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The heterogeneous reactivity of chlorine peroxide (CIOOCI) on halide-doped ice surfaces was studied using
discharge-flow mass spectrometry over the temperature range288XK. By monitoring CiO," parent ion
signals, reactions were observed on ice doped wittBt~, CI~-, or F~ ions. XCIl was the only gas-phase
product detected in each reaction, where=Xlopant halide. Other products evidently remain bound at the

ice surface and were not detected. The heterogeneous reaction CHOXOCH XCl + products is proposed.
Chloride-doped ice layers were made either by freezing aqueous solutions of HCI or NaCl on the flow tube
walls or by adding HCI gas to pure ice layers. Thermodynamic considerations indicate that reaction surfaces
below the NaX/HO systems’ eutectic points were mixtures of two solid phases (ice and NaX hydrate crystals),
while liquid layers existed at HCl/ice surfaces under our conditions. Our measured CIOOCI reaction
probabilities on solid surfaces ranged fron+= 0.026 toy > 0.3 on Nal/ice surfaces, from= 0.0016 toy

= 0.064 on NaBr/ice surfaces (possibly temperature dependent)frer.0009 toy = 0.0092 on NaCl/ice
surfaces, and from = 0.0006 toy = 0.0050 on NaF/ice surfaces. CIOOCI reaction probabilities measured

on HCI/H,O liquid layers were as high gs= 0.0065, and on pure ice surfaces as higly & 0.0011. In

the absence of halide ions, there was no detectable reaction of CIOOCI on ice doped with nitric or sulfuric
acid ( < 4 x 107%). Chlorine peroxide uptake was heavily time-dependent, especially on HCl/ice surfaces,
indicating that these measurements of heterogeneous kinetics were limited by saturation and deactivation
effects in the flow tube. Stratospheric reaction probabilities may therefore differ from those reported here.

1. Introduction refer specifically to solid or liquid phase species. Evidence is
eoresented that chlorine peroxide will react with iodide, bromide,
chloride, or fluoride ions at ice surfaces, activating these halides
to the photolytically active mixed halogen gases XCl. We are
eunable to identify any condensed-phase products, since reactive
Surfaces could not be directly observed in the experiments
reported here.

Trajectory modeling studies have shown that reaction 5 (with
X = Cl) may affect the partitioning of chlorine species, and
therefore ozone depletion rates, in the Arctic stratosphere if two
conditions are met: first, the reaction probability of CIOOCI
on PSC (polar stratospheric cloud) surfaces must be greater than

The chemical mechanisms causing polar stratospheric ozon
depletion have been intensively studied for several yedits.
is generally agreed that enhanced levels of chlorine in the
atmosphere caused by the release of chlorofluorocarbons ar
responsible for most of the ozone destruction in this region.
Heterogeneous (surface) chemistry activates chlorine from its
reservoir species (CIONCand HCI) and sequesters oxides of
nitrogen as HN@ on particle surfaces, making it possible for
chlorine to catalyze rapid ozone destruction after suhnissnly
by the following mechanisrh:

ClO+ CIO+ M < CIOOCI+ M (1) 0.03, and second, all three halide atoms involved in the reaction
must be activated at the end of the reaction sequenthe
CIOOCI+ hw —Cl + CIOO (2) idea of a heterogeneous reaction of the form
ClOO+M—~0, +Cl+M 3) CIOOCI+ HCI — Cl, + HOOCI 6)
2(Cl+0;—~CIO+0,) ) was suggested in 1988 by Wofsy et®als an acid-catalyzed

ice surface reaction. The proposed pathway for chlorine
activatior? involves the formation and subsequent photolysis

In this paper we present the first experimental evidence for of HOOCI:

heterogeneous reaction pathways of chlorine peroxide (CIOOCI), HOOCI+ hv — Cl + HO @)
a key intermediate in the above cycle: 2

Net: 20,— 30,

_ ice Ab initio calculations indicate that HOOCI is a stable gas-phase
CIOOClg) + X ()= XClg + productg, ) compound, which might be expected to photolyze by analogy
h X= hal h bscri ¢ with either HOOH or CIOOCI. However, since the molecule
where X= any halogen atom, the subscript (g) refers to a gas- HOOCI has not yet been observed, the existence of this pathway
phase species, and the subscript (c) identifies condensed-phaspemains uncertain
spefues. T_hus, fo) replr_es_e;tls a ha{;\(je IO'IrI] either at %Slol'd Past studies of the heterogeneous kinetics of ClQsa
surface or in a surface liquid layer. We will use (s) and () 0\, have found that these compounds are reactive toward both
i 11 12,13
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Discharge TABLE 1: Temperatures, Liquid-Phase Compositions, and
Salt Hydrate Formed for Three NaX/H,0O Systems at the

Eutectic Point at 1 atn?3-25
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Figure 1. Schematic diagram of discharge-flow/mass spectrometry mggz:zg 525_2)(1) igg nggrﬁg
. . : . . 2
apparatus for measuring the heterogeneous reaction rates of chlorine Nal/H,0 2416 39.0 NaBH,0

peroxide. Glassware designed for the flowing synthesis of CIOOCI is ) i . . .
shown on the left side of the diagram; synthesis conditions are describedof HCI incorporated into ice forming out of HCIA® solutions

in section 2.2In certain experiments the ozone bulb was replaced by is small, with an HCI concentration in the bulk ice that is only

a chamber holding powdered HgO. A slow flow of chlorine passed 259% of that in the initial solutiof.. Similarly, when a solution
through the chamber forms CIOCI, which also reacts with chlorine of NgX and water is frozen at 1 atm, the exclusion of ions from
atoms to form CIO radicals. the ice will concentrate Naand X ions into a shrinking
where the reactive species at the surface are dissociated halidgolution layer. The concentration of NaX in this layer will
ions has been proposétl.Recent studies of the uptake of NO  increase as the temperature drops until the eutectic point is
HNOs, and NOs on NaCl surfaces have shown that small reached. At this point, three phases coexist (see Table 1): a
amounts of strongly adsorbed water at the surface control theliquid phase of known concentration, ice, and hydrated salt
reactivity of the surface®1820 These small aqueous regions, crystals?324 As more heat is removed from the system, the
which tend to exist at crystal edges and defect sites on the salttemperature remains constant at the eutectic point until all of
surface, are saturated with halide ions. Since in all these caseshe salt solution is converted into the two solid phases, ice and
it appears that halide ions are the reactive species, ice surfacesalt hydrate. Only then can the temperature drop below this
have been doped with either acids or salts containing halide value. Supercooling in the Nalf® system has been observed
ions in this study. Kinetic data describing CIOOCI uptake onto only when the starting Nal concentration in solution is greater
halide-doped ice surfaces are presented, but application of thethan the eutectic concentratiéha situation that does not apply
data is limited by evidence of saturation or deactivation of the to the NaX/HO surfaces described here. To our knowledge
reactive surfaces. the eutectic behavior of NaxX#4® systems has not been
measured below ambient pressures; however, since the melting
point of ice increases by only 0.0C between 760 and 5 To,

we do not expect the eutectic temperatures and concentrations
at low pressures to change significantly from those given in

2. Experimental Section

2.1. Apparatus. All experiments were performed using a
discharge-flow system modified from one described eatlier.
The cylindrical flow tube was coupled to a differentially pumped Tab_le 1 ) . i
quadrupole mass spectrometer (UTI Model 100C), Figure 1. A Since _the ice freez_lng process is nucleat_ed at the flow tube
movable injector tube allowed reaction times to be varied. The Wall, during the cooling process NaX solution is expected to
last 70 cm of the flow tube was cooled to as cold as 209 K by €Xist in a layer at the surface of the ice and embedded in
circulating nitrogen gas through a Pyrex spiral flow cooling concentrated poc_:kets_ inside the ice. For temperatures at or
jacket. Three copper-constantan thermocouple junctions moni-2P0Ve the eutectic point of the system, the reaction surface is
tored temperatures, which varied by less thah°C along the there_fore expected to be a liquid I.aye.r of concentratgd .NaX
length of the tube. (Al errors are given 20 unless otherwise solution, where the NaX concentration is given by the liquidus
noted.) Flow tube pressures were monitoredH®001 Torr line separating the solution and ice/solution coexistence areas
by a capacitance manometer (MKS Baratron). Helium flow Of the phase diagram of the systéfn.Below the eutectic
rates were measured la 2 L/min (Tylan FC-260) mass flow temperature the reaction surface must be made up of a mixture
controller; flow tube pressures ranged from 2.2 to 6.9 Torr. of salt hydrate crystals and ice. Because of significant amounts
Pressures in the diffusion-pumped mass spectrometer werePf Water vapor in the flow tube, the salt hydrate crystals may,

between 105 and 10 Torr during experiments, depending on N turn, contain strongly adsorbed water on their surfaces which
helium flows and pumping speeds. ' may alter the level of surface reactivity?® The rate of cooling

2.2. Preparation of Reaction Surfaces and Reagents. during the ice freezing process may influence the amount of
Reaction surfaces doped with halide ions were made by brushingalt that is embedded in the bulk ice and, correspondingly, the
aqueous sodium halide solutions (820 M NaX) or HCI surface coverage of the salt crystals on the ice surface. Since
solutions &2 M) onto precooled %230 K) flow tube walls. the cooling rate was not controlled in these experiments,
Mixtures of HSOJ/H,O or HNOyH,O were also introduced ~ variations in salt crystal coverage at the surface appear to have
into the flow tube in this manner. The bulk freezing process P€en @ dominant form of chemical noise in the gas uptake
was fast enough that solutions generally froze in place in the Measurements. ,
horizontally oriented flow tube, but surfaces were occasionally _ !c€ layer thickness varied from 300 to 90fn and had no
observed to be thicker along the bottom of the tube. In other discernible effect on CIOOCI reaction rates. Geometric flow

experiments, HCI/WD and HF/HO surfaces were created by tube surface areas were therefore used to compute CIOOCI

flowing gas-phase HX/He mixtures (both before and during
measurements) over a layer of®lice already in place. The

uptake. Starting experiments with thick ice layers was necessary
because of constant water sublimation into the gas phase, which

partial pressures of hydrogen chloride gas, when added, rangedVaS not presaturated with water vapor.

from 0.004 to 0.06 Torr. According to the HCKB phase
diagram published by Wooldridge et &.these gas-phase HCI
additions would have melted the ice surfaces and formed liqui
HCI/H,0 layers.

Dry coatings of NaCl and NaBr were formed from NaCl/ice
and NaBr/ice layers by turning off the flow tube cooling system

g @nd pumping away the subliming water vapor. Resulting layers

of salt residue in the flow tube were visually well-distributed.
Since the salt residues were not baked, the salt surfaces may

To understand the nature of the NaX/ice reaction surfaces, ‘
we must consider the freezing process of solutions. The amounth@ve contained submonolayer amounts of strongly adsorbed
water, especially at salt crystal defect sitgs.
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Chlorine peroxide was synthesized in a discharge-flow system 7.7 m/s, with total gas flow rates between 0.3 and 1.8 standard

designed to emulate the conditions of Cheng and ¥e&

schematic diagram of the system is included in Figure 1. The

reaction sequence for CIOOCI production was as follows:

microwave discharge,
e e s

cl, 2Cl (8)
Cl+0,—CIO + 0, 4)
ClO + CIO + M <= CIOOCI+ M 1)

liters per minute (slm), the bulk of which was helium flow.
Chlorine peroxide was detected in the quadrupole mass
spectrometer by selectively monitoring its parent ion peak,
Cl,0,*", atm/z = 102 using an electron impact energy of41
44 eV. With peak resolution reduced slightly by varying the
rf/dc voltage ratio, signal-to-noise ratios of greater than
100—enough to measure first-order Ob™ decay rates
accurately-were routinely achieved.
Larger CJOy species, if formed in amounts comparable to
CIOOCI, can potentially interfere with kinetics measurements

Excess ozone must be present in the flow tube to scavengeby generating extraneous LCp* fragments through cracking
chlorine atoms, which can catalyze gas-phase decompositionin the ion source of the mass spectrometer. However, the

of chlorine peroxidé® In certain experiments, chlorine peroxide

formation of such compounds depends on the formation of

was also synthesized using dichlorine monoxide (CIOCI) instead OCIO from the bimolecular CIO+ CIO channelg? thus,

of ozone as a precursor. However, excess CIOCI reacted athecause of the selectivity of the conditions used, no more than
halide-doped ice surfaces at approximately the same rates a%9% of the C}O,* signal is likely to be due to a fragment from

CIOOCI itself and was shown to greatly interfere with kinetics
measurements of CIOOCI uptake.
Chlorine gas (Matheson, high purity) was diluted in helium

a larger compound. As expected, ng@/ signal peaks were
detected beyondvz = 106 ¢Cl,O.").
Ice sublimation can contribute significant uncertainty to linear

(US Welding, 99.999%) and stored in stainless steel bulbs velocity calculationd? In these experiments, since the total gas
(approximately 35 L), at concentrations between 3.1 and 6.4% flow rate was monitored indirectly by pressure (after a daily
Cl, and at total pressures up to 50 psi. Ozone was made usingcalibration), the water vapor desorbed from the ice by the time
a discharge-type ozone generator (Pillar Technologies) and UHPg “gas plug” reached the pressure transdueet(( cm from

oxygen, trapped at 196 K on silica beads, then diluted and storedthe end of the flow tube) was automatically included into the
in a passivated, black-taped glass bulb at concentrations betweetiow rate calculation, thus minimizing uncertainties. Measure-

0.4 and 0.9% @in He, with total pressures below 20 psi.

ments of the changes in flow tube pressure as temperature was

Ozone bulbs were used for no more than 3 days after beingvaried indicated that flow tube gases typically held an amount
filled, because of ozone loss by wall reactions. Flow rates of water vapor 3-4 times below the saturation limit. In other
through the microwave discharge region were as follows: total words, water vapor desorption from the ice exceeded water

helium, 106-500 standard cfmin (sccm); chlorine gas, 0.2
scem.

adsorption over the entire flow tube surface.
Surface saturation and deactivation processes caused time-

The microwave discharge formed chlorine atoms at an dependent CIOOCI uptake in most runs; to minimize this effect,

efficiency ranging from 1 to 20%, averaging about 4%,

the changes in CIOOCI signals immediately before and after

depending on the freshness of the phosphoric acid coating onthe injector movement andsy), rather than steady-state signal
the wall of the discharge tube and on the pressure. All glass |evels, were used to calculate rate coefficients. The relative
surfaces between the microwave discharge region and the flowsignal drops (I — In S;) were graphed versus the change in
tube itself were coated with halocarbon wax (Halocarbon time represented by each injector movement in a series. The

Products Corp.) to slow CIOOCI surface decompositfon.
The formation of chlorine peroxide is a slow dimerization
with several bimolecular channels in competiti§i® Cold

slope of the linear least-squares fit (without intercept) to this
data set is the measured rate coefficiépt Because of
variability in surface conditions and saturation rates along the

temperatures and high total pressures heavily favor CIOOCI |ength of the flow tube, the average uncertaintkinextracted

formation. An in-line U-shaped tube with a restricting valve

from a single set of measurements was estimated=as-23%.

at the outlet (to vary the pressure and residence times), cooled Desorption of chlorine peroxide from the reactive surface was
to between 200 and 230 K in a Dewar flask, served as the not observed as the injector was pushed back in after each uptake
dimerization chamber in these experiments. Optimal pressuresmeasurement. This suggests that chlorine peroxide uptake onto
in the dimerization chamber were between 8 and 20 Torr; at (both solid and liquid) halide-doped ice surfaces was irreversible,
210 K, this pressure range allows the dimerization to proceed and so we express the rate coefficient as a surface reaction
at a rate 16-24 times that of all three bimolecular channels probability. This term is independent of reactor geométry:
combined.

During a typical residence time of about 0.5 s, calculations 2K
by the GEAR chemical simulation program indicate that 60% VT e
of CIO radicals react to form chlorine peroxide, while only
negligible amounts of bimolecular reaction products are formed. wherer is the flow tube radius (1.20 cmjy is the average
Chlorine peroxide concentrations in the flow tube were calcu- molecular velocity of CIOOCI, and the reactive ice surface area
lated to be in the range 3B8-10'® molecules cm?3 using is assumed to be the geometric surface area of the flow tube.
recommended rate coefficier#s.The GEAR program was also  Under most conditions; values must be corrected for departures
used to establish upper limits on errors in the measured CIOOCIfrom the plug flow model. The combined effects of parabolic
loss rate of<7% (negative) caused by formation of CIOOCI flow profiles, axial and radial concentration gradients, and
from dimerization of CIO within the flow tube and4% diffusion of the reactant being measured must be considered.
(positive) caused by catalytic gas-phase loss due to chlorine CIOOCI diffusion coefficients were estimated in He and #CH
atoms at our conditions. vapor3® These coefficients were used to calculate ternary

2.3. Kinetics Measurements.CIOOCI was introduced via  diffusion coefficients for CIOOCI in helium/water vapor mix-
the injector into the well-characterized bulk helium flow of the tures3® which were between 40 and 80 &l for most runs.
flow tube. The “plug flow” approximation was used to compute The presence of water vapor lowered the diffusion coefficient
linear velocity3? Calculated velocities were between 1.4 and by an average of 5.6%. This effect was temperature-dependent,

9)
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Figure 2. Sample CIOOCI signal losses observed on chloride-doped Figure 3. Example changes in chlorine peroxide reaction probabilities
and halide-free surfaces. Values on the time axis represent changes iron ice as gas-phase HCI/He mixtures are added. An induction period
reaction time caused by each movement of the flow tube injector. iS observed between the introduction of HCI to the bulk flow of the
Changes in signal are determined by signal strengths immediately beforeflow tube and the resulting increase in CIOOCI uptake. Error bars
(S) and after &) injector movements, to capture transient changes in reported in this and subsequent graphsia?e based on the statistical
the signal and limit the influence of surface deactivation. Open uncertainty in extracting the pseudo-first-order rate coeffidigritom
circles: Uncoated Pyrex surface (229 K, < 4 x 107%). Filled the data. Triangles: [HCH- 0.026 Torr. Circles: [HCIE 0.016 Torr.

squares: Ice surface (226 iK,= 8 x 107%). Open squares: Dry NaCl In this example chlorine peroxide uptake reaches the reaction detection

residue (253 Ky = 8 x 1074). Filled circles: NaGi2H,Olice surface limit only after 2 h of HCI flow.

5124115% =5 x 107). Filled triangles: HClfice surface (233 it,= system caused a further increase in chlorine peroxide uptake,
X ) t0 Yavg = (3.5 + 2.1) x 103 (+10) for the reaction on NaCl-

th t of ¢ . d with i . doped ice surfaces. The data are perhaps most usefully
as the amount of water vapor increased with INCreasing g, mmarized by range: CIOOCI reaction probabilities observed

temperatures (in proportion to ice vapor pressures). on solid NaCllice surfaces in the temperature range-21B
No corrections for axial difftusion were made since errors in K varied by an order of magnitude, frop= (9 + 1) x 10-4
the rate coefficiedf were calculated to bes8% (positive). toy = (9 + 1) x 10%. Even with this variability it can be

Radial diffusion ""?'t.a“ons were more S|gn|f|can_t, and all stated that CIOOCI reaction probabilities on ice doped with NaCl
ClOOCI. rate coefficients were corrected.for.thls ef@qt. increased relative to those on pure ice surfaces (the data sets
Correction factors depend heavily on the diffusion coefficient re statistically distinguishable) at the 99.5% confidence level.
and be‘t“’m‘? very Iar_ge_a;lg\d uncertain as observed rates approag typical set of measurements from a single experiment made
th? radial diffusion limit* which isy ~ 002 for CIOOCl in on a single NaCl/ice surface had good consistency, as can be
this system. Observed rates near this limit were corrected tq seen from stated uncertainties on the high and low values;
as Iarge as 03 A few runs slightly exc_:eedr_ed calculat_ed radial nevertheless, the CIOOCI uptake varied from surface to surface.
d!ffus!on I|m|t$, _Ilkely due to uncertainty in the estimated Doping ice layers with HCI/He gas mixtures (thereby melting
diffusion poefﬂments and the data extraction procgdure, and the surface) also increased CIOOCI uptake relative to that
were assigned a corrected. §urf:’:1ce reaction Pf,Obab'“W B.f observed on pure ice surfaces, as seen in the sample data shown
0.3. 'The reaction probability "detection limit” for chiofine j, rigyre 2. As with the NaClice data, measured CIOOCI
perOX|de_|3y ~ 3 X 107, limited by noise in the GD,* signal uptake rates exhibited great variability, depending on both the
and maximum injector movements of 6 cm. HCI concentrations used and on cumulative doping time, as
3. Results shown in Figure 3. Variations in chlorine peroxide uptake rates

) were observable along the length of the flow tube (see Figure

3.1. Reactions with Ice, NaCl, and HCI. Chlorine peroxide 2), indicating that the long HCI doping times needed to trigger
signals were observed to decrease and molecular chlorine wasCIOOCI uptake were due to high losses of HCI onto the ice at
produced, upon contact with ice doped with chloride ions. the entrance of the flow tubec = 0.3) and slow transport
Typical decays in GI,' signals are shown in Figure 2, down to the reaction zone. Chlorine peroxide reaction prob-
expressed as instantaneous changes in signal versus the increasasilities ranged from runs where there was no detectable uptake
in reaction time represented by each injector movement. (typically after short HCI doping times) to runs with surface
Samples of GO, signal decay data are shown for measure- reaction probabilities as large as= 0.0065. The existence of
ments on the glass flow tube wall, a pure ice surface, dry NaCl liquid layers at the ice surface can be expected to affect both
salt residue, and ice surfaces that have been doped with HCI orthe magnitude and the reproducibility of CIOOCI uptake rates.
NaCl. There was no observable reaction in an uncoated flow Since the solubility and the diffusion coefficients of chlorine
tube, even when gas-phase HCl was added to the systemperoxide in concentrated HCI#® solutions are not known, it
demonstrating that CIOOCI does not decompose at a measurablés unclear whether uptake is caused by reaction at the surface
rate under our experimental conditions in either a gas-phaseor in the bulk of the liquid phase.
reaction or at the glass flow tube wall. There was also no  No reaction was observed on other types of surfaces which
observable reaction on dry NacCl residue; however, the upperdid not contain halide ions, such as a cooled 37% w/w solution
limit for CIOOCI uptake on such a surface based on this of H,SOy/H,0 or a cooled 1:3 HN@H,O solution (possibly
observationy <8 x 1074 was higher than the usual limit due  NAT). Upper limits for chlorine peroxide uptake probabilities
to fast linear flow velocities. arey < 3 x 107 for both of these surfaces. In an experiment

Unlike on glass or dry NaCl surfaces, there was a small where gas-phase HCI| was added to the sulfuric acid/water
observable uptake of CIOOCI on pure ice, withg= (5.1+ mixture at 227 K, CIOOCI was taken up with a reaction
3.9) x 1074 (410). The addition of chloride ions to the reaction probability of 3 x 1073,
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0.0 TABLE 2: Summary of Ranges of Chlorine Peroxide
Reaction Probabilities ¢/) Measured on Various Surfaces in
0.2 This Work
surface lowy uncertainty  highy uncertainty
041 HClicet  <0.0003¢ 0.0065 f=17
7317Y HF/ice? 0.0004 f=14 0.0027 f=1.6
—— Nallice 0.026 f=14 >0.3 +0.7-0.22
2 NaBr/icesd 0.0016 f=1.2 0.064 f=15
0.8 NaCllice 0.0009 f=1.15 0.0092 f=1.11
NaF/ice 0.0006 f=15 0.0050 f=1.5
1.0 ice <0.0003 0.0011 f=1.3
dry NaCl <0.0008
-1.2 y aSurface liquid layer likely? Surface phase unknowhSolid
0.00 0.01 0.02 mixtures, data from below eutectic point onfyPossibly temperature-

Time (s) dependent¢ Solid mixture likely.” No detectable reactio After short

i ) i HCI exposure times! Measured in the presence of excess CIOCI, which
Figure 4. Sample CIOOCI signal losses observed on Nalfice and NaBr/ interferes with CIOOCI uptake.(+ 20). Symmetrical uncertainties are
ice surfaces. Axes are defined as in Figure 2. Circles: NaBOlice expressed as the factbwhere ¢ + 20) = yf and ¢ — 20) = y/.
surface (224 Ky = 7 x 1079). Triangles: Nallice surface (245 K,
= 1.2 x 107%). The measurement on the Nall/ice surface is above the 1
eutectic temperature of the Nak®l system and so is likely affected
by an extensive surface liquid layer of concentrated Nal solution. Note
that CIOOCI reaction probabilities on the solid mixture NaBr/ice surface
show more variability than on the liquid layer of Nal solution.

Under most conditions the chloride-ion-doped ice surfaces
showed clear signs of surface deactivation as they were exposed
to chlorine peroxide. Below 246 K, chlorine peroxide uptake
rates onto all chloride-doped ice surfaces would decline with
time, as would product @Glsignals, reaching a lower “steady-
state” reaction rate within a minute or less. In all experiments
performed on (liquid) HCl/ice surfaces, and on (solid) NaCl/ 001 i .
ice surfaces when the flow tube temperature was below 220 K, 210 220 230
chlorine peroxide uptake stopped completely after the first T (K)
exposure of the surface on a time scale of minutes.
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Molecular chlorine was verfed a5 a product by mass FOUS S, Sumay of chiorne perorde reacton pobabiies
spec’Frometry d_urlng the reaction of chlorine peroxide with below 225 K were dropped from these data sets, due to long-term
chloride-doped ice surfaces. No other gas-phase products wergface deactivation. Triangles: Nallice surfaces. Circles: NaBr/ice
found. The C}* ion signals observed in the mass spectrometer surfaces. Open: Measurements on liquid layers (at or above the eutectic
at m/z= 70 increased immediately when new reaction surface temperature of the system). Filled: Measurements on solid surfaces
was exposed, and then also decreased with time as the surfacéelow eutectic temperature). The error bars of the top three points
was deactivated, mirroring the declines in CIOOCI uptake. This (two are overlapping) have been enlarged to indigate 0.3 and the
demonstrates that observed 6ignals were not merely due to Iarge_unc_ertal'ntl_es introduced by the radial diffusion correction near
L the diffusion limit.
CIOOCI fragmentation in the mass spectrometer, nor were they

due to only leftover Gl coming through the microwave — ,hcened on dry NaBr salt surfaces and matched the rates
Q|§charge (a background signal Wh'Ch remained constant as the4qred on NaBrlice surfaces in excess CIBCDry salt
Injector was moved). Instgzad, Itis concludeq that mol_ecular surfaces were totally deactivated during exposure to CIOOCI,
chlorine was produced via a surface chemical reaction or and no uptake was observed upon repeated exposures.
decomposition in the flow tube. Chlorine peroxide uptake rates were clearly greater on

Ozone uptake rates onto NaCIllce surfaces were measured, ., mige. and iodide-doped ice surfaces than on chloride-doped
to check the possibility that gsignals may have been produced jcq g rfaces (see Table 2). Uptake probabilities on solid NaBr/
by the oxidation of surface chloride ions by ozone. Such a ice surfaces (Figure 5) ranged from= (1.6 + 0.3) x 10~ at
reacti_on might be ana_logc_)us to the liquid-phase oxidation of 55\ 14 (6.4+ 2.7) x 10°2 at 240 K. Ice surfaces doped
bromide by ozone, which is known to produce HOBF? No with sodium iodide were the most reactive surfaces studied
ozone uptake was observed, which is consistent with observa-(,:igure 5). The smallest observed chlorine peroxide uptake
tions that ozone reacts with aqueous Cliaut not CI.4%41We probability on this type of surface was= (2.7+ 1.2) x 102
set upper limits on ozone uptake probabilities/of 2 x 107 however, in two runs chlorine peroxide was taken up so rapidly
at270Kk, decrgasmg ta5 x 107 at 220K, aqd conplude that a4t the rate was diffusion-limitedy (= 0.3). The reaction
gas-phase ls in fact produced by a process involving CIOOCI  ,,hapilities measured on solid Nalfice surfaces are very similar
at the chloride-doped ice surface: except for the diffusion-limited run at 232 K. This outlying

H,0 point is probably caused by variability in the Nal/ice surface
CIOOCI+ CI' (y — — Cl, + productg, (5a) formation process.
Halogen gases were produced as CIOOCI was taken up on

3.2. Reactions with NaBr and Nal. Reactive uptake of ice doped with bromide or iodide ions. Both bromine chloride
chlorine peroxide was observed on any surface that contained(BrCl) and iodine chloride (ICl) were identified as sizable peaks
bromide or iodide ions. Sample data sets fopGt signal in the mass spectrometer, and large bursts of either compound
decay on these surfaces are shown in Figure 4. Unlike on dry could be observed whenever the injector was pulled back. BrCl
NaCl surfaces, losses of CIOOCI (in excess CIOCI) were and ICl also reacted in secondary heterogeneous reactions with
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01 I excess, the approximately one-to-one replacement ph¢l
<} 1 CIOOCI results in higher product yields in a time-limited flow
tube measurement.

It is likely that BrCl is produced by the reaction of chlorine
peroxide at NaBr/ice surfaces for two reasons. First, both Cl
and ICl are demonstrated to be produced by reactions of CIOOCI
on ice surfaces doped with chloride and iodide ions, respectively.
g f In addition, when By signals were monitored, the stairlike
'

g

shapes of the bromine signal were similar to the chlorine
% peroxide signals measured immediately afterward.
The reactivity of CIOOCI on dry NaBr residue, along with

0001 I _ i , the demonstration that iodine chloride is produced via a reaction
220 230 240 250 260 270 280 of CIOOCI with Nall/ice surfaces, suggests that chlorine peroxide

T reacts directly with surface bromide and iodide ions. The

(X) .

) i presence of water at the surface does not appear to influence
Figure 6. Uptake of C} on NaBr/ice surfaces as the system crosses ipa reaction, since uptake rates were the same in similar

its eutectic temperature at 246.1 K. Note the large change in chlorine . f .
reaction probabilities as the surface switches from a mixed solid surface experlments on SO“d_ NaBrllce_ surfaces and on dry NaBr salt
of hydrated NaBr crystals and ic& < 246.1 K) to a liquid layer of residues. The following reactions are proposed to occur:

concentrated NaBr solutioff (= 246.1 K). These reaction probabilities

CI2 Reaction Probability

are not corrected for radial diffusion limitations. The application of CIOOCI+ Br (,,— BrCl + productg, (5b)
such a correction, which affects high measurements most strongly,
would increase the contrast between the two regimes even more. cloocl + |_(s)_’ ICl + product%) (5¢)

doped ice surfaces, forming Band b, which were also detected ) o o
as products. The same reaction of BrCl has been reported on A direct, aqueous-phase oxidation of bromide ions by ozone
dry NaBr salt surface®® Above the eutectic temperatures of Nas been reported in the water treatment literattipgoducing

the respective systems, BrCl and ICI could be detected only at Promate with HOBr as an intermediate. The initial step in the
short reaction timest (< 30 ms), indicating that liquid-phase ~ '€action scheme is the formation of BrOwhich can react

conversion to Bror I, was complete at longer reaction times. further with Qs
The production of bromine chloride and iodine chloride in

the flow tube does not, in itself, prove that these gases are O;+Br(—0O,+Bro (12)
necessarily products of the reactions of chlorine peroxide with
bromide and iodide ions. First, excess molecular chlorine from O;+Bro (, —20,+Br , (13)
the synthesis of chlorine peroxide comes mostly undissociated
through the microwave discharge and was therefore unavoidably 20, + BrO_(D —20,+ BrO3_(|) (14)

present in every experiment. Chlorine is known to produce BrCl

upon exposure to dry NaBr saftand it is reasonable to assume ¢ o point in this scheme is Bproduced by the oxidation of
that a similar reaction would occur on iodide and bromide salt prgmide: however. HOBr (which would be in a pH-dependent

hydrate surfaces: equilibrium with BrO™) might react with bromide ions and
3 3 produce Bj, as it does on ice surfacé. It is known that the
Cl,+ X = XCl + ClI" (10) interconversion of bromide and BrCcatalyzes the aqueous-
phase loss of ozor. To quantify the possible effects of
XCl + X" =X, +Cl g (11) bromide oxidation by ozone at solid NaBr/ice surfaces, ozone
uptake was measured. No loss of ozone could be observed in
In this work we observed the production of BrCl ancg Bhen this work while limiting injector movements to 6 cm or less;

NaBr/ice surfaces were exposed to chlorine. In addition, upper limits for the ozone reaction probability based on longer
chlorine uptake rates on these bromide-doped ice surfacesinjector movements are the same as that for the NaCl/ice
(uncorrected for radial diffusion) were found to pe= (7 &+ 1) system:y < 5 x 1075 at 220 K, increasing t¢y < 2 x 1074
x 1072 in two runs at temperatures above 247 K, decreasing to on NaBr/HO liquid layers above the eutectic point (270 K).
only y = (4 & 2) x 10~%in four runs at temperatures of 245 K We can use this upper limit to ozone loss as a limit of
and below. This large change in @éaction probability across  oxidation of Br by ozone in our reaction system. At 220 K
the eutectic point of the NaBri@® system can be clearly seen ozone is taken up by the solid NaBr/ice surface at a maximum
in Figure 6. probability of 5 x 1075 while CIOOCI is taken up with a

In experiments on Nal/ice surfaces, the behavior of the iodine reaction probability of approximately 2:6 1073, Since excess
product signals nevertheless clearly demonstrated that a reactiorozone was typically present in the flow tube at about 10 times
of chlorine peroxide produces ICl directly. In every observation the amount of CIOOCI present, the net amount of chlorine
of ICI*, 1,7, and I' ion signals, the ion currents rose as the peroxide being taken up by the sodium bromide/ice surface is
microwave discharge was turned on with chlorine gases flowing. larger than the amount of ozone being taken up by at least a
Thus, as precursor chemicals,Ct 20; are converted to factor of 5. Therefore, if this aqueous-phase chemistry is
CIOOCI + 20, (with some unreacted CIO remaining), the transferable to solid NaBr/ice surfaces, we still expect that at
production of iodine products increased, a difference that mustleast 5 times more bromide is oxidized via the reaction with
be due to the reaction of chlorine peroxide, since the amount CIOOCI (forming BrCl and then B} than via reaction 14
of Cl, present in the flow tube decreases. Although the reaction (forming HOBr and then Bj). Since this is an upper limit for
rates of C} were not measured on Nal/ice surfaces, this iodine the latter reaction, we can discount the possibility that the
product behavior also suggests that uptake probabilities areoxidation of bromide by ozone is primarily responsible for the
larger for CIOOCI than for Gl although C} is present in production of bromine in our experiments.
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0.0 surfaces but not at dry NaCl surfaces suggests that the reaction

with chloride ions involves significant amounts of water, not
necessarily acid, and is not as simple as the reactions with
bromide or iodide ions. The water molecules are apparently

0.14 needed to solvate one (or both) of the reactants. Instead of
7 reacting directly with chloride (or fluoride) ions, chlorine
%0 peroxide may form a reactive hydrolyzed intermediate at the

ice surface. A surface hydrolysis or ionization of CIOOCI
would also explain the small interactions observed between
CIOOCI and solid ice surfaces. For example, CIOOCI may be
ionized before it reacts with chloride:

03 : : _
0.00 0.01 0.02 0.03 CIOOCI+ H,O) < H20C|+(s) +CIOO , (16)

Time (s)

Figure 7. Sample chlorine peroxide signal losses observed due to

reactions on ice and NaF/ice surfaces. Axes are defined as in Figure 2.Infr red tr ic evidence for theQCI* surf inter-
Squares: ice surface (226 K= 8 x 1074). Triangles: HF/ice surface ared spectroscopic eviaence 1o surface inte

(217 K,y = 1.2 x 1079). mediate was recently found in a study of the interaction between
) ; : CIONG; and ice*®> The bonding environments of the chlorine
3.3. Reactions with HF and NaF. As expected, fluoride atoms in CIOOCI and CION® are similar, making the

was the least reactive of the halides. Sample data for the lossmolecules analogous in photolytic behaviband the polarit
of CIOOCI on ice and HF/ice surfaces are shown in Figure 7. 9 P Enavion! P y
of the CHO bonds may result in similar heterogeneous

Uptake of chlorine peroxide on NaF/ice surfaces was observable o . .
: . reactivity for the two molecules. Another possible hydrolysis
on six out of the seven surfaces preparedy; = (3.1 £ 1.5) d d also b | ith CION® HOCI
x 1073 (&10). In experiments where gaseous hydrogen fluoride product suggested also by analogy with CION® HOCI. .
) However, a secondary reaction between HOCI and HF is

was added to an ice layer already in place, most of the CIOOCI thermodynamically unfavorable, calculated using either gas-

uptake rates measured (all performed V.V'_th excess ClOCI present)phase or agueous heats of formatféf A plausible CIOOCI
were near the reaction detection limit; even in this data set,

. hydrolysis intermediate should be reactive with both chloride
however, the average uptake rate was twice as fast as on pure

ice surfaces and was statistically distinguishable from the latter and fluoride lons. o .
. . o - A second possibility is that chloride ions in the NaZ,O
at the 95% confidence level. It is surprising that any reaction . . )
. : 4 . crystal may be in environments that are influenced by nearby
was observed on HF/ice surfaces since HF is only a weak acid . . )
; L - . : hydrate water molecules, thereby lowering lattice energies below
with a negligible uptake coefficient onto ié¢&.However, if the

. ) that of NaCl. This effect is equivalent to partial aqueous
partial pressure of HF is large, HF uptake can suddenly become . . ; !
efficient1 HE/H,O liquid layers or solid mixtures will form solvation and might influence surface reaction rates toward

: - . chlorine peroxide. In this case, the small uptake of (unhydro-
at the ice surface, depending on the mole fraction of HF at the )
4 ; . .~ lyzed) CIOOCI observed on pure ice surfaces would be most
surface’* It appears that the high HF partial pressures used in

the majority of these experimente{ x 10-% Torr) were likely due to the disproportionation of excess chlorine, which

adequate to cause the formation of HEZHiquid layers or solid (if an analoglyl/ with aquecf)us-phgse Chfl‘efT“S“Y holds)hcoyld
mixtures, which were marginally reactive toward chlorine produce small amounts of reactive chloride ions at the ice

H,OCI" ¢+ CI”— Cl, + H,0 17)

. surface:
peroxide.
Small amounts of chlorine fluoride were detected during Cl, + H,0, < HOCI + HCl ) (18)
several experiments, and the signalnalz = 54 sometimes
behaved in the typical manner of a product (i.e., peaked as the HCI(S) +H,05— H30+(s) + CI_(S) (19)

injector was pulled back). As the injector was moved, molecular

chlorine signals also displayed productlike features which were \yo gre presently unable to distinguish between these two

very small compared to the £ignals produced by the CIOOCI oy pjanations for the function of water in the reactions of chlorine
+ CI~ reaction. This small amount of molecular chlorine could peroxide with chloride ions.

be produced by heterogeneous CIOOCI decomposition, or by 4 5 gyrface Phase and Heterogeneous ReactivityOur
the following set of reactions: observations of heterogeneous reactivity are consistent with the

CIOOCI+ F,..— CIF + ClIOO™ (5d) known behavior of NaX solutions around the eutectic point.
(s) (s) . .
For example, the uptake of chlorine suddenly became efficient
c|oo*(s)—» cr(s) +0, (15) above the system eutectic point at 246 K, as shown in Figure
6. On pure ice surfaces ata & a negligible uptake of chlorine
CIF+CI g —Cl,+F (—10) has been measuregd £ 5 x 1075 by Kenner and co-workers.

. . . Our Ch uptake measurements at temperatures below the NaBr/
The detection of CIF during CIOOCI uptake experiments on .5 gystem eutectic point were an order of magnitude larger
NaF/ice surfaces is an important demonstration that fluoride is 4, this,y = (4 + 2) x 104, most likely due to the presence

reactive under these conditions, with either CIOOCI itself or ¢ NaBr salt hydrates at the ice surface. The uptake pfr@b
with some hydrolyzed intermediate. There are no known o jiqig layer containing concentrated NaBr probably explains
secondary pathways to CIF formation available via reactions yhe yastly increased uptake we observed at temperatures above
with either excess ©or Ch. 246 K.
Similarly, the CIOOCI uptake probabilities shown in Figure
5 on NaBtr/ice and Nal/ice surfaces shift upward at the systems’
4.1. Function of H,O in the Reaction CIOOCI+ CI~. The eutectic temperatures. In runs conducted on melted surfaces
observation that CIOOCI reacts at NaZH,O/ice and HCl/ice above the eutectic temperatures, CIOOCI reaction probabilities

4. Discussion
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were near the radial diffusion limit (ajt = 0.12). Except for phase reaction by Khan and KasHayhile protonation would

one diffusion-limited run on Nal/ice at 232 K/ (= 0.3), all form HOOCI, the product suggested by Wofsy ef alWe

other measured CIOOCI uptakes on solid NaBr/ice and Nal/ice speculate that the unimolecular decomposition may occur on

surfaces were less than 0.07. These measurements imply thaany type of surface, but the formation of HOOCI is restricted

chlorine peroxide uptake is especially efficient into liquid layers to acidic surfaces (e.g. HCIA® liquid layers). Efforts to

of concentrated Nal or NaBr solutions, but also reasonably fast identify either HOOCI or @ as gas-phase products in the mass

onto mixed solid surfaces made up of ice and hydrated Nal or spectrometer were not successful. Direct surface analysis

NaBr crystalline phases. Although there is no dramatic shift techniques are needed to provide evidence for the formation of

in CIOOCI reaction probabilities on NaCl/ice surfaces at the CIOO~ and HOOCI.

eutectic point temperatures as there is fop Gh NaBr/ice In early studies of the aqueous-phasge €IHOOH reaction

surfaces, measurements on NaG@rsurfaces never exceeded system, HOOCI was postulated as an intermediaté. The

the eutectic temperature, so surface melting may not have beerformation of HOOCI explained both the kinetics of the

complete. disappearance of reactatitsnd the observed preservation of
The mechanism of deactivation of halide-doped ice surfaces both oxygen molecules from HOOH in the @roduced (in &°

toward CIOOCI reaction on a seconds-to-minutes time scale alsotracer experiment$f. In this mechanism, once HOOCI is

needs to be considered. Although monolayers of ice are rapidlyformed, it reacts via one of two pathways:

desorbed at the temperatures of this stéfthye do not expect

the solid salt hydrate surfaces (e.g. N&EI,O) to be similarly HOOCI(,) — oz(g) + |-|+(|) + cr(l) (21)
volatile. Thus, surface saturation of the reactive sites on mixed
solid NaX/ice surfaces by CIOOCI or byproducts should be HOOCI(D + H+(|) + C|—(|) - C|2(g)+ HOOH, (22)

possible. The perfect NaCl/ice surface renewability observed
at the system eutectic point (252 K) was likely due to the

presence of at least a partial surface liquid layer. Possible
chemical mechanisms for deactivation of HGIIHliquid layers

are discussed in section 4.4.

4.3. Comparison with Chlorine Nitrate. The relative
reactivity of CIOOCI with halide ions on ice surfaces, Table 2,
can be compared with the heterogeneous reactivity of CI9NO
with HF, HCI, and HBr. Hanson and RavishanKdrmeasured . o o
diffusion-limited losses of CION@on ice surfaces treated with chioride 'ons from the liquid layer, thus Qeactl\{atlng it toward

further reaction with CIOOCI. Thus, while the identity of any

small excess concentrations of HBr € 0.3), but experiments condensed-phase products of heterogeneous chlorine peroxide
where HF was added to ice layers saw essentially no losses P P 9 p

that could be attributed to CIONG- HF. A conservative upper reactions remains speculative, our qualltanve obsgrvatlons of
e - . . surface deactivation patterns on NaCl/ice and HCl/ice surfaces
limit of y = 0.01 was put on CION&loss due to reaction with

HE. Reaction probabiliies between 0.1 and 0.3 have been are at least compatible with the formation of HOOCI in HCI/

measured for CION©®+ HCI on ice surface&!! which are H20 liquid layers.
hardly enhanced over the fast reaction CIGNOH,0 on the
same surface! The order of halide reactivity toward CIONO
can be summarized as BrCl ~ H,O> F. In our experiments, These discharge flow/mass spectrometric studies provide the
ice treated with NaF or NaCl was more reactive than undoped first experimental evidence of heterogeneous reactions between
ice toward CIOOCI, whereas ice treated with NaBr or Nal was chlorine peroxide and all four halide ions at ice surfaces. The
highly reactive. The relative order of halide reactivity toward mixed halogen gases XCI, where X1, Br, Cl, and F, were
chlorine peroxide based on these NaX/ice experiments>is |  the only gas-phase products observed during CIOOCI uptake
Br > Cl ~ F > H,0O. The main differences between CIONO experiments on ice surfaces doped with either NaX or HX.
reaction kinetics and the CIOOGH NaX/ice data presented Liquid layers formed at the surface of HCl/ice coatings used
here are the relative lack of reactivity of CIOOCI on pure ice in this study because of high concentrations (000406 Torr)
surfaces, the relative lack of reactivity of chloride ions toward of gas-phase HCI. Similarly, liquid layers may have formed at
ClOOCI, and the observation of fluoride reactivity toward the surface of ice layers treated with gaseous HF. Liquid layers
CIOOCI. also presumably formed at the surface of NaX/ice coatings, but
4.4. Possible Condensed-Phase ProductsGiven the only in the few runs performed above the temperature of the
general form of the reaction of chlorine peroxide with surface eutectic point of the respective system (where ice, hydrated NaX

If this reaction mechanism is correct, and if the rate of reaction
22 is comparable to that of reaction 21 in fairly concentrated
HCI solutions, it could explain the deactivation of HC}H®I
liquid layers observed in our experiments. Decomposition of
HOOCI into H*, CI-, and Q in the surface HCI/LO liquid
layer replenishes the reactive chloride ion (and is equivalent to
reaction 15), but the reaction of HOOCI with HCI removes

5. Conclusion

halide ions, crystals, and NaX solution coexist). Below the eutectic tem-
perature, only ice and hydrated NaX crystals are thermodynami-
- ce cally stable; thus, the reaction surfaces consisted of a mixture
ClOOC]g) + X ™ XClyg + producty, ) of these two solids. Measurements both above and below the

eutectic temperatures were made on NaDHand NaBr/HO
systems. Molecular chlorine reaction probabilities on NaBr/
ice surfaces were greatly increased, while CIOOCI reaction
probabilities on both types of surfaces were slightly increased,
as the transition was made from solid to liquid-phase reaction
_ _ surfaces.
CIOO —Cl (+ 0, (15) Chlorine peroxide uptake was rapid on solid Nal/ice and
NaBr/ice surfaces and on dry NaBr salt residue. On ice surfaces
CIOO , + Hy0" () => HOOCk,, + H,0;  (20)  doped with NaCl, HCI, or NaF, reactive uptake was slower,
but still significantly above the small observed uptake on pure
The unimolecular decomposition was postulated as a liquid- ice surfaces, as summarized in Table 2. No CIOOCI uptake

the remaining stoichiometric fragment left behind at the surface
would then be the chloroperoxide ion, CIOO Two possible
reaction pathways for this ionic intermediate are suggested by
the literature:
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was observed on dry NaCl residue, suggesting that the presence (14) Hanson, D. R.; Ravishankara, A.RPhys. Chenl992 96, 9441.

of water is needed to solvate one of the reactants. CIOOCI

(15) Berko, H. N.; McCaslin, P. C.; Finlayson-Pitts, BJJPhys. Chem.

reaction probabilities measured on (liquid) HCl/ice surfaces were 1991 95 6951.

as high agy = 0.0065.

On the basis of this work we cannot reliably predict the uptake

probability for CIOOCI on PSC particles under stratospheric
conditions. First of all, if surface deactivation of NaCl/ice

surfaces is caused by saturation of reactive sites by CIOOCI or

by reaction products, the uptake probability of CIOOCI onto

NaCll/ice surfaces may increase if chlorine peroxide concentra-

(16) Haas, B.-M.; Crellin, K. C.; Kuwata, K. T.; Okumura, ML Phys.
Chem.1994 98, 6740.

(17) Molina, M. J.; Zhang, R.; Wooldridge, P. J.; McMahon, J. R.; Kim,
J. E.; Chang, H. Y.; Beyer, K. O5ciencel993 261,1418.

(18) Peters, S. J.; Ewing, G. H. Phys. Chem1996 100, 14093.

(19) Beichert, P.; Finlayson-Pitts, B. J. Phys. Chem1997 100,
115218.

(20) Allen, H. C.; Laux, J. M.; Vogt, R.; Finlayson-Pitts, B. J.;

tions are reduced to typical stratospheric levels. Second, theHemminger, J. CJ. Phys. Chem1996 100 6371.

solid NaCl/ice surfaces contained mixed NeRE,0O and ice

phases with unknown surface coverages. Most importantly, our

solid NaX/ice and liquid HCI/HO reaction surfaces are probably
significantly different from the surfaces of real PSC particles.

These particles exist in an environment where HCI concentra-
tions are orders of magnitude lower than concentrations over

(21) Birks, J. W.; Shoemaker, B.; Leck, T. J.; Hinton, D. 84.Chem.
Phys.1976 65,5181.

(22) Wooldridge, P. J.; Zhang, R.; Molina, M.J.Geophys. Re4995
100, 1389.

(23) Briggs, T. R.; Geigle, W. RJ. Phys. Cheml94Q 44, 373.
(24) Ennan, A. A,; Lapshin, V. AZh. Strukt. Khim1973 14, 21.
(25) Laidler, K. J.; Meiser, J. HPhysical Chemistry Benjamin/

our bulk HCl/ice surfaces. These low amounts of HCI are not Cummings: Menlo Park, CA, 1982.

sufficient to form a thermodynamically stable surface liquid
layer on solid particles, but may form only a thin, quasi-liquid
layer of ionized HCE7:55,56

Trajectory modeling studies of the Arctic stratospldrave
indicated that the reaction CIOOGt CI~ — Cl, + products

could have a significant effect on chlorine activation and ozone
depletion rates if HOOCI is formed (with subsequent photolysis

or further reaction with HCI) and if chlorine peroxide’s reaction

(26) De Haan, D. O.; Finlayson-Pitts, B. J. Submitted.t®hys. Chem.
(27) Cheng, B.-M.; Lee, Y.-PJ. Chem. Phys1989 90, 5930.

(28) DeMore, W. B.; Tschuikow-Roux, El. Phys. Chem199Q 94,
5856.

(29) Basco, N.; Hunt, J. Hnt. J. Chem. Kinet1979 11, 649.

(30) Hayman, G. D.; Davies, J. M.; Cox, R. Beophys. Res. Let986
347.

(31) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F,;
Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,

probability on PSC surfaces is greater than 0.03. Although the . J. Chemical Kinetics and Photochemical Data for Use in Stratospheric
current study does not demonstrate that these two conditionsModeling. Evaluation Number 10, JPL Publication No. 92-30, 1992.

are met, potential stratospheric significance for the heteroge- >
d Afterglow Measurements of lon-Neutral Reactid®ates, D. R., Estermann,

neous reactions of chlorine peroxide with halide ions shoul
not yet be ruled out. HOOCI was not observed in this work,
but its formation in HCI/HO liquid layers is consistent with

observed patterns of surface deactivation toward CIOOCI uptake.

The reaction probability for chlorine peroxide on stratospheric

(32) Ferguson, E. E.; Fehsenfeld, F. C.; Schmeltekopf, A. Eltraving

I., Eds.; Academic Press: New York, 1969; p 1.

(33) Hanson, D. R.; Burkholder, J. B.; Howard, C. J.; Ravishankara, A.
R. J. Phys. Cheml1992 96, 4979.

(34) Keyser, L. FJ. Phys. Chem1984 88, 4750.
(35) Fuller, E. N.; Schettler, P. D.; Giddings, J. ldd. Eng. Chem.

particles cannot yet be estimated. Clearly, measurements1966 58, 19.
conducted under stratospheric conditions and the direct detection (36) Howard, C. JJ. Phys. Cheml979 83, 3.
of condensed-phase products are urgently needed to address the (37) Brown, R. L.J. Res. Natl. Bur. Stand.97§ 83, 1.

role of heterogeneous CIOOCI chemistry in the stratosphere.
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