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The kinetics and mechanism of the reaction between |0 and CIO radicals have been studied by the mass
spectrometric discharge-flow methodt= 298 K and at total pressure around 1 Torr. The value of the
overall rate constark; = (1.14+ 0.2) x 107 cm?® molecule® s has been determined under pseudo-first-
order conditions using an excess of CIO over IO radicals. The quantitative detection of the reaction products
OCIO, ClI, and ICI allowed for the determination of the branching ratios (&:3%03), (0.25+ 0.02), and

(0.20+ 0.02) for the channels producingt OCIO, | + Cl + O,, and ICI+ O,, respectively. In addition,

the rate coefficient (3.2 0.5) x 10713 cn® molecule® s™! has been measured at room temperature for the
reaction IH- Cl,O— ICI + CIO. The kinetic data obtained allow for a redetermination of the heat of formation

of 10: AH¢(I0) = (27.7 4+ 1.2) kcal mot? (based on the current value AH;(OCIO) = (22.6 & 1.0) kcal

mol~1). The data obtained indicate that the reaction-#GCIO, which could be involved in stratospheric
ozone depletion if iodine is present in the stratosphere, is much less important than assumed in previous
model calculations.

Introduction Besides, it has been speculdtdtht the above catalytic cycle
could also participate in the ozone loss events observed in the

The atmospheric chemistry of iodine has been much IeSSArctic troposphere during the spring after sunrise (e.g., refs 2

studied than that of chlorine and bromine. However, recently
the potential impact of iodine on ozone catalytic destruction and 3). .

cycles has been suggested in both the stratosphere and the In the present work, the d_|schar_ge flmass spectrometry_
troposphere. Considering the significant production of;ICH method was employed to investigate in detail the reactlgn
by the oceans, together with a possible very fast transport of be@ween 10 and C_:IO. The rate constants _and the branching
this short-lived molecule to the stratosphere via convective ratios for the followmg thermochemically feasible channels have
clouds in the tropics, a depletion of stratospheric ozone induced been determined at 298 K:

by iodine chemistry has been propog3ett.was anticipated that,

like BrO + CIO, the interhalogen reaction 1® CIO could lead 10 + CIO—1+ OCIO

to a catalytic cycle, which depletes ozone: AH = —(4.0+ 0.2) kcal mol'* (1a)

| +0,—10 + O, IO+ CIO—1+CI+0,

AH = (2.3+ 1.2) kcal mol'* (1b)
Cl+ 0,— Clo+ 0,

IO + CIO—ICl + O,
IO+ CIO—Cl+1+0;, AH = —(47.5+ 1.2) kcal mol'* (1c)

net: 20,— 30, The enthalpy data used are from ref 4, except for 10 radicals,
for which the value taken foAHs 29(10) is from the present

In the 10 + CIO reaction, the possible alternative channels Work. Channel 1b could be written as a two-step reaction, the
forming CIOO and ICI were also considered but would also Primary products being either IO® Cl or | + CIOO. The
close the above cycle, since these products rapidly re-form enthalpy of the primary step formingtt CIOO is 3.3 kcal mot*
halogen atoms from thermal and photochemical decomposition, exothermic, the alternative step likely having a similar exother-
respectively. The OCIO-forming channel, which leads to a “do Micity.
nothing” cycle, was not considered to occur. In the absence of A study of reaction 1 has been performed simultaneously in
laboratory data, the modeling calculation assumed that the 10 another laboratofyusing the laser photolysidaser induced
+ CIO reaction led to the net formation of | and Cl with a very fluorescence technique (see Discussion).
high rate constantk(= 1 x 1071° cm?® molecule! s™1). The
major feature of this iodine chemistry is the lack of stability of Experimental Section
the reservoir species (HOI, IONDwhich makes the 10 radicals
the major atmospheric species and, consequently, drastically.
enhances the effectiveness of iodine in the catalytic ozone
depletion, if iodine is present in the stratosphere.

The experimental setup used is schematically shown in Figure
1 and has been described in detail previodslj. modulated
molecular beam mass spectrometer was used for the detection
of the chemical species involved in reaction 1. The reactor

T Permanent address: Institute of Chemical Physics, National Academy consisted o.f a P.yfex tube (45 cm length and 24 Cm. Ld). A
of Sciences, 375044 Yerevan, Armenia. movable_ triple injector was useq for the production and
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Figure 1. Diagram of the apparatus used.

and of the movable injector were coated with halocarbon wax IO +NO—1+ NG,

in order to reduce the heterogeneous loss of active species. k,=2.2x 10 2 em® moleculets™? (ref 4) (7)
Three different methods were used for the production of IO

radicals: the reaction of oxygen atoms (formed in microwave  jith the subsequent mass spectrometric detection of the NO

discharge of @He mixtures) with molecular iodine or trifluo-  formed and calibration of the mass spectrometer by flowing

romethyl iodide known concentrations of NQinto the reactor. Calibration
experiments were carried out under conditions where the
O+1,—I10+| possible influence of the self-combination and heterogeneous
k,=1.4x 10 *cm’ molecule s * (ref4) (2)  loss of 10 were negligible:
O+ CF3_, 10 + CF3 IO+ 10— pI’OdUCtS

k;=1.16x 10 ' cm® molecule* s (ref 7) (3) ks =5.2> 107 ent” moleculé™ s~ (ref 4) (8)
.= 1.

10 + wall — pr t ~ 14 s (this work
and the reaction of iodine atoms with ozone © a products  k, s (this work)

The absolute concentrations of both atomic and molecular

I +0;—~10+0, iodine were determined by Cl titration with excess ahirough
k,=1.0 x 10 *cm’ molecule s* (ref 4) (4) reaction 5: [I]= A[l;] =[CI]. The mass spectrometric signal
of Cl atoms was calibrated either from the measurement of the
(all rate constants are given at 298 K). dissociated fraction of known amount of,@h the microwave

The fate of CE radicals produced in reaction 3 is not known, discharge or from the titration of Cl by an excess of vinyl
but their very low concentrations (similar to those of 10 radicals) Promide ([Cl]= A[CH3Br] = [CoHsCl]):
could not significantly influence the kinetic measurements. In
a recent paper also using reaction 3 to producé ¢Gmplica- Cl+ CoHgBr = Br + C,H,Cl
tions were observed in the presence ef@hich rapidly reacted ko = 1.43x 10 *°cm® molecule ' s™* (ref 12) (9)
with CFs. In the present experiments, @as not present at
concentrations high enough to induce such complications. Three different sources of CIO radicals were used:

In the source of 10 using reaction 4, two reactions were used
to produce | atoms: Cl+ OClO—CIO + CIO

kio=5.8 x 10" cm’ moleculé* s* (ref 4) (10)

Cl+1,—1+ICl

k= 2.1x 10 crm®molecule* s (ref9) (5) ~ C! T CL,O—~CIO+Cl,

ki, = 9.6 x 10 ™ cm® molecule* s (ref 4) (11)
H+1,— 1+ H

ks=6.2x 10 °cm’ molecule*s* (ref10) (6) I T O;~CIO+ O,

ki, =1.2x 10 " cm® molecule* s (ref 4) (12)

I, was used in excess over H or Cl atoms produced by
microwave discharge of #He or of Ch/He mixtures. The OCIO, CbO, and Q were synthesized in the laboratory.
direct dissociation ofJas a source of atomic iodine was not Chlorine dioxide, OCIO, was prepared using the reaction of
used because of its unstability and heterogeneous complic&tions.H,SO, with KCIO3,12 diluted with helium and stored in the dark
Molecular iodine was introduced into the reactor by flowing at around 280 K. GD was synthesized from the reaction 2Cl
helium through a column containingdrystals. When reaction + HgO — Cl,O + HgCh.!* After elimination of the Cl
4 is used to produce 10, a dark reaction betweeand Q is impurity (by trap-to-trap distillation) and dilution with helium,
sometimes observed, leading to the formation of 10 radicals Cl,O was also stored in the dark at around 280 K. The purity
and aerosol! Considering both the time scale of the present of OCIO and CJO was controlled by mass spectrometry by
experiments and the low concentrations gfahd Q, such monitoring their main decomposition productClOzone was
complications were not observed here. produced by an ozonizer (Trailigaz) and was collected in a liquid

The concentration of 10 radicals was determined using the nitrogen trap before dilution with helium and storage at room
titration with NO: temperature in a calibrated volume. The titration of Cl via
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reactions 16-12 as well as the reaction

CIO + NO— Cl + NO,
kjs= 1.7 x 10 L cn® molecule* s7* (ref 4) (13)

300

was used for the measurements of the absolute concentrations
of CIO radicals.

All the relevant species were detected mass spectrometrically g9
at their parent peaks. i

The purities of the gases used were as follows: He
99.9995% (Alphagaz), passed through two liquid nitrogen traps
before use; @ > 99.995% (Alphagaz); H> 99.998% (Al-
phagaz); Gl > 99%(Ucar); §, ultrapure (Prolabo); G > 99% 100
(Fluorochem); NO> 99% (Alphagaz), purified by trap-to-trap
distillation in order to remove traces of NONO, > 99%
(Alphagaz); GH3Br > 99.5% (Ucar).

Kq' (s

Results 1 | 1 | 1 | 1 | |

All the experiments described below were conducted at room 0.0 05 R e, 20 25
temperature (298 K) and at a total pressure of about 1 Torr of [CIO] (107 molecule cm)
He. Figure 2. Pseudo-first-order plot of IO consumption in reaction 1:
Rate Constant Measurements.Four series of experiments, ~ Source of 10, reaction G- CHl (2); source of CIO, reaction Ct-
using different sources for the production of both 10 and CIO, OCIO (10).
were performed to measure the total rate constant of reaction . . ; -
1

400
IO + CIO — products (1)

Pseudo-first-order conditions were always used with an excess
of CIO over 10. The rate constaki was derived from the
temporal decays of 10 according to the expression

—d[I0)/dt = (k,[CIO] + k,)[IO]

300

ki' (s

wherek,, is the rate of the wall loss of |10 radicals and includes 200

a contribution from the 10 homogeneous recombination. The
initial concentrations of 10 were in the range<{50) x 10
molecule cm®. The loss rate of 10 measured in the absence
of ClO, ky = (20 & 5) s1, was much lower than the rate of the
10 consumption by reaction 1. The change of CIO concentration
along the reactor was negligible, which was expected from the
low value of the rate constant for the CIO self-reaction:

100

ol

0.0 1.0 2.0 3.0 4.0
ClO + CIO — products [C10] (1013 molecule cm3)

ki, = 1.6 x 10 **cm’ molecule * s (ref 4) (14)

Figure 3. Pseudo-first-order plot of IO consumption in reaction 1:
source of 10, reaction @& 1, (2); source of CIO, reaction C+ OCIO
and from the low value measured for the CIO heterogeneous (10).

loss rate €3 s71).
In the first series of experiments, 10 and CIO radicals were | the second series of experiments the conditions were the

produped from re_actions 3 ar_ld 10, respectively. The Precursorssame as in the first series, except that molecular iodink 4l
of radicals were introduced into the reactor as follows (Figure (3-5) x 10" molecule cm?) was used instead of GFto

_ﬁq C, inlet ;L; OCIO,t |ntl_et 2, %h'nla ?; ar;d CHl, inlet 4'. th generate 1O radicals via reaction 2. The CIO concentration
€ ranges of concentrations of the molecuiar precursors in erange was (2.629.3) x 102 molecule cm?3. The pseudo-first-

reactor were [OCIOF (1-3) x 10'? and [CRl] = (2—4) x ) gt
10'® molecule cm®, [CIO] was varied in the range (1-24.6) order plot given in Figure 3, leads to

x 102 molecule cm3. The mean gas flow velocity in the
reactor was in the range (186@900) cm s. The resulting k, =(1.0+ 0.15) x 10 ™ cm® molecule*s™?
pseudo-first-order plot is shown in Figure 2. The least-squares
fit provides the following value for the rate coefficient of

. ; The intercepts are about the same in both cases, 25D)
reaction 1:

s (Figure 2) and (18.7% 4.6) s'* (Figure 3), and are similar
k, = (1.2+ 0.2) x 10 ™ e moleculé L st to the 10 loss rate measured in the absence of CIO.

The possible interference of secondary reactions in these two
All the uncertainties given in this section include one standard series of measurements kf has been examined. First, the
deviation and 10% for the absolute calibration of CIO concen- reverse reaction of channel 1a, recently studied in our labora-
tration. tory,° could have reproduced 10 radicals:
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| + OCIO— 10 + CIO

kK 2= 1.9 x 10 2 cm’ molecule ' s* (ref 8)(—1a)
300 Source of 10:
However, the combined values lof;; and of the concentrations O reactionO+ 1y o
of OCIO and | ([OCIO]= (1-3) x 102 and [I] = 2 x 101 @  reaction O+ CF3l

molecule cm®) make the impact of this reaction negligible.

The other possible secondary reactions

IO+ Cl—1+CIO
kys = 4.4 x 10" cm’ molecule™ s (15)

ki (s

| + ClIO — products
kig < 1.7 x 10 cm® molecule ' s (16)

have been also studied recently in this laborafoiespite the
high value ofk;s, reaction 15 could not significantly consume
10 because of the low concentration of Cl produced in reaction
1 and rapidly consumed in reaction 5 and also in reaction 10 in 0 L | 1 | I |
the second series of experiments. Reaction 16 is too slow to 0 10 2 %0
be a potential source of 10. The upper limitkg (kis < 1.7 [C10] (1012 molecule cm-3)
x 1071 cm?® molecule’? s71) was obtained in our previous Figure 4. Pseudo-first-order plot of 10 consumption in reaction 1:
work® from monitoring the CIO temporal profiles in excess of ~source of CIO, reaction Ct Cl,O (11); source of |0, reaction &
| atoms. In the present work, the detection of 10 as a possible €F! (2) and reaction Ot 12 (3).
product of reaction 16 has been attempted. For a maximum 20
reaction time of 1.7 1072 s and for | and CIO concentrations
of 5 x 1013 and 1 x 10'2 molecule cm? respectively, no 10 L
could be detected (corresponding to an upper limit of &0°
molecule crm® for the 10 concentration). The upper linkitg 16 —
< 7 x 10715 cm® molecule® st can be derived for the 10-
producing channel of reaction 16.

The reaction 10+ OCIO — products was also negligible
within the time scale of the present experiments, which was ~
checked by the direct monitoring of 10 in the presence of an 2 L
excess of OCIO. The possible 10 formation in the reaction R

12 —

OCIO+ |,— 10 + products a7)

was also examined. For a reaction time of 0.035 s, and with
[OCIO] = 2 x 10" and [k] = 6.4 x 10 molecule cm?, the 4
upper limitk;; < 2 x 10717 cm?® molecule’® s! was obtained.
Finally, from the lack of 10 detection in the reaction

. | | .
ClO+ 1,—10 + ICl (18) % > 4 6

[11(10"3 molecule cm™3)

Figure 5. Reaction I+ Cl,O (19): pseudo-first-order plot of &)
consumption.

the upper limitk;g < 8 x 10716 cm® molecule! s was
determined. All these reactions could not interfere in the
measurement df;.
In two other series of experiments, the kinetics of reaction 1 generate 10 radicals in channel 19a:
was studied using reaction 11 between Cl an®Gls the source
of CIO radicals. Reaction 11 took place in the movable injector, | + CI,O— Cl, + 10
Cl, being introduced through inlet 1 and,Ol through inlet 2. _ 1
10 radicgls were producedgfrom reactions 2 or 3%the reactants AH;g,= —(17.3% 1.2) kcal mol ™ (19a)

being introduced into the reactor as described above). The_ . . S .
concentrations used were [CIG] (2.6-29.3) x 102, [CFs] This reaction was studied in independent experiments. The rate

~ 4 x 108 [I] ~ 5 x 102 and [ChO] = 1 x 102 molecule constank;g was first derived from the temporal profiles of the
cm=3 The gas flow veloc,ity in the reactor was around 2000 Cl20 concentration observed in the presence of an excess of |
cm s The 10 consumption rates measured in these experi- atoms. lodine atoms were produced in the movable injector

ments are shown on the pseudo-first-order plot of Figure 4, via reaction 6 (H and b being introduced through inlets 1 and
leading to 2, respectively), and @D molecule were introduced through

the side-arm tube of the reactor (inlet 4). Under the following

k, = (1.0+ 0.15)x 10" cn® molecule® s expierimental conditions, [@D]p = (1—2) x 10%? molecule
cm3, [1]o = (0.7-5.2) x 10" molecule cm?, and flow velocity

The zero intercept, (22.& 3.2) s, is in agreement with the ~ —, 750 cm 51,_the obtained pseudo-first-order plot, given in
values obtained in the two first series of experiments. Figure 5, provides the value fags:

Possible secondary and side reactions are reactions 15, 16, 13 3 1 1
and 18, discussed above, and also reaction 19 which could kig = (3.25+ 0.40) x 10 " cm” molecule " s
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; . . . Figure 7. Reaction IO+ CIO (1): example of experimental (points)
E?rlri;etic?r'\ Reaction I+ CLO (19): pseudo-first-order plot of ICI and simulated (solid lines) kinetics for reactants CIO and 10 and
’ products OCIO, Cl (detected agHzCl), and ICI. Initial concentrations
. : : of reactants: [G =4 x 10 [I] =5 x 10% [I] = 3.9 x 10%, and
Reaction 19 possesses another thermochemically feasible chal CoHBI] = 3 x 104 molecule cm?. Best fit was obtained withy, —

nel producing ICI molecules: 7.3x 107%2 kyp = 3.45x 1071 andk,c = 2.75x 107'2cm? molecule®
st

[CIx0] (1012 molecule cm‘3)

| +ClLO—ICI+CIO  AH,q,=—16 kcal mol'* (19b)
in the main reactor where they reacted with an excess;@ab6O

ICl was detected and the rate constant for the ICI formation form IO radicals. An example of the temporal behavior of 10
channel was derived from the temporal profiles of ICI concen- radicals thus observed is shown in Figure 7. After an increase
tration. Using the following concentrations, fCllo = (0.8— of [10] in the first milliseconds, due to its production in reaction
16) x 102 and [l = (0.7-1.8) x 10 molecule cm?, the 4, a steady state was observed. This steady state resulted from
consumption of the reactants was low20%) and a linear the simultaneous 10 production and consumption in reactions
dependence of [ICI] with reaction time could be observed 4 and 1, respectively. Thus, considering the reaction zone where
(according to [ICI]= ki g[l][CI 20]t). The results obtained from  constant concentrations were observed for both reactants, a
the kinetics of ICI formation for different @D concentrations  constant rate of formation of the products (Pr) could be expected:
are given in Figure 6, yielding the value for the rate constant

of channel 19b: d[Pr]/dt = k,[IO] [CIO] (20)

Kigp= (3.0 0.4) x 10 *cm® moleculé*s™ whereky, is the partial rate constant. The absolute measurement
of the individualk, implied that the calibration of each product
Comparing this value with that obtained fégg, it can be could be made. The monitored products formed in channels
concluded that reaction 19b is the major, unless unique, channefla, 1b, and 1c were OCIO, Cl, and ICI, respectively. OCIO
of reaction 19. These data also indicate that reaction 19 hasand ICl were calibrated as for the kinetics experiments. ClI
no influence on the present measurementk;of atoms were rapidly converted told;Cl after scavenging with
Branching Ratio Experiments. In a first approach, it ~ an excess of vinyl bromide ¢EisBr) via reaction 9, with a
appeared very difficult to determine the branching ratios of the typical time constant of conversion of 0.2 ms..HgBr was
various channels of reaction 1 by using the same experimentalintroduced into the reactor through inlet 2 of the movable
conditions as those described above (with CIO in excess overinjector (together withJ). The concentrations of £5Br and
10). One of the major reasons was that the sensitivity of the |2 were chosen in order (i) to make reaction 9 predominant over
mass spectrometer was lower for the possible products ofreactions 5 and 12¢[C>HzBr] > k[l 2] + kiOg]) and (ii) to
reaction 1 than for 10. It was not possible to obtain relatively avoid the reaction of hydrogen atoms witBHzBr in the source
high concentrations of 10 radicals because of their fast Of I atoms kxi[CoHsBI]T < ke[l 2]):
homogeneous combination and of the heterogeneous complica;
tions (revealed by a brown deposition in the zone of pIO H + CH;Br — products
generation when higher concentrations were attempted to be ky, = 2.7 x 10 2 cm® molecule* s (ref 15) (21)
produced). Besides, important interferences could exist between
the mass spectrometric signals of the precursors of CIO and IOFirst, it should be noted that the addition of vinyl bromide had
and the signals of the expected products of reaction 1, such aso impact on the ionization efficiency of the mass spectrometer.
OCIO. Therefore, in the branching ratio experiments, the Secondly, the CIO, 10, and OCIO kinetics were not affected
reactions of @ with Cl atoms (12) and | atoms (4) were used by this addition of vinyl bromide.
for the production of CIO and IO radicals, respectively. CI For the OCIO-forming channel 1a, it was verified that the
atoms, introduced through the outer tube of the movable injector OCIO formation from the CIO+ CIO reaction was negligible
(inlet 3), were titrated with an excess o Qnlet 4), forming under the present conditions. No OCIO could be observed in
ClO radicals. | atoms, produced in reaction 6 with &hd b the absence of 10, as one could expect from the low rate constant
introduced through inlets 1 and 2, respectively, were introduced for this CIO + CIO reactiortt
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Figure 9. Reaction IO+ CIO (1): formation rates of OCIO, Cl, and

Figure 8. Reaction | 10 (1): -first-order rat nstant of - .
gure 8. Reaction IO+ CIO (1): pseudo-first-order rate constant o ICI as a function of total formation rate of products (see text).

product formation as a function of 10 concentration.
TABLE 1: Reactions Used in Modeling Calculations

rate constant

Together with the 10 concentratiettime profile, the profiles
measured for CIO, OCIO, Cl and ICl are shown in the example

' . reaction (cm® molecule* s™) reference
of Figure 7. In all experiments, only the parts of the plots [Pr] 1 01 Clo—1+ 000 ” b
= f(t) corresponding to the steady state concentrations of 10 ( 2 + + 1a VArab'e
b, L b 10+CIO—1+Cl+ 0O, ki, variable
> 0.01 s in Figure 7) were used for the determinatiorkgf 1c 10+ ClO—ICl + 0, k.., variable
This allowed for a simple analytical treatment of the experi- g IO + 10 — products 5.2 10711 4
mental data according to expression 20. 21 10+ wall—loss 14 st this work
The concentrations of the reactants used in these experiment$¢ 1+ 0;s—~10+ O, 1.0x 1012 4
were [b] = (2-5) x 102 [CHsBr] = (3-5) x 10Mand [ 1@ [FOCI0 210 +Clo IO S
oot 5 3 : 2 1x 10 9
= (2—5) x 10" molecule cm3. The concentration of CIO 9 Cl+ C,HsBr — Br + C,H<Cl 1.4 % 10-10 12
radicals was varied in the rangex310'2—2 x 10 molecule 12 Cl+0;—CIO+ O, 1.2% 10-11 4
cm3. The observed steady state concentration of 10 (strongly 22 Br+ I,— | + IBr 1.2x 10°%° 16

depending on [g] and [I]) was in the range X 10'°—1.0 x
2 3 i
301 ;gtolecule cms, TQe ratefof fqrmat;on ofdeach pro?uct, dnot from | formed in channels 1a and 1b.
[Pr)/t, was measured as a function of steady state CIO and " o rder to reduce the experimental uncertainties arising from
10 concen_tratlons. From the determination of the absolute the measurements of the absolute concentrations, a “relative”
concentrations of the reactants and products, the rate ConStanbrocedure with internal calibration was adopted. Using the

f(?]r eachhchannel dOf ][_eactiog 1 C?Uld I?e CT]IC“%'[E?(') F(i:glure 8 titration of initial concentration of Cl which was kept constant,
shows the pseudo-first-order plots for the ’ @s it the successive reactants (in excess) OCIgi3Br, and b

C2HCl), qnd ICI-formlng channels as a function of 10 (via reactions 10, 9, and 5, respectively), it was possible to
concentration. The linear least squares fits are well Co”e'atedcalibrate the mass spectrometer for each product (OCIO

and their slopes yield the values of the partial rate constants:CZHsm ICl) as well as for the initial reactant CIO. This
procedure allowed for a simplified treatment of the data, since

concentration of | atom (produced in theH 1, source) and

_ —12 3 T1 1
kia=(7.34 1.8) x 10 *“cm” molecule " s only the relative intensities of the signal of each produg) (
were needed to be known. Thus, under fixed experimental
ky, = (3.3+ 0.9) x 10 cm’ moleculé* s™ conditions (for chosen 10 and CIO concentrations and for
reaction times corresponding to the stationary state of 10), the
k.= (2.7+0.8) x 10 2 em® moleculet st formation rates of each produdi,ddt was plotted as a function

of the sum of the partial rates (d[OCIOi/¢ d[Cl]/dt + d[ICI}/

(uncertainties include one standard deviation and 15% for dt), @ shown in Figure 9. The advantage of such a procedure

systematic errors, mainly on the absolute concentrations of WS that the knowledge of the absolute concentrations of all
reactants and products). reactants and products of reaction 1 was not required. It should

Another procedure was also used for the calculatiokpf ~ P€ Noted again that only the three channels-davere
consisting in a complete simulation of the chemical system considered to occur. The following branching ratios were
(summarized in Table 1). The plotted curves shown in Figure obtained for these channels (errors are two standard deviations):
7 result from such modeling calculations. The best fits to _ —2
experimental data provided the same values for the rate constants ko fky = (54.5+ 2.6) x 10
as those given above. The simulation calculations also con-
firmed the observed steady state concentration of 10, in spite
of the significant radical loss arising from channel 1c producing 5
ICI and Q. This was due to the fact that 10 formation in ki Jk; = (19.5+ 1.6) x 10
reaction 4 mainly resulted from the relatively high initial Finally, it was also possible to measure independently the

ky/k, = (25.0+ 1.8) x 1072
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Figure 10. Reaction 10+ CIO (1): sum of the rates of reactions 1b
and 1c as a function of the rate of reaction 1c. The relative units are
the same and correspond to TGlignal intensity in the absence and in
the presence of £13Br, respectively.

ratio kiykic by monitoring the kinetics of ICI production
successively in the absence and in the presencegttfBE. Since
C,H3Br scavenged efficiently Cl atoms formed in channel 1b,
provided ko[C2H3Br] > ksl 2], the ICI formation rate, in the
presence of gH3Br, was only due to channel 1c. In the absence
of C;H3Br and with high concentration of so thatks[l ;] >
ki2[O3]), Cl atoms were converted into ICl via reaction 5:

®)

In this case, the production rate of ICl was due to both channels
1b and 1c. Thus, the relative measurements of the I@h
intensity as a function of reaction time, in the absence and in
the presence of £13Br allowed for the determination of the
ratio (kip + kid/kic. With concentrations of CIG= (1—-3) x

102 and 10= (0.5-6) x 10" molecule cm?, the data obtained
are plotted in Figure 10. The slope of the straight line gives

Cl+1,—ICl +1

(ky, + ki)l = 2.20+ 0.15

Bedjanian et al.

larger, as expected, and makes this value in acceptable agree-
ment with the two other determinations. However, the apparent
difference can be briefly discussed. First, as described in the
Experimental Section, possible secondary and side reactions
have been taken into account, with the kinetic data obtained in
this work and in a previous study from this laboratéryt can

be considered that the apparently higher valulg given above
could be due to the occurrence of a fourth channel:

IO+ CIO—CI+ OIO (1d)
Channel 1d would have produced Cl atoms, as channel 1b, thus
leading to an overestimation kfy, since the measuréd, would
have included th&4in that case. Similarly, the value (1.20
0.15) measured fokjp'kic (with and without GH3Br) would
have corresponded t&(, + kig)/kic. The OlIO molecule formed
in channel 1d could not be identified by mass spectrometry.
OIlO is likely very unstable and has never been observed in the
laboratory, except in a recent flash photolysis study (04
mixturel” Furthermore, if OIO has been produced, it could
have reacted with CIO in the present chemical system:

OlO0 + CIO— 10 + OCIO (22)
Reaction 22 would have produced OCIO, in parallel to channel
1a, also leading to an overestimatiorkgf In addition, reaction
22 producing 10 would have led to underestimation kaf
measured from the 10 decay in the presence of excess CIO.
Finally, considering the above speculative discussion and the
small difference between the valueslafderived either from
the decay rate of 10 or from the formation rates of the observed
products, only channels ta& are likely to occur and not channel
1d. Also, combining all the data obtained in this work, the
recommended values f& and the branching ratios of channels
la—c are, at 298 K,

k,=(1.1+0.2) x 10 **cm® molecule*s™*
k /K, = (0.55+ 0.03)
ky/k, = (0.25+ 0.02)
k,Jk, = (0.20+ 0.02)

These results can be compared with those obtained simulta-

Again, no absolute calibration of any species was required. Theneously in a studyusing the pulsed laser photolysigser

derived value forkyy/kic = (1.20 + 0.15) is in excellent
agreement with the value obtained in the previous series of
experiments (1.3t 0.2).

Discussion

The present direct determination of the rate constant for
reaction 1 at 298 K, using various precursors for 10 and CIO
radicals, gave values ranging frdmn= (1.0 + 0.15) x 1071}
to (1.24 0.2) x 107 cm?® molecule* s71. In the subsequent
branching ratio experiments, the rate constants were measure
for the individual channels considered for reaction 1:

IO 4+ ClO— 1 + OCIO (1a)
IO+ ClO—1+Cl+0, (1b)
10+ ClO—ICI + O, (1c)

The sum of the individual rate constants gives—= (1.33 +
0.35) x 107! cm® molecule® s™1. The uncertainty range is

induced fluorescence technique, associated with a continuous
discharge flow source for CIO radicals. The value kaf
measured in the temperature range 2862 K, wask; = (5.1
+ 1.7) x 10712 exp[(280+ 20)/T] cn® molecule! s™1. The
value at 298 Kk; = 1.3 x 10711 cm® molecule® s, is in
excellent agreement with the present determination. In ref 5,
the only identified products were iodine atoms, which were
found to be the major product of reaction 1. The product yield
for the channel forming | atoms was measurédt) = (0.8 +
@.2). This result is consistent with the present data, yielding
for the branching ratio of two channels producing | atofag (
+ kip)/ky = (0.80 £ 0.05), which also confirms that the OIO-
forming channel 1d, if it exists, is of very minor importance.
An application of the present study is the determination of
the heat of formation of 10 radicals. Considering the rate
constant measured in this work for channel 1la together with
the rate constant of the reverse reactioil§) measured in our
previous worR (k_15= (1.90+ 0.25) x 1013 cm® molecule?
s71), the equilibrium constant, IiK = (3.454 0.35), can be
calculated for
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I0 + ClIO<1+ OCIO(1a,—1a)

Using the recommended values at 298flr the enthalpy of
formation, for CIO (24.4), for 1 (25.52), and for OCIO (2246
1.0) kcal mot?, and the following entropy dat&,gg, for CIO
(54.17), for | (43.21), for OCIO (61.48), and for 10 (57.12) cal
K= mol~! (values from ref 18 except for 19, the heat of
reaction 1a isAH = —(4.01 £ 0.21) kcal moft. This gives
for the enthalpy of formation of 10

AH((10) = (27.7+ 1.2) kcal mol*

In our previous papetthe range forAH;(10) was found to
be (25.8-27.5) kcal mot! and was compared to the most recent
literature data. The value given in ref AK;(10) < 28 kcal
mol~1), which agreed with this range, disagrees with a more

J. Phys. Chem. A, Vol. 101, No. 22, 1994095

The 10+ BrO reaction has been recently investigat€dnd
has a rate constant much higher than that of reaction 1,
approaching the collision frequenckes = 2.32 x 10711
exp(=269/M) cm® molecule? s71.5 Although the branching
ratios for the possible channels of this reaction are still uncertain,
it can be assumed that the reaction will lead to the net formation
of I, Br,and Q. Concerning the IG- HO, reaction, two earlier
kinetic studie®23have also provided a high rate constant value
(ko4 ~ 1 x 10719 cm? molecule® s™1 at T = 298 K), and the
major, if not unique, reaction product HOI rapidly photodisso-
ciates to yield I and OH. Then, a rough estimate of the relative
importance of the ozone depletion cycles involving iodine can
be made by calculating the relative rates of reactions-1tz,
23, and 24: K + ki[CIO]/ kg BrOl/ ko4 HO2]. Using (kb +
k]_c) =5x 10_12, k23 =1x 10_10, andk24 =1x 1010 (CI'TT’3
molecule! s1) and the mean mixing ratios typical of the

recent determination based on the measurement of the ionizatiorcontemporary lower stratosphere, 30 pptv (CIO), 10 pptv (BrO),

energy of 102° AH{[IO] = (31 & 1) kcal moll. The upper
limit (AH{IO] < 27.5 kcal mot?) given in our previous study
was calculated using the highest value fard;(OCIO) (23.6
kcal mol1), for which a significant uncertainty exists (1 kcal
mol~1 %), and the central value was about 1 kcal mdbwer

and 3 pptv (HQ), the relative rates are
(kyp + ki J[CIO)/k,4[BrO)/k, [HO,] = 1/7/2

These relative rates are very different from those assumed in

than the present determination. Finally, considering all the {ne model calculation of ref 1 (1/0.33/0.1), and the cycle
uncertainties in these thermochemical calculations and speciallyjnyolying the 10+ CIO reaction would no more be the dominant

on AH{(OCIO), the valueAH(10) = (27.7 & 1.2) kcal mof?
from this work is preferred.

The atmospheric implications of the present kinetic data can

one. Considering now the total depletion rate aft iodine
cycles,

be briefly discussed. Model calculations of stratospheric ozone —d[O,)/dt = 2[10]((ky, + k,)[CIO] + k,[BrO] +
1| 1 231

depletiodt have considered the possible contribution of iodine

Ka[HO,])

through cycles initiated by interhalogen reactions, especially
reaction 1 between CIO and IO. Since no kinetic data were
available for this reaction, the model calculations assumed thatthe present calculation gives a value which is about 3 times
the value ofk; was as high as k 10719 cm?® molecule’! s71 lower than that obtained in ref 1. Consequently, iodine would
and that the only formed products were I, Cl, angl(Ehannel not be ca. 1000 times more efficient than CI (per atom basis)
1b). The experimental data obtained in this study and in the to deplete ozone, but only ca. 300 times higher. This relative
simultaneous work of ref 5 differ significantly from these efficiency could even be lower if the 1& BrO reaction does
assumptions. First, reaction 1 has a rate constant lower by 1not lead to a 100% net production ofH Br + O,.
order of magnitude, and our measured branching ratio for The impact of iodine on the stratospheric chemical budget
channel 1b aff = 298 K is kiyk; = 0.25, instead of 1 as  remains speculative since no iodine has been observed so far
assumed in the model calculation. Consequently, the potentialin the stratosphere. An upper limit of 0.1 pptv of 10 in the
impact of reaction 1 on ozone destruction should be modified. stratosphere has been reported recently from balloon-borre UV
Considering the three observed channels, the major one whichvisible absorption measuremefts.Even if IO has not been
produces H OCIO leads to a null cycle for ozone depletion. firmly observed so far in the stratosphere, the possible impact
On the contrary, the ICI-forming channel (channel 1c) should of iode on stratospheric zone is still an open question since at
have the same effect as channel 1b, since the ICI moleculemixing ratios as low as a few tenths of pptv iodine could still
should be readily photolyzed under sunrise conditions: significantly deplete ozonk.Besides, iodine is present in the
lower troposphere and the IO radical may contribute to cycles,
especially those including reactions 1 and 23, which deplete

. ozone during the ozone loss events observed in Arctic regions
Therefore, a rate constant for the process leading to the net(e_g_’ refs 2 and 3). This is supported by recent tentative in
formation of |+ Cl via reactions 1b and 1c of & 10-2 cm? situ identification of 10 by DOAS analysf.

molecule® s71 can be estimated, which is 20 times lower than Finally, regarding the potential role that iodine can play in

the value assumed in ref 1. The present estimate considers thah;one chemistry in both the stratosphere and the troposphere,
our branching ratio data obtainedTat= 298 K are the same at  frther kinetic and mechanistic data are needed for iodine

the temperature of the lower stratosphere, which is a reasonablgggctions (especially 10+ BrO) together with field data
hypothesis regarding the rather low temperature dependence Ofespecially 10 measurements).
ki measured in ref 5. Thus, the efficiency of iodine in depleting

ozone, which was estimated to be more than 1000 times higher  acknowledgment. This work was supported by the Euro-

than that of chlorine in the lower stratosphérshould be pean Commission (Contract LEXIS, ENV4-CT95-0013). The
reevaluated as well as the relative importance of the other ozone-5;thors also thank Eric \&ine for his contribution to this work.
depleting cycles involving iodine. The other cycles are rate
controlled by the 10+ BrO and 10+ HO; reactions:

ICl +hv—1+Cl

References and Notes

IO + BrO — products (23) (1) Solomon, S.; Garcia, R. R.; Ravishankara, AJRGeophys. Res
1994 99, 20491.
. (2) Barrie, L. A.; Bottenheim, J. W.; Schnell, R. C.; Crutzen, P. J.;
IO + HO, — products (24)  Rasmussen, R. Aature 1988 334, 138.



4096 J. Phys. Chem. A, Vol. 101, No. 22, 1997

(3) Lorenzen-Schmidt, H.; Unold, W.; Platt, U.; Solberg, S.; Stordal,
F.; Wessel, S.; Gernandt, bymposium Arctic Tropospheric Chemistry
EGS General Assembly, The Hague, May ¥, 1996.

(4) De More, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F;
Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
M. J. Chemical Kinetics and Photochemical Data for Use in Stratospheric
Modeling NASA, JPL, California Institute of Technology: Pasadena, CA,
1994.

(5) Burkholder, J. B.; Turnipseed, A.; Gilles, M.; Ravishankara, A. R
Fourteenth International Symposium on Gas Kinetidsiversity of Leeds,
1996.

(6) Lancar, I. T.; Laverdet, G.; Le Bras, G.; Poulet, JGPhys. Chem
199Q 94, 278.

(7) Herron, J. TJ. Phys. ChemRef Datal988 17, 967.

(8) Laszlo, B.; Kurylo, M. J.; Huie, R. EJ. Phys. Cheni995 99,
11701.

(9) Bedjanian, Yu.; Le Bras, G.; Poulet, G.Phys. Chenil996 100,
15130.

(10) Lorenz, K.; Wagner, H. Gg.; Zellner, Ber. Bunsen-Ges. Phys.
Chem 1979 83, 556.

(11) Cox, R. A.; Coker, G. BJ. Phys. Chem1983 87, 4478.

(12) Park, J.-Y.; Slagle, I. R.; Gutman, D. Phys. Chem1983 87,
1812.

(13) Moreau, G. Ph.DThesis Orléans, 1977.

Bedjanian et al.

(14) Cady, G. Hlnorg. Synth 1957, 5, 156.

(15) Ahmed, M. G.; Jones, W. ECan. J. Chem1985 63, 2127.

(16) Bedjanian, Yu.; Le Bras, G.; Poulet, Ghem. Phys. Lettl997,
266 233.

(17) Himmelmann, S.; Orphal, J.; Bouensmann, H.; Richter, A.; Lad-
statter-Weissenmayer, A.; Burrows, J@hem. Phys. Letl1996 251, 330.

(18) JANAF.JANAF Thermochemical Table3rd ed.; National Bureau
of Standards: Washington, DC, 1985.

(19) Rayez, M. T. Private communication.

(20) zhang, Z.; Monks, P.; Stief, L. J.; Liebman, J. F.; Huie, R. E.;
Kuo, S. C.; Klemm, R. BJ. Phys. Chem1996 100, 63.

(21) Laszlo, B.; Huie, R. E.; Kurylo, M. J. Presentedlatiernational
Conference on Ozone in the Lower Stratosphétalkidiki, Greece, May
1995.

(22) Jenkin, M. E.; Cox, R. A.; Hayman, G. Chem. Phys. Letf99]
177, 272.

(23) Maguin, F.; Laverdet, G.; Le Bras, G.; Poulet,J5Phys. Chem
1992 96, 1775.

(24) Pundt, I.; Phillips, C.; Pommereau, J. P. Presente\ail
Quadrennial Ozone SymposiubiAquila, Italy, September 1996.

(25) Unold, W.; Lorenzen-Schmidt, H.; Lehrer, E.; Stuttz, J.; Trost, B.
J.; Platt, U. Presented A1l Quadrennial Ozone SymposiuliAquila,
Italy, September 1996.



