit to the low-dose data and has aCH,CICHCI + CH,CICHCIO, —

slope of 0.178t 0.011. Combining this data with the calibrated CH,CICHCIO + CH,CICHCIO (11)

yield of F atoms of (3.0t 0.3) x 10'> molecules cm? (full

dose and [S§} = 1000 mbar) giveg(CH,CICHCI) at 250 nm Using rate constants for reactions 3 andk$+= (2.4 + 0.2) x

= (1.714 0.20) x 1018 cnm? molecule’l. Quoted errors reflect 1071 (this work) and k= (1.94 0.3) x 103 cm?® molecule!

uncertainties in both the F atom calibration and the slope of s™1,2we calculate that 4.5% of the F atoms are converted into

the line drawn in Figure 4. To map out the absorption spectrum FO, radicals and 95.5% into GIE€ICHCIO, radicals. Decom-

of CH,CICHCI radicals, experiments were performed to measure position of FQ radicals back to F atoms and,@ of no

the initial absorption between 230 and 280 nm following the importance over thes5 us taken for the absorption to reach its

pulsed irradiation of mixtures of 10 mbar of GEICH,CI and maximum. Corrections for the presence of 4.5% of Fadlicals

990 mbar of SE Initial absorptions were then scaled to that were calculated using the expressiofiCH,CICHCIO,) =
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[o(observed)- 0.045x o(F0,)]/0.955. Values ot(FO,) are
taken from the literaturé&? Corrections to account for EO
absorption were minor (5%).

There are no literature data concerning the kinetics of
reactions 8, 10, and 11, hence we cannot calculate their
importance. To check for these unwanted radicabical

reactions the transient absorbance at 250 nm was measured in o«

experiments using [C¥CICH,CI] = 5 mbar, [Q] = 30 mbar,
and [Sk] = 965 mbar with the radiolysis dose varied over an
order of magnitude. The UV pathlength was 80 cm. Figure 4

shows the observed maximum of the transient absorbance of

CH,CICHCIQ; radicals at 250 nm as a function of dose. As
seen from Figure 4, the maximum absorption observed in

experiments using maximum dose was less than that expected

on the basis of a linear extrapolation of the data obtained at
lower doses. We ascribe this to incomplete conversion of F
atoms into CHCICHCIGO; radicals caused by secondary radi-
cal—radical reactions 8, 10, and 11 at high initial F atoms
concentrations.

The solid line drawn through the data in Figure 4 is a linear
least-squares fit of the low-dose data. The slope is 0847
0.027. From this value and three additional pieces of informa-
tion, (i) the yield of F atoms of (3.@ 0.3) x 10'® molecule
cm3 (full dose and [SE] = 1000 mbar), (ii) the conversion of
F atoms into CHCICHCIO, radicals (95.5%) and F4.5%),
and (iii) the absorption cross section for £& 250 nm § =
1.3 x 10718 cn? molecule!),12 we derives(CH,CICHCIOy)
at 250 nm= (3.53 & 0.45) x 1078 cn? molecule’l. The
quoted error includes both statistical and potential systematic
errors and so reflects the accuracy of the measurement.

To map out the spectrum of the GEICHCIO, radical,
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Figure 6. Plot of the reciprocal half-life for the self-reaction of
CH:CICHCI radicals as a function of the maximum transient absorption
at 250 nm.

linear regression of the datais(4.8 + 5.0) x 10° s'1 and is
not significant. Usings(CH,CICHCI) = (1.7 £ 0.2) x 10718
cn? molecule? at 250 nm and the slope (6490.5) x 1P s™1,
givesk, = (2.0+ 0.3) x 10 cm?® molecule* s™X. This result
can be compared to other chloroalkyl radical self-reaction rate
constants which range from 2:810-11 cm?® molecule!s1in
the case of CKHCI'® to 2.4 x 10712 for CRCCl,'” and follow
the sequence Gi€l (2.8 x 10711) > CH,CICHCI (2.0x 1071}
> CHCl, (9.3 x 1071216 > CCl, (4.6 x 10-121819> CFR,CCl,

experiments were performed to measure the initial absorbance(2.4 x 10719). This order of reactivity can be rationalized in

between 226300 nm following the pulsed irradiation of gF
CH,CICH,CI/O, mixtures. The initial absorbances were scaled
to that at 250 nm and corrected for F@ obtain absolute

simple terms on the basis of steric arguments with bulky
substituents slowing down the association reaction.
3.6. Kinetic Data for the Reaction CH.CICHCIO , + NO

absorption cross sections. Absorption cross sections are given— Products. The kinetics of reaction 5 were studied by

in Table 1 and compared to the spectrum of,CHD,'3in Figure
5. As expected, the GI€ICHCIO, spectrum is very similar to
that of CHCIO..

3.5. Kinetic Study of the Self-Reaction of CHCICHCI
Radicals. Figure 1A shows a typical absorption trace obtained
for the self-reaction of CLCICHCI radicals, together with a

monitoring the increase in the absorbance at 400 nm, attributed
to the formation of NQ@, following the pulsed radiolysis (53%

of maximum dose) of SFFCH,CICH,CI/O/NO mixtures. The
mixtures were combinations of [NOF 0.23-1.57 mbar,
[CH.CICH,CI] = 5 mbar, [Q] = 30 mbar, and [S§ = 970
mbar. This method of determining rate constants of reactions

nonlinear least-squares second-order decay fit. As discussedf peroxy radicals with NO has been used extensively in our

in previous publication$}15the kinetic analysis of second-order
decays can be complicated by the formation of products which
absorb at the monitoring wavelength. This leads to a positive

absorbance after all reactions have ceased. Accordingly, the

experimental data were fit with a three parameter expression
0]

whereB = log(l./l), Bo = log(l/l "), wherel ' is the minimum

transmitted light intensity following the radiolysis pulde,is

the final light intensity, and is the transmitted light at time

k is the second-order rate constant for the self-reaction of the

radicalsoef is the absorption cross section of the radical minus

that of any absorbing product formed at the monitoring

wavelength, and. is the monitoring UV path length (80 cm).
The decay of the transient absorption following radiolysis of

CH,CICH,CI/SFs mixtures was monitored at a wavelength of

1/B — 1/B, = In(10)(Xt)/oL

laboratory and is discussed in detail elsewléfé. The
absorption transients were fitted using the expression:

At) = (A, — AJ[L — exp—k'H)] + A, (I

whereA(t) is the absorbance as a function of tin#g, is the
absorbance at infinite timek!st is the pseudo-first-order ap-
pearance rate of NQandA, is the extrapolated absorbance at
t = 0. In the presence of 5 mbar of GEICH,CI, F atoms
have a lifetime of 0.3us with respect to reaction to give
CH,CICHCI radicals. In the presence of 30 mbar of, O
CH,CICHCI radicals have a lifetime of 0.&s with respect to
reaction to give CHCICHCIO; radicals. To allow sufficient
time for conversion of F atoms into GBICHCIO; radicals the
fits were started Zs after the radiolysis pulse. In all cases,
the rise in absorbance was well fit by first-order kinetics.
Figure 7A shows a plot of the observed pseudo-first-order

250 nm. The decay was well represented by this second-orderrate constantk!st as a function of [NO]. The initial F atom

least-squares fit. Figure 6 shows the reciprocal half-life for the
decay of the absorption at 250 nm as a function of the initial
absorbance due to GBICHCI radicals. A linear least-squares
fit of the data in Figure 6 gives a slope of (6490.5) x 1P
s1= (kg x 2 In 10)/[o(CH,CICHCI)L]. The intercept of the

concentration employed in the present experiments 11915
molecule cm?3) is a significant fraction (427%) of that of the
initial NO concentration and deviations from pseudo-first-order
kinetics may be expected. However, no such deviations were
discernable within the experimental data scatter. Assuming that
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In section 3.9 we show that for the experimental conditions
b A of the above experiments (30 mbar of;)098% of the
CH,CICHCIO radicals will undergo decomposition while 2%
"o sl | will react with G,. The fact that the N®yield is substantially
greater than 100% is therefore due to the rapid decomposition
of CH,CICHCIO radicals. In all experiments the rise in the
s I o ] transient absorption at 400 nm followed first-order kinetics. It
follows that the rate of decomposition of @EICHCIO radicals
s 1 must be faster than the fastest pseudo-first-order rate measured,
ie.,> 4 x 10°PsL,
oK. . 3.7. Kinetic Data of the Reaction CHCICHCIO ; + NO,
0.0 0.2 0.4 06 08 1.0 1.2 1.4 1.6 + M — CH,CICHCIO ;NO; + M. The kinetics of reaction 6
[NO] (mbar) were studied by monitoring the decrease in absorbance at 400
nm following the pulsed radiolysis (53% of maximum dose) of
mixtures of 5 mbar of ChCICH,CI, 30 mbar of @, 0.28—
1.16 mbar NQ@, and Sk to 1000 mbar total pressure. This
method of measuring rate constants of reactions of peroxy
radicals with NQ has been used extensively in our laboratory
and is discussed elsewhéfe.The rate of decay of the
absorbance at 400 nm followed first-order kinetics and increased
with increasing N@ concentration. It seems reasonable to
explain the loss in absorbance by a loss of,N@hree reactions
could be responsible:

31)

(10
83

kWst (105541)

0 s s L ) L L s
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

[NO,] (mbar)

F+ NO, + M — FNO,/FONO+ M (13)

CH,CICHCI + NO, — products (14)
Figure 7. Plot of the pseudo-first-order rate constant for (A) the

formation of NQ as a function of the NO concentration and for (B)

the decay of N@as a function of the N@concentration. Filled symbols CH2C|CHC|02 + N02 +M— CH2C|CHC|02N02 +M
are the observed data; open symbols have been corrected by subtracting (6)
[F]o/2. The lines are fits to the corrected data.

) ] ] ) Under the present experimental conditions with fCHCH,-
all F atoms either react directly with NO, or prodyce_ SPecies | = 5 mbar and [@] = 30 mbar, reactions 13 and 14 will be
that react with NO, then the average NO concentration in a given of negjigible importance.
experiment is less that the initial concentration by an amount  yajyes of the observed pseudo-first-order rate constants of
equal to [F)/2. The open symbols in Figure 7A show the effect N, |oss derived by fitting a first-order decay to the observed

of correcting the [NO] values by this amount. Linear least- {ansients are plotted as a function of [N@ Figure 7B. The

squares analysis of the corrected data gkees (1.0+ 0.1) x initial F atom concentration employed in the present experiments
107 cm® molecule™ s™t. F atoms also react with NO (1 5, 1015 molecule cm?) is a significant fraction (522%)
producing FNOki2 = 5.5 x 10-2cm molecule' 7222 FNO of that of the initial NQ concentration and deviations from
does not absorb at 400 Afrand reaction 12 has no influence pseudo-first-order kinetics may be expected. However, no such
on the kinetic analysis used to derike deviations were discernable within the experimental data scatter.
Assuming that all F atoms either react directly with N@r
F+NO+M—FNO+M (12) produce species that react with N@hen the average NO

concentration in a given experiment is less that the initial

The reaction of CHCICHCIO;, radicals with NO produces  concentration by an amount equal tofB] The open symbols
NO; and, by inference, CK¥CICHCIO radicals. The alkoxy in Figure 7B show the effect of this correction. Corrections
radical CHCICHCIO can react with @ or decompose. If applied were in the range-31%. Linear least-squares analysis
reaction with Q or decomposition occurs within the time scale of the corrected data givelg = (9.8 £ 0.6) x 10712 cm?
of the present experiments-{Q0 us) new peroxy radicals will molecule® s71,
be formed which can undergo subsequent reaction with NO to The reactions of peroxy radicals with NGire pressure
give more NQ. In the present experiments the yield of NO  dependent and are generally at, or near, the high pressure limit

calculated usingno, (400 nm)= 6 x 1071 cm? molecule’?,24 at 1 atmosphere total pressure ofs@Huent!® The value of
was 162+ 17%. Corrections were made for the consumption ks measured here is entirely consistent with the high-pressure
of F atoms by reaction with £and NO. The fact that the NO limiting rate constants previously determined for such reactions

yield is greater than 100% shows that ZHCHCIO radicals which typically lie in the range (510) x 10-12cnm?® molecule?
either react with @ or decompose, within the experimental s 110

timescale of 610 us. Because of the formation of N@om 3.8. Kinetics of the Reactions of Cl Atoms with CHCI-
reactions occurring subsequent to reaction 5 the rate constantCH,CI and CH,CIC(O)CI. Prior to investigating the atmo-

ks = (1.0 £ 0.1) x 10711 cm® molecule’? s~ determined in spheric fate of CHCICHCIO radicals, a series of relative rate
the present work should be regarded as a lower limit for the experiments was performed using the FTIR system to investigate
rate constant for reaction 5. Hende, > 9 x 10712 cn?® the kinetics of the reactions of Cl atoms with &HCH,CI and
molecule! s™1. This value is consistent with rate constants CH,CIC(O)Cl. The techniques used are described in detail
determined previously for reactions of other peroxy radicals with elsewher&® Photolysis of molecular chlorine was used as a
NO.2L source of Cl atoms.
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radicals will be formed in the chamber by the self-reaction of
Cly + hv —2ClI (15) CH,CICHCIO; radicals.

Cl 4+ CH,CICH,Cl — CH,CICHCI+ HCI  (16)  CH,CICHCIO, + CH,CICHCIO, —
CH,CICHCIO + CH,CICHCIO + O, (23a)

Cl + CH,CIC(O)Cl— CHCIC(O)CI+ HCl  (17)

he Kinefics of reaction 16 4 relative to reaction CECICHCIO: + CH.CICHCIO, —
€ Kinetics ot reaction were measured relative 1o reactions CHZC|C(O)C|+ CHZC|CHC|HOH " 02 (23b)

18 and 19, reaction 17 was studied relative to reactions 20

22. The alkoxy radical will then either react with,(lecompose
via intramolecular HCI elimination, or undergo—C bond
Cl + CH,Cl — CH,CI + HCI (18) scission:
Cl + CHyF — CH,F + HCl (19) CH,CICHCIO + O, — CH,CIC(O)CI+ HO, (24)
Cl+ CD,— CD; + DCI (20) CH,CICHCIO + M — CH,CIC(O)+ HClI + M (25)
Cl + CD,H, — products (22) CH,CICHCIO+ M — CH,CI + HC(O)CI+ M (26)

The subsequent reactions of the radical species formed in
Cl+ CH,— CH; + HCI (22) reactions 25 and 26 will include:

The observed losses of GEICH,CI vs CH;Cl and CHF, and

CH,CIC(O)CI vs CD, CD;H,, and CH following the UV CH,CIC(O)+ O,+ M — CH,CIC(O)O, + M (27)
irradiation of Cl’ﬁClCHzCVCHgCl/Cb, CH2C|CH2C|/CH3F/C|2,

and CHCIC(O)Cl/methane/GI mixtures, in 700 Torr total

pressure of Bl or air, diluent are shown in Figures 8 and 9.  CH,CIC(O)G, + RO, — CH,CIC(0)O+ RO+ O, (28)
There was no discernable difference between data obtained in

N or air. Linear least-squares analysis gikegk;s = 2.65+

0.18, kiglkio = 3.90 + 0.12, kyrlkao = 11.1 % 1.5, kyslko = CH,CIC(O)0+M — CH,CI+ CO,+ M  (29)
1.40+ 0.07, andk17/k22 = 0.61+ 0.04. Usingklg =49 x
1071824 k9= 3.2 x 10718327 kyg = 6.1 x 1071526 ky; = 4.5 x
10126 andkyy; = 1.0 x 10713 24 giveskys = (1.30+ 0.09) x
10712 kg = (1.254+ 0.10) x 10712 ky7= (6.8 0.9) x 10714,
k17 = (63 :EE)S) X 10‘.14, andk17 :(Glﬂ: 04) x 10714 Cm3. CH2C|02 + R02 . CH2C|O + RO+ 02 (31)
molecule! s71, respectively. Consistent results were obtained

using the different reference compounds. We choose to quote

values fork;s andky7 which are averages of the results above CH,CIO + 0, — HC(O)Cl+ HO, (32)

with error limits which encompass the extremes of the ranges,

hencekyg = (1.28 £ 0.13) x 10712 andk;7 = (6.4 & 1.3) x

104 cm?® molecule! s™1. We estimate that potential systematic CH,CIO + M — HCO+ HCI+ M (33)
errors associated with uncertainties in the reference rate

constants could add an additional 10% to the uncertainty range.The goal of the FTIR experiments was to determine the relative

CH,CI + 0, + M — CH,CIO, + M (30)

Propagating this additional 10% uncertainty gikes— (1.3+ importance of reactions 2426 in the atmospheric chemistry
0.2) x 102 andk;7 = (6.4 £ 1.4) x 10714 cm?® molecule? of CH,CICHCIO radicals. CHCIC(O)CI product serves as a
sL marker for reaction 24. Reaction 25 will lead to an observed
The kinetics of reaction 16 have been studied previously by HCI yield (defined as moles of HCI formed per mole of
Wine and Semmé$ and Tschuikow-Roux et & Using an CH,CICHCI lost) which is in excess of 100% and to substantial
absolute rate technique, Wine et?almeasuredgs = 1.5 x CO, and HC(O)CI product formation. If reaction 26 is
10712 at room temperature while Tschuikow-Roux etalised important then high yields of HC(O)CI are expected with no
a relative rate method to derivk;, = 1.3 x 10712 cm? CO; and no excess HCI.
molecule!s™1. The value ok;s measured in the present work In the Cl atom-initiated oxidation of CICICH,CI, three
is consistent with both previous determinations. There are no carbon-containing products were readily identified by virtue of
literature data fok;7 to compare with our result. their characteristic IR features: GAHC(O)CI, and CHCIC(O)CI.
3.9. Study of the Atmospheric Fate of CHCICHCIO The yields of these species following the UV irradiation of a

Radicals. To determine the atmospheric fate of the alkoxy mixture of 275 mTorr of CHCICH,CI| and 147 mTorr of Gl
radical CHCICHCIO, experiments were performed in which in 700 Torr total pressure of air are shown as a function of the
Cl,/CH,CICH,CI/O, mixtures at a total pressure of 700 Torr CH,CICH,CI loss in Figure 10. As seen from Figure 10, the
(N2 diluent) were irradiated in the FTHRsmog chamber system.  formation of HCI, CQ, HC(O)CI, and CHCIC(O)Cl increased
The loss of CHCICH,CI and the formation of products were linearly with the loss of CHCICH,CI. Such linear behavior
monitored by FTIR spectroscopy. By analogy to the behavior suggests the absence of significant complications caused by
of other peroxy radicafs? it is expected that CKCICHCIO secondary reactions in the system. At this point it is germane
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Figure 8. Observed loss of C}¥CICH,CI vs CH;F (circles) and ChBCI
(triangles) in the presence of Cl atoms in 700 Torr of either air (filled
symbols) or N (open symbols) diluent.
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Figure 9. Observed loss of C}¥IC(O)Cl vs CDO) (triangles), CBH;
(diamonds), and CH(circles) in the presence of Cl atoms in 700 Torr
of either air (filled symbols) or Bl(open symbols) diluent.
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Figure 10. Yields of HCI @), CQ; (O), HC(O)CI (v), and CHCIC(O)CI
(®) vs the CHCICH,CI loss observed following the UV irradiation of
CH,CICH,CI/CIl, mixtures in 700 Torr of air diluent at 296 K. The
CH.CICH,CI loss was observed directly fak[CH,CICH.CI] > 10
mTorr. Losses of CLCICH,Cl < 10 mTorr were calculated from the
observed loss of C¥DCH; tracer, see text.

35

ments in which a more reactive species such ag@tH; is
present as a tracer. Experiments were performed using a mixture
of 979 mTorr of CHCICH,CI, 11.4 mTorr of CHOCHs, and
147 mTorr of C}in 700 Torr of air diluent. CHOCH; reacts
with Cl atoms a factor of 146 (1.2 107191.3 x 10719 times
faster than does GIEICH,CIl. The consumption of CEDCHs
was monitored by virtue of its IR features at 1300400 cnt?

and used in the expression, In([gPCH;]i/[CHzOCHs];) = 146
In([CHCICH,CI];o/[CH>CICH,CI];), to compute the consump-
tion of CH,CICH,CI. The calculated consumption of GEICH,-
Clwas 1.9-9.5 mTorr (0.2-1.0% of the initial concentration).
The Cl atom-initiated oxidation of C¥DCH; gives CHOCHO

and CHOCH,OOH?®2 and is not expected to interfere with the
oxidation of CHCICH,CI. The observed yields of GO
HC(O)CI, and CHCIC(O)CI are plotted vs the calculated
CH,CICH.CI loss in Figure 10. For experiments in which
CH3;OCH; was used as a tracer for the gHCH,CI loss the
HCl yield does not provide any useful information and so it is
not plotted in Figure 10. As seen from Figure 10, there is good

to consider possible losses of these products in the chamber@dreement between the data obtained usingdHH; as a tracer
None of the products are expected to be photolyzed by the UV for CHCICH,CI loss and those experiments in which the
b|ack|amps used in th|s Work_ To Check for possib|e hetero_ CH2C|CH2C| IOSS was Observed dil’eCtly. In the Combined data
geneous losses, reaction mixtures were allowed to stand in theSet shown in Figure 10 the GBICH;CI consumption ranged

dark for 20 min; there were no observable losse2%) of any

from 0.2-11%. The consistency of the results over this

of these compounds. There is no reaction of Cl atoms with consumption range precludes the possibility that the groduct

CO, or HCI. CHCICH,CI reacts 1.8 (1.3x 107%%7.3 x
107133033 and 20 (1.3x 1071%6.4 x 10714 times more rapidly
with Cl atoms than HC(O)CI and GEIC(O)CI, respectively.
Hence, for the consumptions of GEICH,CI employed in the
present work €11%) loss of HC(O)CI and C¥CIC(O)CI via
Cl atom attack is of minor importance.

The observation of CQas a primary product following CI
atom attack of CHCICH,CI in air is interesting as such
formation of CQ requires a rather dramatic change in molecular
configuration with the breakage of a<© bond, C-CI bond,
and two C-H bonds and the formation of two=€0 bonds. To
check for a contribution of secondary reactions involving ClI
atoms to the observed GQield requires experiments to be
performed in which the consumption of QEICH,CI is less
than 1%.
directly. However, it can be measured indirectly using experi-

is formed indirectly by secondary reactions involving Cl atom
attack of some unknown reactive intermediate.

The CQ, HC(O)CI, and CHCIC(O)CI products shown in
Figure 10 together account for 74 15% of the loss of
CH,CICH,CI. In addition to these identified products IR
features due to unidentified products were observed at 1052,
1117, 1187, 1362, and 1450 cit As described above there
are a variety of different peroxy radicals formed in the present
experimental system; GEICHCIO,, CH,CIC(O)0,, CH,CIO,,
and HQ. These species may undergo cross reactions to give a
variety of products. The fact that the combined yields of,CO
HC(O)CI, and CHCIC(O)CI products only account for 75% of
the loss of CHCICH,CI is not surprising in light of the
complexity of the peroxy radical chemistry.

Such a small consumption cannot be measured Linear least-squares analysis of the data in Figure 10 gives

yields of 154+ 8%, 59+ 4%, 56+ 4%, and 16+ 2% for
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0.9 T T . T T T expressed as a function of the rate constant katj&,s and the
o CH,CIC(O)ClI yield from reaction 23by,:33
A
oL ] CH,CIC(O)Cl yield=
Sosl & . ] Yo+ (1= 2Y)({ (ke [OaH{ 1 + (oo [O5]})
° A Hc(o)Cl
S o5l a ] The solid line in Figure 11 is a fit of the above expression to
- . the data which givesoskss = (2.3 £ 0.2) x 10720 cm?
S 0.4 8 molecule’* andY, = 0.08+ 0.02. From this rate constant ratio
3 ) it can be calculated that in one atmosphere of air at 296 K,
a 931 89% of the CHCICHCIO radicals decompose via HCI elimina-
0.2 tion while 11% react with @ Intramolecular elimination of
CH,cIc(o)Cl HCI dominates the fate of GI€ICHCIO radicals at sea level.
0.1 With increasing altitude in the atmosphere the temperature, total
pressure, and partial pressure of &l decrease. Decreasing
00 T 200 300 400 500 800 700 temperature and _total pressure favor reaction 24 over reaction
[0.] (Torr) 25 while decreasmg partla[ pressure oj@ll favor reaction .
2 25 over reaction 24. Reaction 25 is a unimolecular decomposi-
Figure 11. Yields of HC(O)CI (triangles) and C}IC(O)CI (circles) tion reaction and is expected to be very sensitive to changes in
vs the Q partial pressure following the UV irradiation of GEICH;- temperature. Considering the conditions pertinent to the United
CI/Cl/O, mixtures in 700 Torr total pressure made up withdiluent States standard atmosphere over the altitude randé G

at 296 K. Open symbols have been corrected for the effect of reaction
33—see text for details. The curve through the LKC(O)Cl data is a
fit of the expression discussed in the text.

and neglecting the effect of total pressure, reaction 25 will slow
down faster than reaction 24 if the activation energy for reaction
25 is> 4 kcal moi~* more than that for reaction 24. By analogy

HCI, CO,, HC(O)CI, and CHCIC(O)CI, respectively. The © the behavior of ChCIO radical§ it seems likely that the
observation of a yield of HCl which is greater than 100% barrier to decomposition of GI€ICHCIO radicals will be more

1 ) X
together with a substantial G@ield shows that intramolecular ~ than 4 kcal mot® larger than that for reaction with:O Hence,
elimination of HCl via reaction 25 is an important loss it is expected that reaction with,@vill increase in importance
mechanism for CLCICHCIO radicals in the chamber. This with increasing altitude. In the absence of data concerning the
behavior is similar to that displayed by GEHCIO radicals ~ emperature dependence of the rate constantkafios we are
which undergo rapid HCI eliminatioh2# It is interesting to unable to provide an overall assessment of the relative impor-
note that the HCl yield in Figure 10 is in excess of the expected tancelof re;acnoz; 2|4 and 25 in the atmospheric chemistry of
100% yield attributable to reaction 16 by an amount £58%) CHCICHCIO radicals.

which is indistinguishable from the observed C@d HC(O)CI Finally, it is of interest to compare the behavior of
yields. In 700 Torr of air diluent each G@nolecule formed CH,CICHCIO radicals observed here with that reported for

in reaction 29 will be accompanied by the formation of one CH?FCHFO radicals® WE? show here that Cﬁ!CHQIO
molecule of HC(O)CI via reactions 3(2. The fact that the radicals undergo 3-center_|ntramolecular HCI ehmma’u_on. No
CO, and HC(O)Cl yields shown in Figure 10 are indistinguish- SUch analogous process is observed foRREHFO radicals
able shows that reaction 26 does not play a significai0gs) whlch_undergo C-C bond scission exclusively under ambient
role in the chemistry of CBCICHCIO radicals. The CHCIC(O)- conditions. , , .

Cl product shown in Figure 10 can be formed via either the 3.10. The Mecha_nlsm of the Rea_ctlon of F Atoms with
molecular channel of the self-reaction of @HCHCIO, radicals, =~ CH2CICH2Cl. As discussed in section 3.1, we assume that
reaction 23b, or via reaction of Owith the alkoxy radical reaction of F atoms with C#CICH,Cl proceeds exclusively via
CH,CICHCIO, reaction 24. If reaction 24 is a substantial source 1 &{om abstraction. For completeness, the FTIR system was

of CH,CIC(O)Cl then its yield should be sensitive to the partial US€d t0 study the F atom initiated oxidation of LHCH,CI.
pressure of @ HC(O)CI and CHCIC(O)CI were observed in yields of 39

A series of experiments were performed using mixtures of 2% and 38k 2% following the irradiation 9f a mixture of 121
120 mTorr of CHCICH,CI, 34—176 mTorr of Cb 15-700 mTorr of CHZCICH.ZCI.ar'ld 444 mTorr of EFin 700 Torr of Q.'
Torr of O, in 700 Torr total pressure of diluent. Figure 11 These_ ylglds are mo_llstlngulshable_ from those ot?s_erved in (_:I
shows the yields of HC(O)CI and GEIC(O)CI plotted as a atom initiated experiments (se_e Figure ll)_ providing experi-
function of the Q partial pressure. HC(O)CI is formed by mental support for the expectatlon.that reaction of F atoms with
reaction of CHCIO radicals with @, reaction 32. For the two ~ CH2CICH:CI gives CHCICHCI radicals.
lowest Q partial pressures investigated, &HO radicals will _— . .
be lost vig both Fr)eactions 32 and933. While for,J&- 100 4. Implications for Atmospheric Chemistry
Torr reaction 32 totally dominates reaction 33. To place the Following release into the atmosphere, HCH,CI will react
observed HC(O)CI yields on an equal footing, the loss of predominantly with hydroxyl radicals. At 298 K the rate
CH.CIO radicals via reaction 33 was computed udiggkss = constant for reaction of OH radicals with GECH,CI is 25
5.0 x 1078 cm® molecule .2 The observed yields of HC(O)Cl (2.4 x 10713 3§9.6 x 10715 3% times greater than that of methyl
for the experiments using low fPwere then corrected upward  chloroform which is known to be removed from the atmosphere
to give values expected if all GEIO radicals were converted  solely by reaction with OH radicals with an atmospheric lifetime
into HC(O)CI. of 5.7 years’ Hence, the atmospheric lifetime of GEICH,-

As seen from Figure 11, the yield of GBIC(O)Cl increased Clis ~3 months. Reaction with OH gives GEICHCI radicals.
with increasing @ concentration while the HC(O)CI yield  Usingk, = 3.0 x 10-2cm?® molecule’! s71, it can be calculated
decreased. Assuming that gEIC(O)CI is formed in the that in 760 Torr of air, CHCICHCI radicals have a lifetime of
chamber solely by reactions 23b and 24 then its yield can be 0.06us with respect to reaction with Qo give peroxy radicals,
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CH.CICHCIO,. CH,CICHCIO;, radicals react rapidly with NO
to produce NQ@and (by inference) CHCICHCIO radicals. Using

ks > 9.0 x 10712 crm® molecule! s~1 together with an estimated
background tropospheric NO concentration of 2.%0% cm3 38

the lifetime of CHCICHCIO, radicals with respect to reaction
5 is calculated to be less than 7 min. Reaction 5 is likely to be
an important atmospheric loss of @EICHCIO, radicals.
Reaction with @ and intramolecular HCI elimination are
competing atmospheric fates of @EICHCIO radicals. In one
atmosphere of air at 296 K, 89% of the gHHCHCIO radicals
decompose via HCI elimination while 11% react withp. O
Reaction with @ gives CHCIC(O)CI while HCI elimination
leads to the formation of HC(O)CIl. Both compounds have

lifetimes in the lower atmosphere which are much shorter than

Wallington et al.
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