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The kinetics and mechanism of the title heterogeneous halogen exchange reactions of
potential atmospheric importance have been studied under molecular flow conditions in
a FEP Teflon-coated Knudsen flow reactor on HX (X5 Cl, Br, I) 2 doped ice condensed
from the vapor phase under conditions of several formal monolayers of HX coverage at
approximately 200 K. In addition, the halogen exchange reactions involving the expected
primary reaction products BrCl, ICl and IBr of the above mixed anhydrides with HX-
doped ice have been studied at 200 K as well. The uptake coefficientγ for the hetero-
geneous reaction ClONO2 1 HBr on ice is 0.5660.11 and Cl2 and Br2 are formed in
yields of 100% and 66 to 80%, respectively, in the range180 to 200 K. Theγ value for
the reaction ClONO2 1 HI on ice is 0.3060.02 at 200 K with Cl2 being the main product
appearing after an induction time. The primary product ICl is formed at the same time
as Cl2 whereas HOCl appears at a later time under conditions of waning HI supply. The
γ value for the reaction BrONO2 1 HI on ice is 0.4060.02 at 200 K with Br2 being the
main product observed after a short delay. The primary product IBr is observed without
delay, whereas HOBr is observed at a later time once HBr has reacted. The mechanism
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of the reactions of the interhalogens BrCl, ICl and IBr with HX on ice at 200 K involves
the formation of trihalide ions at the ice interface which is consistent with the observed
significant negative temperature dependence for the reaction ICl1 HBr on ice in the
range180 to 205 K as well as for the reaction BrCl1 HBr between190 and 200 K. The
uptake coefficientγ for each of the interhalogens increases from ice to HI-doped ice in
the order of increasing molecular weight of HX with the exception of ICl, whoseγ attains
a limiting value ofγ 5 0.3260.05. A halogen exchange reaction on ice has been observed
in cases where the most stable hydrohalic acid could be formed: HCl. HBr . HI. A
propensity for the formation of the homonuclear halogen molecule in the reactions of
halogen nitrates with HX-doped ice has been explained by the occurrence of fast second-
ary reactions of the primary interhalogen product at the HX/ice interface.

1. Introduction

The importance of chlorine and bromine in catalytic cycles of stratospheric
ozone destruction and their role in heterogeneous reactions has been studied
extensively [123]. One of the most important heterogeneous reactions is
the prototypical reaction (1) in which two inactive reservoir molecules com-
bine in an efficient way to generate Cl2 which will rapidly liberate two Cl
atoms upon photolysis.

ClONO2 1 HCl → Cl2 1 HNO3 . (1)

It has been shown that reaction (1) occurs in a direct way on ice and other
frozen surfaces without going through hydrolysis of ClONO2 to result in
HOCl which itself reacts with HCl in a rapid heterogeneous reaction [4].
This direct mechanism is thought to be key to the importance of reaction
(1) in ozone depletion scenarios. Halogen as well as halogen-NOx mixed
anhydrides may perhaps be important in the ozone chemistry of the Arctic
troposphere where even higher ozone destruction rates compared to the
stratosphere have been recorded [5]. In particular, bromine-containing mol-
ecules such as BrO and HOBr seem to be involved in autocatalytic halogen
activation reactions leading to a rapid increase of BrOx (5 BrO 1 HOBr
1 . . .) concentration. Bromine monoxide BrO is, in addition to HBr [6],
among the most important active bromine compounds which has been ob-
served both in the stratosphere [7, 8] as well as in the troposphere [9].
Under certain conditions the measured local tropospheric concentrations of
BrO can by far exceed the stratospheric concentrations, both in the Arctic
[10] as well as in the midlatitude troposphere [11]. In the presence of NOx
bromine oxide recombines to BrONO2 which has not been observed to date,
neither in the stratosphere nor in the troposphere. However, BrO concen-
tration fields which are increasingly being studied using both remote sens-
ing techniques such as satellite imagery [10] as well as local measurement
methods such as DOAS [11] in conjunction with known NOx concentration
fields should result in reliable concentrations of BrONO2 whose photolytic
[12] and heterogeneous reactivity [13, 14] has been well documented.
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Although it has long been thought that iodine only affected the surface
ozone budget [15217], new scenarios have recently emerged which suggest
that iodine could potentially play a non-negligible part in ozone destruction
also at higher altitudes [18, 19]. The postulated photooxidation of biogenic
iodo-carbons which accounts for much of the iodine source in the atmos-
phere leads to two major forms of inorganic reservoir compounds of iodine
in the upper troposphere, namely HOI and HI [19, 20]. Only a few labora-
tory investigations have been conducted this far to study the heterogeneous
behavior of these compounds [21, 22] and to address the window of uncer-
tainty provided by this missing chemistry in numerical models [18, 19].

HI is photolytically more stable than HOI and the reaction with OH
radical is the main gas-phase sink for HI throughout the atmosphere [23].
In addition, wash-out processes will also remove a significant fraction of
HI. However, in the upper troposphere heterogeneous losses at the surface
of aerosols and ice particles present in high altitude cirrus clouds could
actually amount to a recycling of iodine via interhalogen surface reactions
such as those presented in this work. Akin to what has been described for
chlorine and bromine [24], the coupling of iodine chemistry with that of
chlorine or bromine through heterogeneous reactions like reaction (2) could
increase the fraction of active forms of halogen species at these altitudes,
in turn affecting the ozone budget.

XONO2 1 HY → XY 1 HNO3 (X 5 Cl, Br; Y 5 Cl, Br, I) . (2)

This mixed-halogen heterogeneous chemistry involves reservoir species like
XONO2 and HOX (X 5 Cl, Br) reacting with HY (Y 5 Cl, Br, I). The
hydrolysis of ClONO2 and BrONO2 on ice is now well documented and
experimental studies have shown that both strongly interact with water ice
[4, 13, 14, 25]. Recentab initio calculations [26] have concluded that
ClONO2 spontaneously reacts with ice, overcoming the weak nucleophili-
city of the pure water interface towards the chlorine atom of ClONO2

through partial polarization of the Cl2O bond upon adsorption. The pres-
ence of hydrochloric acid increases the rate of reaction (2) for both clorine
and bromine nitrate [4,13, 14, 25]. The electrolytic dissociation of HCl at
the interface provides a strong nucleophile (Cl2) which allows for a direct,
facile reaction with XONO2. Similar mechanistic details and particularly
the influence of ionized HY (Y5 Br, I) at the ice interface on the rate of
reaction (2) remains to be studied for the case of BrONO2.

In this paper we report mechanistic aspects of effective bimolecular
reactions of ClONO2 and BrONO2 with HCl and HBr adsorbed on ice both
as far as the uptake coefficient as well as the nature of the reaction products
are concerned. It is apparent that in most cases the observed products are
not the expected primary products owing to fast secondary reactions of the
primary interhalogen compounds whose reactivity is studied separately in
the last section. We point out that the heterogeneous reactions of the inter-
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halogens YZ with HX (X5 Cl, Br, I) are controlled by complex formation
of the type XYZ2 which has been used to interpret the interaction of gas
phase molecular chlorine and bromine with solutions containing Br2 and I2

at ambient temperature [27]. This complex formation at the interface is a
useful concept to understand surface-catalyzed interfacial reactions on solid
surfaces as opposed to the conceptual framework which treats hetero-
geneous reactions as condensed phase reactions of dissolved gas molecules
[28].

2. Experimental setup

The kinetic studies of the heterogeneous chemistry have been performed
using a low-pressure reactor (Knudsen cell) configured as a flowing gas
experiment. The reactor is mounted on a differentially pumped vacuum
chamber equipped with a quadrupole mass spectrometer which samples the
molecules effusing from the reactor as an effusive molecular beam. The
details of the experimental set-up have been discussed previously [29].
Briefly, we have performed the experiments in the molecular flow regime
inside a two-chamber Teflon coated reactor which allowed us to isolate the
sample surface located in the sample chamber from the gas flowing through
the reference chamber. The experiment is essentially a relative rate experi-
ment conducted, on the one hand, with the sample chamber open and, on
the other hand, with the sample chamber closed. The measured relative rate
constants are put on an absolute basis using experimentally measured escape
rate constants for the gas of interest. The escape aperture and thus the resi-
dence time of the average molecule in the gas phase is varied by changing
the size of the orifice. This is achieved by fitting a plunger-mounted plate
containing several orifices of different diameter onto the base plate contain-
ing the largest aperture. Both a change of the diameter of the escape orifice
as well as a change in the flow rate of the gas into the reactor over a range
of almost three orders of magnitude (3.031010 to 2.031013 molecule
cm23) affords the necessary variation of pressure and lifetime required to
study the mechanism of the heterogeneous reaction of interest. The knowl-
edge of the mechanism allows us to extrapolate the kinetic results to con-
centrations encountered in the stratosphere which cannot yet be experimen-
tally accessed.

The characteristic parameters of the Knudsen reactor used in this study
are displayed in Table1 together with the range of variation of the exper-
imental variables. The molecular flow regime that prevails in our reactor
allows us to calculate the gas-wall collision frequencyωv using the ge-
ometry of the reactor and the gas properties. This frequency is given by
ωv 5 (kcl/4 V)Av wherekcl is the average molecular velocity of the gas and
V and Av are the volume and the internal surface of the Knudsen cell,
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Table 1. Characteristic parameters of the Knudsen flow reactors used in this study.
T 5 300 K gas phase temperature; Fi

M : Flow rate of the species of molar mass M into
the reactor.

Definition Orifice diameter Value

Reactor volume, V 1830 (cm3)
Sample surface area, As 17 (cm2)
Escape rate constant, kesc 14 mm 1.77 (T/M)0.5 (s21)

8 mm 0.58 (T/M)0.5 (s21)
4 mm 0.14 (T/M)0.5 (s21)

Gas number density, N Fi
M/Vkesc) (molecule cm23)

Collision frequency,ωs with As 34.7 (T/M)0.5 (s21)

respectively. By using As, the sample surface, or Ah, the area of the escape
orifice for Av in this formula we may calculate the gas-sample collision
frequencyωs and the escape rate constant kesc for molecular effusion out of
the reactor. The first order heterogeneous rate constant khet is given by khet 5
kesc(I02I)/I where I0 and I are mass spectrometric (MS) intensities in the
presence and absence of the sample, respectively. The reactive or non-reac-
tive uptake coefficientγ is determined from the measured rate constant khet

divided by the calculated collision frequencyωs of the average molecule
with the substrate surface,γ 5 khet/ωs. The initial uptake coefficientγ0 is
calculated at time zero or very close to it when the surface coverage is zero.
The gas number density or concentration N may be calculated using N5
Fi

M/V · kesc, with Fi
M being the measured flow rate into the Knudsen cell of

species of molar mass M.
Because molecular diffusion in the reactor proves to be rate-limiting

under certain conditions, discrepancies between the measured and calcu-
lated values of kesc and ω have been observed. These discrepancies were
largest for the largest escape orifice of14 mm diameter [29, 30]. The values
and expressions listed in Table1 are based on experimental observations
of kesc. Similar molecular diffusion limitations affecting large uptake rates
measured in the present flow reactor were also reported by these authors
and the correction recommended by Fenteret al. [30] was systematically
applied to measured uptake coefficients which were in excess of 0.4. All
values forγ and γ0 reported in the following sections are therefore con-
sidered to be accurate.

For the preparation of the low temperature ice substrates we used a low
temperature sample support described in detail elsewhere [4]. Briefly, the
temperature of a copper dish is regulated to61 K using a PID temperature
controller by alternating periods of cooling and heating. The absolute tem-
perature scale has been calibrated against the known vapor pressure of H2O
over ice monitored at m/e18. The ice samples were prepared by admitting
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a high H2O vapor flow rate of approximately131019 molecule s21 into
the reactor once the sample dish had reached the target temperature of the
experiment of approximately190 K. Exposure of this flow to the cold cop-
per substrate for approximately five minutes resulted in a thick vapor-con-
densed ice film of up to1.53105 monolayers corresponding to a thickness
of approximately 75µm when the bulk density of ice was used in the calcu-
lation. This film was kept in thermodynamic equilibrium by adjusting an
external water flow so as to cancel evaporation and condensation rates, thus
resulting in no net water vapor uptake.

When referring to doped ice in the next sections we mean an ice sample
that has been exposed to a high flow of HX (X5 Cl, Br, I) on the order of
a few 1015 molecule s21, for a time long enough depending on the uptake
coefficient [21] to ensure the adsorption of about ten formal monolayers of
HX at the interface. An exception is the study of the reaction ClONO2 1
HBr where approximately two formal monolayers of HBr have been de-
posited on ice condensed from the vapor phase prior to the uptake experi-
ment. The loss of HCl by evaporation was strictly controlled by quantita-
tively monitoring the amount of thermally desorbing HCl from doped
samples following an experiment. Neither HBr nor HI supported a partial
pressure over ice at the temperatures of interest [21]. At the end of each
experiment the HY-doped ice was heated so that adsorbed, potential reaction
products together with the unreacted fraction of HY could be thermally
desorbed and monitored using MS.

Reactant preparation

ClONO2 was synthesized by reacting Cl2O with excess N2O5 at low tem-
perature following the procedure described by Timonenet al. [31]. The
main impurity in the sample was Cl2 the amount of which was minimized
through repeated freeze-pump-thaw cycles and passivation of the storage
volume wall prior to experiments. BrONO2 was produced according to the
procedure described by Wilson and Christe [32] by mixing ClONO2 and
Br2. The main observed contaminants were Br2 and BrCl whose amounts
were kept to a minimum by careful distillation and storage volume wall
passivation. HCl and HI were produced in the laboratory, the former by
reacting H2SO4 with dry NaCl, the latter by letting react I2 on amorphous
(red) phosphorous in the presence of water. HBr was sampled from a lecture
bottle (Messer-Griesheim GmbH) and subsequently purified from H2 and
Br2 contamination by distilling it from the HBr/Br2 mixture at low tempera-
ture. BrCl was produced by mixing gaseous Br2 with an excess of Cl2 fol-
lowing the prescription given by Stullet al. [33]. Once equilibrium had
been obtained excess Cl2 was removed by vacuum distillation at 200 K.
Gaseous ICl and IBr were collected from the vapor pressure established
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Table 2. Main results of continuous flow experiments for the heterogeneous reaction of
ClONO2 on ice condensed from the vapor phase and doped with HBr at180 and 200 K.

Temperature Aperture diameter Uptake coefficient Cl2 yield Br2 yield
[K] [mm] γ [%] [%]

180 4 0.66 114 111

180 8 0.48 105 115
180 8 0.61 109 43
180 8 0.70 100 84

average yield 104.764.5 80.7636.1

180 14 0.50 100 63
180 14 0.54 93 85
180 14 0.76 90 95

average yield 94.365.1 81.0616.4

200 4 0.40 111 82

200 8 0.55 2 88
200 8 0.56 99 50
200 8 0.42 85 59

average yield 92.069.9 65.7619.8

200 14 0.68 2 80
200 14 0.51 70 47
200 14 0.46 107 70

average yield 88.5626.2 65.7616.9

over their respective solid, crystalline forms which were kept in evacuated
traps. Crystalline ICl (Fluka pract.< 97%) and IBr (Fluka pract.< 96%)
are commercially available samples.

3. Results and discussion

A. ClONO2 + HBr/ice

The heterogeneous reaction of ClONO2 on ice doped with HBr has been
measured in the temperature range1802200 K at various concentrations of
ClONO2. The uptake coefficientγ has been measured in continuous flow
experiments by monitoring the disappearance of ClONO2 from the gas
phase at m/e 46 and the results are displayed in Table 2:γ is invariant to
the change in escape orifice diameter and thus independent of the partial
pressure in the range180 to 200 K. Under these experimental conditions
ClONO2 was the sole contributor to m/e 46 as the reaction product HNO3

did not desorb from the ice interface at the used temperatures and doses.
The experiment has been performed in two steps: at first, the ice sample
was exposed for a given amount of time to a high flow rate of HBr which
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Fig. 1. Continuous flow experiment of ClONO2 on an ice sample condensed from vapor
phase H2O and doped with HBr at190 K at a gas phase residence time of 3.1 s. ClONO2

is let into the reactor at1014 molecule s21 and monitored at m/e 46 (squares). Br2 monitor-
ed at m/e160 (full circles) appears promptly and Cl2 is monitored at m/e 70 (open circles).
The start and stop of the uptake experiment is at t5 50 and 640 s, respectively. The lines
guide the eye and represent an average through the data points (not shown).

was moniored at m/e 80. This information allows one to determine the
quantity of HBr deposited on the ice surface, which amounted to approxi-
mately 2 formal monolayers. In the second step ClONO2 was admitted to
the flow reactor and the uptake experiment was performed by simul-
taneously monitoring m/e 46 as a marker for ClONO2 and m/e160 (Br12 )
and 70 (Cl12 ), a typical example of which is displayed in Fig.1. BrCl, the
expected primary reaction product of reaction (3), has not been detected at
m/e114 (BrCl1) at the prevailing sensitivity of the

ClONO2 1 HBr → BrCl 1 HNO3 . (3)

MS, presumably because of the fast secondary reaction of BrCl generated
in situ with excess HBr. The formation of the observed reaction products
Br2 and Cl2 could be explained by reaction (4) which will be presented in
more detail below and which results in Br2, followed by reaction (1) which
leads to the generation of Cl2. The high rate of reaction (4) precludes the
observation of BrCl as an intermediate because BrCl desorption apparently
cannot compete against reaction (4), and only Br2 is

BrCl 1 HBr → Br2 1 HCl (4, IH3)

observed, even at the beginning of the uptake experiment under the present
experimental conditions. The rate of formation of Br2 is largest at the begin-
ning and slows down with time owing to the decreasing concentration of
HBr at the interface. Concomitantly with the decrease of the rate of forma-
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tion of Br2 an increase in the rate of Cl2 formation is observed reaching a
maximum at t5 350 s (see Fig.1) once reaction (4) has accumulated a
sufficient amount of HCl at the interface such that reaction (1) may occur
at its maximum rate. Synchronously with the decrease of the Cl2 rate of
formation at later times the ClONO2 uptake coefficientγ decreases and
attains the smaller value of the ClONO2 hydrolysis, reaction (5). Therefore,
once all the HBr and HCl at the interface have reacted,

ClONO2 1 H2O → HOCl 1 HNO3 (5)

HOCl monitored at m/e 52 (HOCl1 not shown in Fig.1) starts to appear in
agreement with previous work [4]. Finally, the frozen condensate is slowly
warmed up in order to desorb the reaction products that have remained
adsorbed during the continuous flow experiment. Beyond 220 K towards
higher temperatures HNO3, HBr and sometimes Br2 monitored at m/e 46,
80 and160, respectively, have been detected which enabled us to close the
mass balance between ClONO2 consumed and HNO3 produced.

The values ofγ obtained at180 to 200 K displayed in Table 2 did show
neither a temperature nor a flow rate dependence so that the rate law is
effectively first order in ClONO2 with an average value ofγ 5 0.5660.11
in the given temperature range. This value ofγ is a factor of two larger than
the corresponding value for reaction (1) occurring on ice [34] for similar
quantities of adsorbed HX.

An important feature constraining the reaction mechanism is the absol-
ute and relative yield of Cl2 and Br2 reflecting the partition between Cl and
Br containing compounds resulting from the complex reaction scheme (3),
(4) and (1). The absolute yield yCl2 of Cl2 and yBr2 of Br2 are given by the
time integral of the instantaneous yields yCl2 and yBr2 presented in Eqs. (6)
and (7) with a

yCl2 5 2 Fo
Cl2/(F

i
ClONO2

2 Fo
ClONO2

) (6)

yBr2 5 Fo
Br2/(F

i
ClONO2 2 Fo

ClONO2) (7)

typical integration period of 600 s (Fig.1) which corresponds to the time at
which the reaction essentially stops yielding the reaction products Br2 and
Cl2, even though not all the HBr originally deposited may have reacted. In
expressions (6) and (7) F is the flow rate in (Fi) and out (Fo) of the Knudsen
flow reactor depending on the superscript i and o, respectively. The stoi-
chiometric factor of 2 in expression (6) takes into account that two mol-
ecules of ClONO2 are necessary to form a molecule of Cl2 whereas only
one is required to form Br2 because one of the bromine atoms stems from
HBr present in excess at the interface. Table 2 displays the integrated yields
as a function of the residence time of ClONO2 in the Knudsen flow reactor
at 180 K and 200 K. It appears that yCl2 is 100% within experimental uncer-
tainty and independent of the Cl2 residence time whereas yBr2 is significantly
smaller than100% with respect to Cl2 thus indicating that Br2 may be retain-
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ed to a significant extent by the HBr/ice matrix. This conclusion has been
corroborated by independent reference experiments carried out previously
[35]. As expected, the absolute Br2 yield yBr2

decreases with increasing tem-
perature as may be seen in Table 2, namely yBr2 < 80% at180 K and yBr2

< 66% at 200 K.
In conclusion, it appears that reaction (3) is characterized by a tempera-

ture independent uptake coefficientγ larger than the chlorine only system
(reaction (1)) and the absence of the expected primary reaction product
BrCl. Instead, we observe a definite propensity of the system for the forma-
tion of the homonuclear molecular halogen through a complex reaction
mechanism comprising three heterogeneous reactions whose rates are com-
parable to each other. The absolute yield of Cl2 attains100% within exper-
imental uncertainty whereas the bromine yield is significantly smaller than
100% owing to interaction of Br2 with excess HBr on the ice interface
resulting in a complex of the type H1 · · · Br23 in analogy to trihalide ions
observed in solution using transient spectroscopy (see below). In addition,
it has been recognized recently that not all of the HBr deposited onto ice
may be consumable in a given reaction. Examples include the hetero-
geneous reactions of N2O5 1 HBr [35] and HONO1 HBr on ice [36]. The
rate law is of apparent first order in ClONO2 although deviations may per-
haps be recognizable at 200 K in the longest residence time Knudsen reactor
(see Table 2).

B. ClONO2 + HI/ice

The reaction of interest is displayed in reaction (8) with ICl as the expected
primary reaction product :

ClONO2 1 HI → ICl 1 HNO3 . (8)

A typical uptake experiment of ClONO2 on HI doped ice under continuous
flow conditions at 200 K is presented in Fig. 2. The uptake of ClONO2 is
very fast leading to mean value ofγ 5 0.3060.02 whose magnitude is
within a factor of two ofγ obtained in the presence of HBr. The observed
reaction products are ICl, Cl2 and HOCl monitored at m/e162 (ICl1), 70
(Cl12 ) and 52 (HOCl1), respectively, whose relative importance vary with
time after the start of the uptake experiment (Fig. 2). The most noteworthy
fact is the absence of any gas phase reaction product at the start of the
uptake experiment and the significant induction time for the appearance of
Cl2 and ICl. As the supply of HI available at the ice interface is waning,
the uptake of ClONO2 slightly decreases together with the formation of Cl2

at approximately t5 300 s and ICl starts to appear in the gas phase. At t5
550 s the uptake of ClONO2 begins to saturate indicating that the hydrolysis
reaction (5) forming HOCl is becoming progressively dominant as was the
case for reaction (3) discussed above because reaction (8) is slowing down
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Fig. 2. The interaction of ClONO2 with HI-doped ice condensed from the vapor phase in
the14 mm diameter orifice flow reactor. ClONO2 (trace C) monitored at m/e 46 is ampli-
fied ten times during exposure time starting at t5 180 s. The observed reaction products
are ICl (trace B), Cl2 (trace A) and HOCl (trace D) monitored at m/e162, 70 and 52,
respectively. At t5 90 s the flow of ClONO2 was halted before the plunger isolating the
sample compartment was lifted, at t5 180 s the previous flow rate was reinstated. The
lines guide the eye and represent an average through the data.

owing to the waning supply of HI at the interface. An additional contribu-
ting factor to increasing saturation could be the build-up of HNO3, a primary
reaction product which does not desorb from the ice under the present ex-
perimental conditions. However, this latter possibility is thought to be re-
mote because to date no inhibiting effect of HNO3 adsorbed onto ice has
been found in heterogeneous reactions involving the mixed acid anhydrides
XONO2 and adsorbed hydrohalic acids HY.

No release of any of the expected product species into the gas phase is
initially observed. Cl2 which is the main product of the reaction appears
after an induction time followed by a further delayed albeit transient release
of ICl (see Fig. 2). When HOCl begins to appear the rate of formation of
both Cl2 and ICl have already peaked. The formation of Cl2 is certainly due
to the sequence of reactions (8), (9) and (1):

ICl 1 HI → HCl 1 I2 . (9, IH7)

Reaction (9) is apparently very efficient owing to the absence of any observ-
able ICl at the beginning of the uptake experiment. This heterogeneous
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reaction taking place on water-ice has indeed been experimentally studied
and γ 5 0.l360.02 (reaction IH7 in Table 3) has been measured, as dis-
cussed below.

As a result of reaction (9) one would expect to observe I2 in the gas
phase as its interaction with ice (condensation/uptake) is very weak at this
temperature. This has indeed been verified independently for pure ice (reac-
tion H2 in Table 3). Yet in the presence of HCl non-reactive uptake of I2

was taking place withγ 5 0.0560.01 according to reaction H3 (Table 3)
implying that I2 was effectively retained by the ice under the prevailing
experimental conditions. By inference we argue that the same situation
should hold even more so for the system I2 1 HI owing to the stability of
the triiodide ion I23 so that one does not expect desorption of I2 in the
presence of either HCl, HBr or HI at low temperature. Consequently we
believe that I2 formed during the reaction sequence (8), (9) and (1) above
remains trapped in the condensed phase owing most likely to the association
of I2 with I21 resulting in the formation of the stable triiodide anion I2

3 [37].
The verification of this hypothesis may be obtained by using UV absorption
spectroscopy in view of the large absorption coefficient of I2

3 of 2.33104

and 3.83104 l mol21cm21 at 352 and 290 nm, respectively [38240]. If we
assume these values to hold for I2

3 adsorbed onto ice at low temperature a
formal monolayer of I23 based on a cross section of 43.4 A˚ 2 would result in
an optical density leading to an absorption of 2% and 3.3% at 352 and
290 nm, respectively. However, these measurements would go beyond the
scope of the present investigation.

C. BrONO2 + HI/ice

The reaction of interest is displayed in reaction (10) with IBr as the expect-
ed primary reaction product :

BrONO2 1 HI → IBr 1 HNO3 . (10)

For BrONO2 interacting heterogeneously with HI-doped ice the situation is
similar to reaction (8) involving ClONO2 and results in an even larger up-
take coefficient (γ 5 0.4060.02) at 200 K. A typical uptake experiment is
displayed in Fig. 3 where the observed reaction products are IBr, Br2 and
HOBr monitored at m/e 206 (IBr1), 160 (Br12 ) and 98 (HOBr1). Br2 is ob-
served as the main reaction product, resulting from the reaction sequence
(10), (11) and (12). In contrast to reaction (8),

IBr 1 HI → HBr 1 I2 (11), (IH11)

BrONO2 1 HBr → Br2 1 HNO3 (12)

transient formation of IBr is observed without delay right after the start of
the uptake experiment and HOBr begins to be formed once the HI supply
at the interface has been depleted at t5 130 s (Fig. 3). Also, in contrast to
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1492 A. Allanic, R. Oppliger, H. van den Bergh and M. J. Rossi

Fig. 3. The interaction of BrONO2 with HI-doped ice condensed from the vapor phase in
the 14 mm diameter orifice flow reactor. BrONO2 (trace C) has been monitored at
m/e 95. The observed reaction products are IBr (trace D), Br2 (trace A) and HOBr (trace
B) monitored at m/e 206,160 and 98, respectively. The lines guide the eye and represent
an average through the data (dots).

reaction (8) as well, the appearance of the expected primary product IBr
precedes the observation of Br2 which results from the fast secondary reac-
tion (12). The rapid onset of IBr presented in Fig. 3 suggests that reaction
(11) should be slower than reaction (9) under the given experimental con-
ditions in order to allow the build-up of IBr which subsequently may de-
sorb. However, this expectation does not match with the results of the refer-
ence experiments presented below, in which authentic samples of gas phase
ICl and IBr heterogeneously interact with HI, the latter reacting almost
twice as fast with HI compared to ICl (see Table 3, reactions IH7 and IH11
and Fig. 4). However, the actual reaction environment may be more com-
plex than the experimental situation encountered in the reference experi-
ment in which HNO3 is absent and where the interhalogen (IBr) interacts
from the gas phase with the substrate. Reaction (12) has been studied re-
cently in which Br2 has indeed been found as the major reaction product
andγ 5 0.4060.05 has been measured [41].

The major difference between the ClONO2/HI, reaction (8), and the
BrONO2/HI system, reaction (10), lies in the response time of the appear-
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Fig. 4. Synposis of initial uptake coefficientsγ0 for the interaction of ICl (triangles), IBr
(circles) and BrCl (squares) on HX-doped ice condensed from the vapor phase at180 K
and measured in the14 mm diameter orifice flow reactor at 200 K under conditions of
adding an external balancing H2O flow in order to prevent evaporation of ice.

ance of the reaction products: the observation of both Cl2 and ICl were
delayed for reaction (8), while for reaction (10) the expected product IBr
appears promptly as a transient followed by Br2. The experiment displayed
in Fig. 3 suggests that Br2 results from the consumption of IBr formed in
reaction (10) according to reaction (11), whereas ICl generated in reaction
(8) appears once the supply of HI is starting to wane (Fig. 2). These experi-
ments provide interesting information about the mechanism which appears
to be complex and seems to be pointing towards different kinetics for key
reactions (9) and (11). In addition, the presence of the other primary prod-
uct, HNO3, on the ice surface may prove to be a crucial factor for the
reactions kinetics and the sequence of appearance of both primary and sec-
ondary reaction products. However, in contrast to reaction (1) HNO3 did not
show any inhibiting effect on an effective bimolecular reaction involving
BrONO2, for example in the reaction BrONO2 1 HCl [14].

D. The reactivity of the interhalogens BrCl, ICl and IBr on HX/ice
(X = Cl, Br, I)

Considering the reaction mechanism of the foregoing three examples deal-
ing with some of the heavier halogen analogs of the key heterogeneous
reaction (1) of atmospheric importance it is evident that the complications
arise from the occurrence of fast secondary reactions of the expected pri-
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mary reaction products, either halogens nearer than Cl2 or interhalogens
involving one halogen heavier than Cl. The kinetics of many of these sec-
ondary reactions of the type YZ1 HX leading to halogen exchange are in
many cases as fast as the reaction of interest so that the experimental separa-
tion of the different reactions becomes difficult, if not impossible. In retro-
spect, of all possible YONO2 1 HX only reaction (1) follows a simple,
therefore direct mechanism as the primary reaction product Cl2 has no
measurable interaction with HCl under our experimental conditions of tem-
perature and residence time. Although the existence of Cl2

3 is an experimen-
tally proven fact [42], its stability against redissociation is very small [43].
In anticipation of the results on the halogen exchange reactions to be dis-
cussed we may state that there is a propensity of the XONO2 1 HY hetero-
geneous reaction to form the homonuclear halogen molecule owing to fast
secondary halogen exchange reactions which are controlled by the thermo-
dynamic stability of the final reaction products and whose mechanism most
probably involves stable trihalogenide ions.

The experiments have been performed as follows: HX was first de-
posited on the ice sample at 200 K at a quantity of typically 20 monolayers.
This means that at least for HCl the state of the HX/ice interface corre-
sponded to a concentrated aqueous solution of HX located atop the bulk ice
substrate. Subsequently, the HX-doped ice was exposed to a measured YZ
flow and the rate of uptake as well as the reaction products were recorded.
Eventually, the ice sample was heated so that adsorbed reaction products
were thermally desorbed and all products could be quantitatively deter-
mined in order to establish a mass balance. The results are summarized in
Table 3 and Fig. 4 below inasmuch as uptake coefficientsγ and reaction
products are concerned. No partial pressure dependence ofγ has been exper-
imentally measured.

At a low partial pressure of I2 of approximately1010 molecules cm23 no
uptake on ice is observed at 200 K. However, the situation changes substan-
tially when HCl or HBr is present at the ice interface. In this case I2 is
actually taken up already at 200 K in a non-reactive manner in the following
way:

I2 1 HCl → H1I2Cl2 (13)

I2 1 HBr → H1I2Br2 (14)

Although we have not examined the condensed phase for the presence of
the trihalide ion the hypothesis of its formation is consistent with all obser-
vations made at the low temperature of approximately 200 K. The possibil-
ity of the detection of adsorbed I3

2 on ice using UV absorption spectroscopy
has been discussed above.

Four cases of observed reactive uptake are displayed in Table 3, namely
reactions IH3, IH6, IH7 and IH11 with confirmed reaction products ob-
served after thermal desorption. In all cases it seems that the reaction is
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driven by the possibility to form the most stable hydrohalic acid (anion) like
HCl (Cl2) and HBr (Br2) from iodine- and bromine-containing interhalogen
compounds resulting in HCl (Cl2), reactions (IH3), (IH6) and (IH7), and
HBr (Br2), reaction (IH11). The exothermicity of the halogen exchange
reactions (Y2 ⇔ X2) where Y is the heavier halogen atom scales with the
difference in electronegativities. This is consistent with the results displayed
in Table 3.

The interaction of I2, BrCl, ICl and IBr with pure water ice, reactions
(H2), (IH1), (IH4) and (IH8) in Table 3 does not scale with the molecular
bond strength, namely 36 kcal mol21, 52 kcal mol21, 51 kcal mol21 and
43 kcal mol21, respectively, which seems to suggest that it is ionic in nature.
The coefficientγ for uptake on ice is highest for ICl (0.0960.023) which
has the highest difference in electronegativity∆EN of the atoms and has
therefore the highest dipole moment of all interhalogen compounds investi-
gated. The uptake coefficientγ is approximately a factor of four lower for
IBr (0.02560.010) in relation to ICl, whereas it vanishes for both BrCl and
I2. Instead, the trend in the uptake rate as given byγ seems to scale with
the dipole moments whose sequence is expected to decrease in the series
ICl . IBr . BrCl . I2 according to the known value of∆EN. This indicates
the importance of the polarity of the molecule in its interaction with the ice
matrix caused by electronegativity differences∆EN in the isolated interhal-
ogen species and the dipole-dipole interactions once it starts to interact with
the ice substrate.

On HX-doped ice we observe a generally increasing trend ofγ with
increasing molecular weight of HX (see Fig. 4). The only exception to this
series is the interaction of ICl with HI which seems to be approximately a
factor of two smaller than expected (see Table 3). In fact,γ seems to reach
an upper limit of 0.3060.05 for all the HX reactions involving ICl. Appar-
ently, this behavior is opposite to the one observed for IBr, whoseγ value
increases in the series HCl, HBr , HI/ice as displayed in Fig. 4, and for
BrCl whoseγ value is larger for HBr than for HCl/ice. These observed
trends compare rather well with the results obtained by Wang [44] and Troy
[37] in aqueous solutions from a qualitative point of view. These authors
investigated the interaction of ICl and IBr with I2 and proposed the mechan-
ism displayed in reactions (15) and (16) with (X 5 Cl, Br) which accounts
for the products we detected upon desorption for reactions (IH7) and (IH11)
listed in Table 3.

IX 1 I2 ⇔ I2X2 (15)

I2X2 ⇔ I2 1 X2 (16)
In an analogous manner we propose the following equilibrium for reac-

tions (IH5) and (IH10) which corresponds to a non-reactive case because
the reactant is already the most stable hydrohalic acid:

IX 1 X2 ⇔ IX 2
2 . (17)
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Ab initio calculations performed for reaction (IH7) and (IH11) in solu-
tion albeit at room temperature [45] indicate that IX2

2 is stabilized as (X-I-
X)2 at the interface, with the heavier atom in the center of the trihalide
anion. In the case of the present experiments where IX has been exposed to
HX-doped ice, thermal desorption displaces the equilibrium to the left of
reaction (17) and regenerates the initial reactants for reactions (IH5) and
(IH10).

For reaction (IH6) and its reverse, reaction (IH9), our observations point
towards the following mechanism (Y5 Cl, X 5 Br for (IH6) and vice
versa for (IH9)):

IX 1 Y2 ⇔ YIX 2 with YIX 2 5 BrICl2 (18)

BrICl2 ⇔ IBr 1 Cl2 . (19)

This explains the apparent non-reactive character of reaction (IH9) as op-
posed to reaction (IH6) because in the former HCl already represents the
most stable hydrohalic acid relative to HBr. The formation of the chloride
ion is energetically favored because of the higher electron affinity of the Cl
atom (83.2 kcal mol21) compared to Br atom (77.4 kcal mol21) [46].

Reaction (IH2) leads to the formation of BrCl2
2 which is most probably

stabilized as (Cl-Br-Cl)2 at the interface in analogy to the molecular struc-
tures involving iodine as a central atom [45]:

BrCl 1 Cl2 ⇔ BrCl22 . (20)

The experimental equilibrium constant obtained for reaction (20) in solution
is almost an order of magnitude lower than that measured for reaction (17)
between ICl and Cl2 with X 5 Cl2 [42, 44], indicating that BrCl2

2 is prone
to redissociation compared to ICl2

2, hence the lower uptake coefficients me-
asured in this study for reaction (IH2). One has to remember that the uptake
measurement refers to the net effect of combined adsorption and desorption
rate.

Our experimental observations concerning reaction (IH3) point towards
the following scheme:

BrCl 1 Br2 ⇔ Br2Cl2 (21)

Br2Cl2 ⇔ Br2 1 Cl2 (22)

In this case as well the halogen exchange takes place resulting in the substi-
tution of the thermodynamically more favored Cl2 compared to Br2 as the
hydrated ionic species. The measured value of the uptake coefficient is
significantly higher for reaction (IH3) than for reaction (IH2), thus pointing
to the higher stability of the intermediate (Br-Br-Cl)2 compared to (Br-Cl-
Cl)2, in agreement with previous experimental and theoretical studies [422
45].

In addition, the concept of trihalide ion formation has also been invoked
in the discussion of the interfacial kinetics of Cl2 on I2 and Br2-containing
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Fig. 5. The temperature dependence of the initial uptake coefficientγ0 for the interaction
of ICl on ice condensed from the vapor phase at T5 180 K and on ice doped with
approximately ten formal monolayers of HBr measured in the14 mm diameter orifice
flow reactor: ICl/ice (circles), ICl/HBr-doped ice (triangles).

solutions as well as of Br2 interacting with I2-containing solutions. Because
the solubility of Cl2 and Br2 is low interfacial effects are given the chance
to play a role, especially when there is a tendency to form a stable trihalide
complex in solution [27].

By varying the temperature from180 K to 205 K for the reaction of
ICl with adsorbed HBr, reaction (IH6), we observed a significant negative
temperature dependence in agreement with the proposal for the formation
of a trihalide complex BrICl2 located at the interface (Fig. 5, triangles). An
Arrhenius plot obtains an activation energy of Ea 5 25.062.0 kcal/mol if
we exclude theγ value at the lowest temperature of180 K. This last point
suggests that the negative temperature dependence flattens out towards low-
er temperatures as has been observed in the past [47], presumably owing to
a change in the reaction mechanism. The uptake of ICl on ice saturates after
a few seconds and is reversible. Therefore, the values displayed in Fig. 5
(circles) correspond to the initial uptake coefficientγ0 whose temperature
dependence yields an activation energy of Ea 5 25.862.0 kcal/mol. The
uptake of ICl on HBr-doped ice, on the other hand, is reactive and does not
saturate as it is sustained until exhaustion of the supply of HBr at the in-
terface. A strong negative temperature dependence has also been observed
for reaction (IH3) leading to the unstable trihalide ion (Cl-Br-Br)2. We take
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the negative temperature dependence ofγ, albeit over a very limited tem-
perature range, as a strong indication for the validity of the trihalide ion
hypothesis.

4. Atmospheric relevance
The present work has been undertaken with the goal to study the rate of
uptake on frozen surfaces containing H2O as well as to unravel the reaction
mechanism at the temperature of interest. We do not claim to have studied
these reactions under stratospheric conditions because the partial pressures
of ClONO2 and BrONO2 used in our study are approximately 2 to 3 orders
of magnitude larger than in the stratosphere. However, we may assert that
both the uptake kinetics (γ) as well as the product spectrum may be valid
even under stratospheric conditions because we did not observe any signifi-
cant partial pressure dependence ofγ indicating the absence of major satu-
ration effects under the present experimental conditions.

In essence, all three of the halogen nitrate reactions examined in the
present work are fast spanning the range ofγ between 0.3 and 0.6 at 200 K
akin to the often examined reaction (1). However, the noted propensity for
the formation of the homonuclear halogen molecule is unexpected and is
the result of fast secondary reactions involving the primary interhalogen
product which have been examined in the second part of this work. In a
reaction of the type

YONO2 1 HX(ads)→ XY 1 HNO3(ads) (23)

the ensuing fast secondary reaction may proceed according to reaction (24)
or (25) depending on whether it belongs to the non-reactive (24) or reactive
(25) type:

HX(ads)1 XY ⇔ H1(X2Y)2 (24)

HX(ads)1 XY → HY(ads)1 X2 . (25)

In the latter case, into which all three reactions studied in this work fall, an
additional reaction channel (26) may be active once a sufficient quantity of
HY has accumulated at the interface:

YONO2 1 HY(ads)→ Y2 1 HNO3(ads). (26)

It may be seen that the net result is either formation of the homonuclear
halogen species X2 or Y2 in reaction (25) and (26) or the build-up of a
reservoir trihalide anion (X2Y)2 in reaction (24). In this latter case the pri-
mary product XY is involved in a reversible equilibrium whose stability
constant favours the right-hand side of reaction (24). With decreasing stab-
ility of (X 2Y)2 the primary product XY is released into the gas phase such
as for instance in the case of the reaction BrONO2 1 HCl on ice in the
range1802200 K [14]. In short, the essential reason for the propensity to
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form homonuclear halogen species resulting from the above reactions is the
tendency for the formation of trihalide anions with the minimum require-
ment that at least one atom must be a Br or a heavier halogen. This may be
seen in the lightest example (BrCl2)2 whose formation on HCl-doped ice is
supported by our measurements, reaction (IH2) (see Table 3).

It is interesting to note that Spiceret al. [48] have recently detected
significant amounts of night-time Cl2 in the marine boundary layer. Al-
though its origin has by no means been elucidated and probably lies in a
reaction such as HOCl or ClONO2 1 Cl2 in or on liquid marine aerosols,
the results of this work may indicate that the formation of molecular hal-
ogens in the atmosphere could be more widespread than previously thought.
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