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The rate of uptake of bromine nitrate (BrONO2) and dibromine monoxide (Br2O) on different types of ice,
such as condensed (C), bulk (B), and single-crystal ice (SC) have been investigated in a Teflon-coated Knudsen
flow reactor in the temperature range 180-210 K using mass spectrometric detection. For the whole temperature
range the Br2O uptake kinetics is first order in [Br2O] with a mean initial uptake coefficient ofγ0 ) 0.24(
0.10, which leads to the exclusive formation of HOBr. The BrONO2 hydrolysis has been measured on B-, C-,
and SC-type ice and leads to HOBr and Br2O on all types of ice. At a fixed temperature the rate law is first
order in [BrONO2] with γ ≈ 0.3 at 180 K. The observed negative temperature dependence for the heterogeneous
hydrolysis of BrONO2 on pure ice leads toEa of -2.0 ( 0.2, -2.1 ( 0.2, and-6.6 ( 0.3 kcal/mol on C-,
B- and SC-type ice, respectively. Despite the high reactivity of BrONO2 on ice substrates, the kinetics of
interaction of BrONO2 on ice nevertheless depends on the type of ice used. No saturation of the uptake
coefficient has been observed during the BrONO2 hydrolysis on ice in contrast to the ClONO2/ice system.
On ice samples doped with approximately 5× 1016 molecules HBr per cm3 the kinetics of the interaction of
BrONO2 with HBr leads to an uptake coefficient similar to that for BrONO2 hydrolysis. The interaction of
BrONO2 with HBr occurs via the hydrolysis of BrONO2 to HNO3 and HOBr where the latter reacts with HBr
in a fast secondary reaction to produce Br2 with Ea ) -1.2 ( 0.2 kcal/mol.

Introduction

Polar stratospheric cloud (PSC) particles are now well
recognized as sites of heterogeneous reactions for various
chlorine- and bromine-containing molecules leading to strato-
spheric ozone depletion over the polar regions through release
of photochemically labile species.1-7

Bromine nitrate, BrONO2, an important halogen and NOx

reservoir, is known to be formed in the atmosphere via the
homogeneous recombination reaction of BrO with NO2 whose
high-pressure rate coefficient has been measured ask∞ ) 1.4
× 10-11 (T/300) cm3 molecule-1 s-1 in the temperature range
248-346 K.8 Other laboratory investigations involving BrONO2

have focused on the measurement of its absorption cross
section9,10 and photodissociation quantum yields.11 It leads to
the formation of Br+ NO3 (λ < 900 nm) or BrO+ NO2 (λ <
1100 nm) depending on the photolysis wavelength. It had been
thought that gas-phase reactions of BrONO2 with Br, Cl or O(3P)
were not important which is why these reactions received little
attention. However, as described by Soller et al.12 the gas-phase
reaction of BrONO2 with O(3P) appears to be important under
stratospheric conditions and should be included in models of
stratospheric chemistry in contrast to the gas-phase reaction of
ClONO2 + O(3P), which has a negligible contribution toward
the lower stratospheric destruction of ClONO2.13

Another sink of BrONO2 may be the heterogeneous hydroly-
sis on ice, which is the focus of the present paper. Recent
mechanistic studies of this system led to the conclusion that
the reaction proceeds by an ionic mechanism to result in the

hypobromous ion BrO-.14,15 Laboratory kinetic studies of the
heterogeneous hydrolysis of BrONO2

16-18 have shown that the
reaction readily occurs on ice surfaces according to reaction 1
with an uptake coefficient of the order of 0.2 at 190 K:18

The hydrolysis of BrONO2 on ice surfaces promptly leads to
the formation of HOBr and HNO3, which means that this
chemistry is efficient in converting NOx to NOy species.17 As a
consequence a significant amount of OH will be produced in
the lower stratosphere through HOBr photolysis, leading to OH
+ Br. The released gaseous HOBr may thus be rapidly converted
to active bromine by photolysis19 or by heterogeneous reactions
with solvated halide ions X- according to18,20

Allanic et al.18 observed Br2O as a secondary product during
BrONO2 uptake on ice according to reaction 3 in analogy to
Cl2O formation at excess ClONO2 in the presence of ice.21 This

latter reaction complicates the monitoring of the hydrolysis of
BrONO2 on ice since both BrONO2 and Br2O contribute to the
BrO+ fragment atm/e95 which we used to monitor BrONO2.22

For the gas-phase hydrolysis reaction of Br2O (reaction 4)
and Cl2O (reaction 5) the equilibrium constants of 0.0219 and
0.0923 have been measured at 300 K, respectively. Standard
enthalpies of formation and absolute entropies of X2O, HOX
(X ) Cl, Br) and H2O are displayed in Table 1 and lead to

* To whom correspondence should be addressed. E-mail:
michel.rossi@epfl.ch.

BrONO2(g) + H2O(s)f HOBr(g) + HNO3(s) (1)

HOBr(g) + X- f BrX(g) + OH- (2)

BrONO2(g) + HOBr(a)f Br2O(g) + HNO3(s) (3)
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standard heats of reaction of+3.5 kcal/mol for reaction 4 and
+2.6 kcal/mol for reaction 5.

Oppliger et al.21 did not observe a heterogeneous interaction
between Cl2O and ice substrates even when the ice was doped
with HCl. However, to date the analogous hydrolysis reaction
of Br2O occurring on ice surfaces at low temperatures relevant
to the stratosphere has not been determined. This is one of the
reasons that has motivated the study of the heterogeneous
hydrolysis of Br2O on ice, where for the first time the uptake
kinetics of Br2O on ice surfaces is given as well as the HOBr
yields resulting from this interaction. Another motivation for
these experiments is that Br2O is often observed as an impurity
in a BrONO2 storage vessel, which complicates the analysis of
its reaction kinetics. Knowledge on the properties of Br2O will
enable the appropriate corrections to be made.

However, the main goal of this paper is to present the uptake
kinetics of the heterogeneous reaction of BrONO2 with different
types of ice substrates that may be relevant to the lower
stratosphere, because the chemical composition of PSC particles
is still somewhat uncertain.24 The kinetics of the heterogeneous
reaction of BrONO2 on ice doped with HBr, leading to the
formation of Br2 and HNO3, is also presented for the first time.

Experimental Section

Experimental Apparatus. The uptake experiments have been
performed using a FEP Teflon-coated Knudsen flow reactor
equipped with a mass spectrometer (MS) described elsewhere.25

The characteristic parameters of the reactor are presented in
Table 2. The experiments described in this study are based on
two different types of protocols. The first one is a pulsed valve
(PV), and the second a steady-state (SS) experiment.

In a PV experiment the gas is introduced into the flow reactor
through the pulsed valve at pulse lengths of a few milliseconds.
Typical doses range from 1013 to 1016 molecules per pulse.
When the sample chamber is closed, the reactant decay of the
MS signal of the so-called reference pulse corresponds tokesc,
the escape rate constant for effusion of molecules from the flow
reactor. The reactive pulse is obtained by admitting an identical
quantity with the sample exposed to the flow. The decay of
this MS signal, which is a primary observable in a PV
experiment, is given bykdecand corresponds to the sum ofkuni,
the reaction rate constant of interest, andkescaccording to eq 6.

The PV experiment causes a transient supersaturation that
enables kinetic studies in real time by the measurement of the
gas lifetime in the reactor. We also obtain the time dependent
rate of formation of the reaction products by monitoring the
corresponding MS signal during and just after injection of the
reactant. The PV experiments are useful for the study of the
mechanism of the reaction, since short-lived intermediates may
be detected. A typical PV experiment is shown in Figure 1.

A typical SS experiment involves introducing a constant flow
of gas through a capillary into the Knudsen flow reactor. When
steady state is established, the movable plunger is lifted; thus
the reactive condensed phase is exposed to the flowing gas and
the rate of uptake may be measured. The change in the MS
signal upon opening and closing the sample compartment is
related tokuni, which is a primary observable in SS experiments.
We assume that the rate law for uptake is first order in the
reactant and calculate the value of the rate constant,kuni,
according to eq 7,25 where I0 and I are the intensities of the

steady-state MS signal levels before and during reaction. A
typical SS experiment is presented in Figure 2.

The uptake coefficientγ is obtained according to eq 8, where
ω is the collision frequency of the gas with the reactive surface
and is calculated from gas kinetic theory (see Table 2) to result

in ω ) 50 and 44 s-1 for BrONO2 and Br2O, respectively, atT
) 300 K on the basis of the geometric surface area of the
sample.

Gaseous Reactants.Dibromine monoxide, Br2O, was syn-
thesized from the reaction of Br2 with excess HgO, in analogy
to the Cl2/Cl2O system according to reaction 9:26

Approximately 50 g of HgO powder was placed in a 2 lflask
equipped with an in- and outlet valve, which was evacuated to
a pressure of approximately 40 mbar. Br2 was degassed and
dried over P2O5. The flask was subsequently filled with 130
mbar of Br2. After waiting for 5 min for the reactants and
products to come to equilibrium, the gases were pumped through
a second trap kept at 77 K. This process was repeated several
times to obtain sufficient quantities of BrOBr collected in the
cold trap at 77 K. The temperature of the trap was subsequently
raised to approximately 200 K and Br2 was removed by
pumping. Toward the end of the pumping period of 6-9 h, a
brown powder remained in the trap at 200 K. The base peak at

TABLE 1: Enthalpies of Formation [kcal/mol] and
Standard Entropies [cal/(mol·K)] of Br 2O, HOBr, Cl 2O,
HOCl, and H2O

compounds ∆fH298
0 S298

0

Br2O 25.6( 0.8a 78.15f

HOBr -14.3( 0.8b 59.20g

Cl2O 18.5( 0.8c 64.00g

HOCl -18.4( 0.8d 56.50g

H2O -57.811( 0.009e 45.01g

a Derived from the heat of formation of BrO+ and Br.37 b Esti-
mated.37,38 c Derived from the heat of formation of ClO+ and Cl.39

d Estimated.39 e Reference 40.f S298
0 )

∆fH298
0 - RTln(Keq)

T
. g Refer-

ence 41.

TABLE 2: Knudsen Cell Parameters

parameter value

volume of the reactor,V 1830 cm3

estimated surface area (total) 1300 cm2

sample surface area,As 17 cm2

gas noumber concentration, [C]a (1-1000)× 109 cm-3

surface collision frequency,ωb ω ) 2As(T/M)1/2 s-1

escape rate constant,kesc
c

for the 8 mm orifice 0.80(T/M)1/2 s-1

for the 14 mm orifice 1.77(T/M)1/2 s-1

a Calculated using the relationFi ) Vkesc[C], whereFi is the flow
entering the cell and [C] is the concentration.b T and M are the
temperature and the molecular weight, respectively.c Value determined
by experiment.

Br2O + H2O / 2HOBr ∆rH298
0 ) +3.5 kcal /mol (4)

Cl2O + H2O / 2HOCl ∆rH298
0 ) +2.6 kcal /mol (5)

kdec) kuni + kesc (6)

kuni ) kesc

I0 - I

I
(7)

γ )
kuni

ω
(8)

2Br2 + HgO f Br2O + HgBr2 (9)
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m/e 176 (Br2O+) which unambiguously reveals the presence of
Br2O was chosen to monitor gaseous Br2O. The trap also
contains HOBr (m/e96 and 98) and Br2 as impurities. Important
quantities of H2O remain in the batch of Br2O owing to water
vapor absorbed on HgO. Even after prolonged pumping, the
impurities remain adsorbed in the trap. The Br2O flow rate

entering the flow reactor through a 3 mminner diameter Teflon
tube is controlled by adjusting the temperature of the storage
cold bath. No Br2O has been observed at its parent peak (m/e
176) when the inlet used was a capillary entry probably due to
a large number of collisions of Br2O against the inner wall
leading to decomposition of the Br2O molecules.

Figure 1. Pulsed valve experiment of BrONO2 on condensed (C) ice at 210 K in the 14 mm aperture reactor. Panel a) shows the reactant pulses
where the reference pulse corresponds to the decay of the MS signal atm/e 95 in the absence of ice, the reactive pulse corresponds to the same
pulse in the presence of the ice sample, and the corrected BrONO2 reactive pulse corresponds to the reactive pulse corrected for the Br2O contribution
at m/e 95 (see text). The insert in panel a) shows the decays of the different pulses on a logarithmic scale with the correspondingγ value of 0.16
( 0.03. Panel b) shows the order of appearance of the products in real time. The bold line shows the primary product HOBr monitored atm/e 96,
while the thin line shows the secondary product Br2O monitored atm/e 176.

Figure 2. Steady-state experiment of Br2O (m/e 176, bold line) on a C ice sample (thickness of approximately 2µm) at 210 K in the 14 mm orifice
reactor. HOBr (m/e 98, thin line), the sole product, appears at a 100% yield with one Br2O resulting in two HOBr molecules.

Reaction of BrONO2 and Br2O on Ice J. Phys. Chem. A, Vol. 106, No. 24, 20025893



Bromine nitrate, BrONO2, is synthesized from the reaction
of ClONO2 with Br2 according to reaction 10 following the
procedure described by Wilson et al.27 ClONO2 is mixed with

Br2 in a molar ratio of 3:1 in a trap at 77 K. Before condensation
ClONO2 and Br2 are passed across a P2O5 trap in order to dry
the reactants.

The mixture is kept at ambient temperature for an hour and
condensed in a cold trap at 200 K in a cold circulation bath
during 12 h. Unreacted Br2, ClONO2, and other impurities are
removed by pumping for 2-3 h at a temperature range of 200-
220 K. The remaining product is a solid yellow substance.
However, Br2, BrCl, and sometimes Br2O still remain in the
trap as impurities even after long periods of pumping. The base
peak is atm/e 46 (NO2

+), but we did not usem/e 46 to monitor
BrONO2 in order to avoid any confusion with other species
contributing to this mass. We chose to monitor BrONO2 at m/e
95 (BrO+), which is an unambiguous marker for BrONO2 as
long as Br2O is either absent or present in known quantities
such that an appropriate correction may be performed atm/e
95.22 The typical ratio ofm/e 46 to 95 is 20:1.

Ice Substrates.The procedures used to obtain the different
ice samples are the following. “Bulk ice” (B) has been obtained
by pouring liquid deionized water into the sample dish prior to
any experiment. The water is then degassed by freeze-pump-
thaw cycles and finally cooled to a chosen temperature in about
15 min.

To prepare “single-crystal ice” (SC) one poured liquid
deionized water into the sample dish as for B samples, but the
rate of cooling was much lower in the temperature range 273-
240 K. The rate of temperature decrease was set to-0.3 K/min
according to the procedure described by Knight.28 At present
we do not have an in situ optical characterization for SC
samples, but we notice that SC ice seems more transparent to
the eye than B samples. In addition, experiments performed on
SC samples show distinctly different kinetics compared to the
ones performed on B samples,29 as we will see later in this paper.

“Condensed ice” (C) has been obtained by depositing water
vapor in situ onto the cold support at 150 K at a background
pressure of 10-5 Torr. The empty support is attached to the
reactor and subsequently cooled to the desired temperature with
the plunger lowered, that is, the sample compartment sealed
off. When the chosen temperature of 150 K is reached, the
plunger is lifted and the sample dish exposed to a high water
flow of the order of 1019 molecule/s for several minutes. This
results in an average sample size of about 105 formal monolayers
(ML) of 250 nm total thickness.

Results and Discussion

The motivation to study the heterogeneous reaction of Br2O
on ice results from the fact that it is presumably formed both
by the heterogeneous decomposition reaction 11 inside the

BrONO2 storage vessel and by the fast secondary heterogeneous
reaction 3 taking place inside the flow reactor in the presence
of ice.22

The similarity of the mass spectral signature between Br2O
and BrONO2 makes it difficult to obtain an unambiguous marker
for BrONO2, the molecule of interest. We have therefore elected

to study the behavior of Br2O in the presence of an ice substrate
in order to better characterize BrONO2, which may be con-
taminated by variable amounts of Br2O.

Br2O on Ice.Steady-state (SS) experiments on bulk (B) and
condensed (C) ice have been performed in the 14 mm orifice
reactor in the temperature range 180-210 K. Br2O, monitored
at its parent peak atm/e 176 reacts on fresh ice surfaces to
hypobromous acid, HOBr, monitored atm/e 98 (or 96),
according to the following reaction:

Figure 2 displays a typical SS experiment performed at 210
K on a C ice sample. When the C ice is exposed to Br2O a
rapid drop of the signal atm/e176 is observed (bold line), which
is correlated with a rapid increase of HOBr (thin line). Right
after the opening of the sample compartment att ) 37 s, rapid
uptake of Br2O is observed followed by a slightly smaller steady-
state uptake owing to partial surface saturation.

A totally different interpretation of the Br2O and HOBr MS
signal levels may be attempted if one asserts that the steady-
state levels for both MS signals are given by the homogeneous
gas-phase equilibrium (12). This implies that the ice substrate
merely acts as a catalyst that enables the establishment of an
equilibrium on the time scale of a second corresponding to the
“spike” in the Br2O uptake att ) 37 s in Figure 2. We calculate
an equilibrium constant ofK ) 1.9× 10-5 at 210 K using the
values of the thermodynamic parameters of Table 1. With [Br2O]
and [H2O] equal to 5.2× 1011 from Figure 2 and 2.4× 1014

molecule/cm3 from ref 29, respectively, for the Knudsen flow
reactor conditions, we compute [HOBr]) 4.9× 1010 molecule/
cm3, which is 1 order of magnitude lower than the value given
in Figure 2 of 3.8× 1011 molecule/cm3. We are therefore led
to conclude that the present kinetic interpretation in terms of a
heterogeneous reaction is valid and that the establishment of
the equilibrium does not occur on the time scale of tens of
seconds at 210 K.

In the example displayed in Figure 2, the initial uptake rate
constantk0 and uptake coefficientγ0 were measured as 4.4 s-1

and 0.10, respectively, whereas the corresponding steady-state
values werekss ) 1.8 s-1 andγss ) 0.04, respectively. Figure
3 displays the Arrhenius representation of the initial uptake rate
constantkuni

0 as well as the steady-state rate constantkuni
ss of

Br2O on C (full symbols) and B (open symbols) ice. The initial
uptake coefficientγ0 is constant over the whole temperature
range 180-210 K with a mean value ofγ0 ) 0.24 ( 0.10,
where the uncertainty is 2σ. Partial saturation of the B and C
ice substrates has been observed over the whole temperature
range 180-210 K and leads to a mean steady-state uptake
coefficientγss) 0.04( 0.02 independent of temperature (Figure
3). The data for both the initial and steady-state rate constants
are consistent with an activation energy ofEa ) 0.0( 2.0 kcal/
mol. The results on the uptake kinetics of Br2O on C and B ice
are displayed in Table 3. At a fixed temperature one may
conclude that the Br2O uptake follows a first-order rate law.

HOBr has been observed as the only product of the
heterogeneous hydrolysis of Br2O. Figure 4 displays the HOBr
yield as a function of temperature. The observed product yield
increases with temperature from 20-40% at 180 K to 100% at
210 K. This is most certainly due to the strong interaction of
HOBr on ice samples at low temperature.30,31 At 180 K, the
observed HOBr yield is approximately 30%. Assuming that the
total amount of Br2O taken up is converted to HOBr, the
observed signal of HOBr is expected to be 3 times higher than
the observed one. From this ratio of 3 at 180 K, one may

ClONO2 + Br2 f BrONO2 + BrCl (10)

2BrONO2 f Br2O + N2O5 (11)

Br2O(g) + H2O(s)f 2HOBr(g) (12)
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calculate the correspondingγ of HOBr, usingω ) 61 s-1 and
kesc) 3.1 s-1,31 resulting in aγ value of the order of 0.1, which
corresponds to the measured uptake kinetics of HOBr on ice
substrates30,31at 180 K. The assumption that the Br2O taken up
is converted to 2 HOBr at 100% yield is confirmed by thermal
desorption experiments (TDE) where the missing HOBr is
released into the gas phase at 215( 5 K, thus closing the
bromine mass balance to an accuracy of(20%. However,
during TDE, one cannot distinguish between the following two
situations: (1) the total amount of Br2O taken up is quantita-
tively converted to HOBr upon uptake and is subsequently
released into the gas phase during TDE; (2) a fraction or all of
the Br2O taken up is condensed without being converted to
HOBr. During the temperature increase, Br2O is converted to
2HOBr before desorption into the gas phase. In conclusion, we
observe fast uptake kinetics of Br2O on ice substrates resulting
in prompt appearance of gas-phase HOBr, which is the sole
product of the heterogeneous reaction. This result contrasts with
the behavior of Cl2O on ice substrates, which may be character-
ized as totally nonreactive.21

BrONO2 Uptake on Pure Ice. As mentioned before,
BrONO2, monitored atm/e 95, is thought to be one of the main
bromine reservoir compounds in the stratosphere. It reacts on
pure ice surfaces to produce hypobromous acid, HOBr, moni-
tored atm/e 96 (or 98), according to reaction 13:16-18

Throughout almost all experiments, Br2O monitored atm/e
176 (its molecular ion peak) was present in the storage vessel
as an impurity or has been formed as a secondary product during
uptake on ice according to reaction 3, as has been discussed
above.

Br2O contributes to the MS signal intensity atm/e 95 to the
extent of 50% of its molecular ion peak intensity atm/e 176.22

This ratio has been used to correct the MS signal intensity at
m/e 95, which could then be used to unambiguously monitor
BrONO2.

Figure 5 shows a typical SS experiment performed on single
crystal SC ice at 185 K in the 14 mm orifice reactor. Before
opening the sample compartment att ) 22 s, the level of
contaminants (Br2O, HOBr) flowing out of the BrONO2 storage
vessel is low. Right after the opening of the sample compart-
ment, the BrONO2 (solid line) signal immediately drops and
the reaction leads to rapid formation of HOBr (circles) and Br2O
(triangles). After correction of the BrONO2 MS signal atm/e

Figure 3. Arrhenius representation of the initial (circles) and steady-state (triangles) uptake rate constantkuni of Br2O interacting on B ice (open
symbols) and C ice (full symbols) obtained in steady-state experiments using the 14 mm aperture reactor leading to an initial and steady-state
activation energy ofEa

0 ) Ea
ss ) 0.0 ( 2.0 kcal/mol.

TABLE 3: Steady State Experiments of Br2O Performed on
(a) Condensed (C) and (b) Bulk (B) Ice Samples in the 14
mm Orifice Reactor

T [K] flow [molecule/s] γ0 γss HOBr yield [%]

(a) C Ice
190 4.8× 1014 0.21 0.05 n.d.a

200 1.5× 1015 0.36 0.02 80
208 3.6× 1014 0.23 0.06 102
210 2.0× 1015 0.10 0.04 98

(b) B Ice
180 5.5× 1014 0.38 0.01 52
180 8.6× 1014 0.35 0.02 25
180 8.7× 1014 0.25 0.03 n.d.a

190 8.1× 1014 0.29 0.03 85
190 1.3× 1015 0.34 0.04 70
190 1.5× 1015 0.48 0.03 n.d.
200 6.2× 1014 0.26 0.02 77
200 1.1× 1015 0.17 0.05 89
200 1.3× 1015 0.14 0.03 90
200 4.4× 1015 0.18 0.02 n.d.
203 1.9× 1015 0.20 0.03 92
205 2.5× 1015 0.15 0.03 82
210 1.5× 1015 0.15 n.o.b 80
210 1.6× 1015 0.14 n.o. 74
210 1.8× 1015 0.23 0.07 105
210 2.0× 1015 0.14 0.06 105

a n.d. ) not determined.b n.o. ) not observed.

Figure 4. HOBr yield during Br2O hydrolysis on B ice (O) and C ice
(2) as a function of temperature in the 14 mm orifice reactor.

BrONO2 + H2O f HOBr + HNO3 (13)

Reaction of BrONO2 and Br2O on Ice J. Phys. Chem. A, Vol. 106, No. 24, 20025895



95 for the Br2O contribution, one does not observe saturation
of BrONO2 uptake on the ice sample, in contrast to ClONO2.21,32

A typical pulsed valve (PV) experiment is displayed in Figure
1, where panel a shows the reactant pulses atm/e 95 and panel
b displays the product pulses HOBr (bold line) and Br2O (thin
line). In this PV experiment a systematic correction has been
applied to the reactive BrONO2 MS signal whenever Br2O was
observed. The HOBr and Br2O rise times are 0.08 and 0.18 s,
respectively (Figure 1, panel b), clearly indicating that HOBr
is the primary product by virtue of its fast rise time. This
therefore confirms the existence of a secondary reaction between
BrONO2 and HOBr on the ice surface, leading to the formation
of Br2O, reaction 3.

PV and SS experiments did not show any difference in the
numerical value of the uptake coefficient of BrONO2 at a fixed
temperature and type of ice. All experiments are detailed in
Table 4 and are summarized in Table 5. The values are in good
agreement with those found in the literature at 190-200 K on
C ice.17,33 No concentration dependence has been observed in
the chosen temperature range, thus confirming a rate law first
order in [BrONO2] for its uptake on all types of ice (Table 4).

The mean product yields of the heterogeneous hydrolysis of
BrONO2 on fresh, that is, previously not exposed ice, are
displayed in Figure 6 as a function of the substrate temperature.
The uncertainties in the yields have been estimated to be 40%,
primarily resulting from the difficulties to obtain a “clean”
source for HOBr and Br2O for calibration purposes. The HOBr
(or Br2O) source always contains Br2O (or HOBr) impurities
at different concentrations from batch to batch. While the Br2O
yield appears constant, of the order of 20% or so for all
temperatures, the HOBr yield increases with increasing tem-
perature, as observed for Br2O hydrolysis (Figure 4). Thermal
desorption experiments (TDE) performed after BrONO2 uptake
on C ice revealed the missing HOBr, thus closing the bromine
mass balance (Table 4). On B and SC ice the bromine mass
balance appears to be open owing to likely diffusion of bromine
species into the bulk of the sample.

The Arrhenius representation ofkuni displayed in Figure 7
clearly shows three different lines each with a negative
temperature dependence depending on the three different types
of ice used. At 180 K, the uptake kinetics of BrONO2 on C, B,
and SC ice is identical withγ ≈ 0.3 within experimental

uncertainty. AtT > 180 K we observe that theγ values split
into three lines and change according to the following sequence
for the different types of ice:γC > γB > γSC with γC (squares)
≈ 1.4γB (triangles). The uptake kinetics of BrONO2 on B and
C ice lead to an adsorption activation energy ofEa ) -2.0 (
0.2 kcal/mol. The negative temperature dependence ofγSC is
more pronounced than for B and C ice, leading toEa ) -6.6
( 0.3 kcal/mol. The uptake coefficientγSC drops from 0.35 at
180 K to 0.02 at 210 K. Because of the slow rate of cooling of
H2O during SC ice generation, it is assumed that the sample
surface has a very low surface defect density such as dislocations
or cracks34 compared to B ice. When the number of defects are
important, BrONO2 uptake on ice is apparently faster, as is
observed in Figure 7, because these surface sites strongly interact
with the gas phase. In agreement with these arguments it is not
surprising to observe lowerγ values on SC than on C ice.
However, at 180 K the number of the defects originating from
the ice preparation seems to have no influence on the uptake
kinetics of BrONO2 because it already is very fast. The
difference observed in theγ values of C and B ice may be due
to the fact that C ice is more porous than B ice.29

We propose that the hydrolysis of BrONO2 occurs through
precursor formation similarly to the analogous ClONO2/H2O-
ice system.21,32 The existence of a precursor in the hydrolysis
of BrONO2 is ascertained by the following two observations:

•The negative temperature dependence observed on all types
of ice reveals that the hydrolysis of BrONO2 is not an elementary
reaction but consists of a complex sequence of reactive events.

•HOBr only begins to appear in the gas phase after a series
of several pulses at doses of<5 × 1014 molecules, indicating
the accumulation of an intermediate species on the surface. At
higher doses, both HOBr and Br2O are released into the gas
phase right after the first pulse (Figure 1). This experiment has
been performed atT > 200 K when a substantial fraction of
the generated HOBr is expected to desorb.

Gane et al.14 experimentally identified H2OBr+‚‚‚NO3
- as a

precursor in the hydrolysis of BrONO2 on ice substrates using
reflection-absorption infrared spectroscopy (RAIRS), while
McNamara and Hillier15 reached the same conclusion in
performing high-level electronic structure calculations. This
precursor corresponds to a complex between protonated hypo-
bromous acid stabilized by the nitrate ion. The prompt formation

Figure 5. Steady-state experiments of BrONO2 (solid line) on SC ice at 185 K performed in the 14 mm aperture reactor. BrONO2, monitored at
m/e 95, has been corrected for the Br2O (m/e 176) contribution atm/e 95. HOBr (O), monitored atm/e 98, and Br2O (4) appear promptly when the
plunger is lifted. Note that the H2O signal (0) has been divided by 100.
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of HOBr suggests that H2OBr+‚‚‚NO3
- is less stable than

H2OCl+‚‚‚NO3
- for the corresponding chlorine system in the

same temperature range.21,32

If BrONO2 adsorption occurs on a surface that previously
has taken up a few monolayers of HNO3 from the gas phase,
the rate of uptake is unchanged compared toγ values obtained
on clean fresh B ice. However, the rate of HOBr production on
a contaminated ice substrate is delayed with respect to a clean
ice substrate. It takes approximately 1 min for HOBr to reach
steady state in the temperature range 180-210 K after the
opening of the sample compartment (dashed line in Figure 8)
as opposed to a clean ice surface (solid line in Figure 8). This
shows that the presence of HNO3 has a marked effect on the
rate of production of HOBr by stabilizing the precursor and
thus delaying the observation of HOBr in the gas phase. Less
H2O is available to hydrolyze BrONO2 to HOBr, as has been
already observed in the study of the heterogeneous reaction of
BrONO2 on alkali salts.22

TABLE 4: Results of the Interaction of BrONO 2 on Different Types of Ice Performed in the 14 mm Escape Orifice Reactor:
(a) Bulk (B) Ice, (b) Condensed (C) Ice, and (c) Single Crystal (SC) Ice

T [K] γ0 kuni [s-1] flow a [molecule/s] doseb [molecules] ηHOBr
c [%] ηBr2O

c [%] ηHOBr
d [%] ηBr2O

d [%]

(a) B Ice
170 0.23 11.5 1.2× 1015 3 3 42 16
180 0.29 14.5 1.2× 1015 6 7
180 0.26 13.0 1.2× 1015 9 9 35 45
180 0.33 16.5 1.4× 1015 8 17
180 0.23 11.5 2.2× 1015 12 11 35 13
180 0.22 11.0 3.6× 1015 12 n.o.e
190 0.19 9.5 1.8× 1015 6 n.o.
200 0.14 7.0 1.3× 1015

200f 0.17 8.5 1.4× 1015 89 7
200 0.15 7.5 2.1× 1015 90 6
200 0.15 7.5 2.2× 1015 40 n.o.
210 0.14 7.0 1.0× 1015 88 16
210 0.10 5.0 2.7× 1015 90 15
210f 0.13 6.5 4.2× 1015 85 9
180f 0.24 12.0 2.8× 1014 n.o. n.o
190 0.21 10.1 4.2× 1014 n.o. n.o
195 0.15 7.7 4.1× 1014 n.o. n.o
200 0.14 7.0 3.2× 1014 n.o. n.o
200 0.14 7.2 3.6× 1014 n.o. n.o
208 0.12 5.9 2.3× 1014 n.o. n.o
210 0.08 3.8 5.4× 1014 50 25
210 0.11 5.3 7.8× 1014 42 21

(b) C Ice
180 0.34 17.0 6.7× 1014 5 20 58 34
180f 0.35 17.5 1.3× 1015 2 21 28 28
180 0.34 17.0 3.4× 1015 9 17 64 26
190 0.30 15.0 7.0× 1014 23 20 45 28
190 0.29 14.5 1.3× 1015 14 19 54 30
200 0.21 10.5 1.5× 1015 71 15 4 n.o.
200 0.25 12.5 2.0× 1015 67 15 6 n.o.
210 0.14 7.0 1.4× 1015 84 11 n.o. n.o.
211 0.15 7.5 3.0× 1015 100 n.o. n.o. n.o.
180 0.38 19.1 3.4× 1014 n.o. n.o.
180 0.28 14.0 3.6× 1014 n.o. n.o.
180 0.34 16.8 2.5× 1015 9 n.o.
190 0.27 13.4 6.6× 1014 n.o. 4
190 0.27 13.5 7.0× 1014 4 20
190 0.21 10.4 2.0× 1015 12 n.o.
200f 0.22 11.0 3.0× 1014 30 14
200 0.18 9.0 1.8× 1015 16 20
210 0.16 7.9 7.3× 1014 53 30
210 0.16 7.9 1.2× 1015 73 35

(c) SC Ice
180 0.30 15.0 1.2× 1015 22 4 31 10
180 0.39 19.5 1.8× 1015 23 9
185 0.22 11.0 1.6× 1015 26 13
190 0.14 7.0 1.0× 1015 37 10
190f 0.15 7.5 1.5× 1015 61 29
195 0.10 5.0 1.4× 1015 76 15
200 0.07 3.5 1.7× 1015 118 14
205 0.04 2.0 1.3× 1015 78 12
210 0.022 1.1 1.2× 1015 106 10
210 0.025 1.3 1.4× 1015 94 1

a Steady-state experiments.b Pulsed valve experiments.c HOBr and Br2O yields during uptake experiments.d HOBr and Br2O yields observed
in the gas phase upon thermal desorption experiments (TDE).e n.o. ) not observed.f Experiments performed in the 8 mm escape orifice reactor.

TABLE 5: Initial Uptake Coefficients for BrONO 2 on
Different Types of Ice Using the 14 mm Orifice Reactor
Resulting from SS and PV Experiments and Activation
Energy, Ea, [kcal/mol] for the Uptake Rate Coefficienta

T [K] γC γB γSC

180 0.34( 0.03 0.26( 0.04 0.35( 0.05
190 0.27( 0.03 0.20( 0.01 0.145( 0.005
200 0.22( 0.03 0.15( 0.01
210 0.15( 0.01 0.11( 0.02 0.024( 0.001

Ea -2.0( 0.2 -2.1( 0.2 -6.6( 0.3

a Using ω(BrONO2) ) 34xT/M s-1 (Table 2).
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BrONO2 Uptake on Ice Doped with HBr. The presence of
HBr on the ice sample leads to the competition between the
hydrolysis scheme (reactions 13 and 3) and the following
reaction:

Figure 9 displays a typical SS experiment on B ice performed
at 190 K in the 14 mm orifice reactor. When the sample
compartment is opened, one observes a rapid drop of the
BrONO2 MS signal (squares) atm/e 95 correlated with an
initially slow production of Br2 (triangles down), which is the
primary product. The BrONO2 signal has been corrected for
the contribution of Br2O at m/e 95. When the production of
Br2 begins to decrease, a slow release of HOBr and Br2O appears
in the gas phase, confirming the competition between reaction
14 and the hydrolysis of BrONO2, reactions 13 and 3. In contrast
to SS experiments no HOBr and Br2O have been observed in

PV experiments. The only observed product was Br2, as
displayed in Figure 10 (right panel). The net Br2 production
has been obtained by subtraction of the pulse obtained with the
sample compartment closed (reference pulse) from the reactive
pulse (sample compartment open).

As displayed in Figure 9, the production yields of HOBr and
Br2O are small, of the order of 10% or so taken together. This
may be due to the fact that HOBr reacts on ice substrates
containing HBr to Br2, which is released20 into the gas phase
according to reaction 15.

The uptake kinetics of HOBr in this latter reaction is fast
with a constant uptake coefficient ofγ ) 0.3 in the temperature
range 180-195 K.31 The slow rise in the formation of Br2

observed in Figure 9 is due to the rate-limiting production of
HOBr adsorbed on the ice surface, reaction 13. When sufficient

Figure 6. HOBr (b) and Br2O (O) yields resulting from the heterogeneous reaction of BrONO2 on pure ice of all types (B, C, SC).

Figure 7. Arrhenius representation of the uptake rate constant for the hydrolysis of BrONO2 on B ice (triangles), C ice (squares), and SC ice
(circles), obtained in PV (solid symbols) and SS experiments (open symbols).

BrONO2 + HBr f Br2 + HNO3 (14)

HOBr + HBr f Br2 + H2O (15)
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HOBr is formed in the condensed phase, reaction 15 takes place,
producing Br2. HOBr is efficiently consumed by HBr in reaction
15, which reduces the rate of reaction 3, thus leading to the
small amount of Br2O observed in Figure 9.

The uptake coefficients are summarized in Table 6. No
difference between SS and PV experiments have been observed
on C ice. For a fixed temperature, no difference between B and
C ice has been observed as far as the uptake kinetics of BrONO2

is concerned. No concentration dependence of the uptake
kinetics of BrONO2 has been noted, which leads to a rate law
for the uptake first order in [BrONO2].

In contrast to the ClONO2 + HBr/ice reactive system,35 we
observe a negative temperature dependence for the rate constant
of reaction 14 in the range 180-210 K. The Arrhenius
representation displayed in Figure 11 reveals a less pronounced
dependence, as has been observed for the hydrolysis of BrONO2

on pure ice, reaction 13 (Figure 7). The resulting activation
energy for the reaction of BrONO2 with HBr is Ea ) -1.2 (

0.2 kcal/mol, which confirms that Br2 formation in reaction 14
does not occur through an elementary reaction.

Conclusions and Atmospheric Implications

Br2O hydrolysis on ice substrates occurs rapidly in the chosen
temperature range of 180-210 K. The uptake kinetics is fast
in contrast to the analogous Cl2O/H2O where no heterogeneous
interaction has been observed.21 At a fixed temperature, the rate
law is first order in [Br2O]. HOBr has been observed as the
sole product of the Br2O hydrolysis and the release of HOBr
into the gas phase is prompt. The observed temperature
dependence of the initial and steady-state rate constant leads to
an activation energyEa for heterogeneous hydrolysis of 0.0(
2.0 kcal/mol.

In the gas phase the hydrolysis of Br2O is an equilibrium
reaction,19 which may, however, take place at the walls of the
reaction vessel under most experimental conditions. The equi-

Figure 8. HOBr (m/e 98) production from SS experiments on fresh B ice (solid line) and on B ice doped with 1.3× 1016 HNO3 molecules (dashed
line) at 180 K in the 14 mm orifice reactor. Delayed rate of production of HOBr is observed when HNO3 is adsorbed prior to the uptake experiment.

Figure 9. SS experiment of BrONO2 on B ice doped with 1.1× 1018 HBr molecules at 190 K in the 14 mm orifice reactor. The MS signal of
BrONO2 (0), monitored atm/e 95, has been corrected (dashed line) for the contribution of Br2O (O, m/e 176) atm/e 95. The main product, Br2 (3,
m/e 160), appears in a yield of 43%, the yields of the hydrolysis products, HOBr (4) and Br2O, are 8 and 4%, respectively.
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librium is shifted in favor of adsorbed HOBr for reaction on
ice surfaces at low temperatures (180-210 K), in agreement
with the results of Gane.36 Due to low atmospheric concentra-
tions the HOBr self-reaction to Br2O will be slow. As only the
reverse reaction occurs (Br2O + H2O f 2HOBr), one may
conclude that there will be no significant concentration of Br2O
in the atmosphere, also because of its anticipated photolytic
instability under UT/LS conditions.

BrONO2 hydrolysis has been measured on B-, C-, and SC
ice in the temperature range 180-210 K. On all types of ice
we observe a prompt HOBr and Br2O production. At a fixed
temperature the rate law for BrONO2 uptake on ice is first order

in [BrONO2]. The observed negative temperature dependence
leads to an activation energyEa for heterogeneous hydrolysis
of BrONO2 on pure ice of-2.0 ( 0.2, -2.1 ( 0.2, and-6.6
( 0.3 kcal/mol on C, B, and SC ice, respectively, revealing
different uptake kinetics of BrONO2 on the three different types
of ices used in this study. The efficiency of the BrONO2

hydrolysis allows HOBr to become the most important form of
nighttime bromine in the stratosphere.

The presence of HBr on/in the ice of the order of 1018

molecules condensed prior to BrONO2 uptake leads to the
formation of Br2, followed by HOBr and Br2O production once
the HBr supply on the ice is waning. The observed reaction
kinetics of BrONO2 with HBr is identical to the one for
hydrolysis of BrONO2 on pure ice (Table 6), suggesting that
adsorbed HBr has apparently no influence on the uptake kinetics.
This means that the rate of reaction is faster than the rate of
uptake, which is rate limiting. PV experiments show a Br2 rise
time of 0.35 s (Figure 10), which is between 2 and 4 times
larger compared to the rise time of Br2O and HOBr, respectively,
observed in PV experiments of BrONO2 on pure ice. This rise
time of 0.35 s is larger compared to 0.08 s for the HOBr rise
time, if the reaction occurs directly between BrONO2 and HBr.
In agreement with these observations we propose the following
reaction scheme for the interaction of BrONO2 on ice doped
with HBr:

The first step (reaction 16) corresponds to the hydrolysis of
BrONO2 and leads to the formation of condensed-phase HOBr,
which then reacts with HBr to produce gaseous Br2 (reaction
17). In conclusion, the interaction of BrONO2 with HBr occurs
stepwise and is quite different from the analogous chlorinated
system ClONO2/HCl, which goes through a direct interfacial
reaction leading to the prompt release of Cl2 in the gas phase,
as pointed out by Oppliger et al.21
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the Office Fédéral de l’Enseignement et de la Science (OFES)
in the framework of the subprojects COBRA and CUTICE of
the EU program “Environment and Climate”. We thank Prof.
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panel,m/e 160), appears in a yield of 17%. Neither HOBr nor Br2O, have been observed.
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C and B Ice Doped with HBr Using the 14 mm Orifice
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H2O on Pure Ice (Table 5)
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Figure 11. Arrhenius representation of the rate constant of the reaction
of BrONO2 on B and C ice doped with HBr. The activation energy for
the heterogeneous reaction of BrONO2 with HBr adsorbed on ice isEa

) -1.2 ( 0.2 kcal/mol.

BrONO2(g) + H2O(s)f HOBr(c) + HNO3(c) (16)

HOBr(c) + HBr(c) f Br2(g) + H2O(s) (17)
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