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The uptake kinetics of HOBr on ice with and without HX has been measured in a Teflon-coated low-pressure
flow reactor (Knudsen cell) at temperatures of £285 K. The values of the initial uptake coefficient of

HOBr on different types of pure # ice such as single-crystal ice, vapor-deposited ice, and samples frozen
from liquid H,O range from 0.4 to 0.03 and reveal a pronounced negative temperature dependence with an
activation energy oE; = —9.7 &+ 1.0 kcal/mol. The rate of HOBr uptake is independent of the type of ice.
HOBEr is able to sustain an equilibrium vapor pressure above an ice surface in the range from 185 to 210 K
when sufficient HOBr has been adsorbed and is associated with an enthalpy &tdhge —9.4 + 1.0
kcal/mol. Adsorbed HN@has no influence on the HOBr uptake coefficient on ice, even when the amount
of HNO3; contaminating the surface of ice is as high as 10 formal monolayers. The interaction of HOBr with
HX-doped ice in the temperature range from 180 to 215 K leads to rapid formation of BrX at valyes of

of HOBr being less temperature dependent than for HOBr adsorption on purg,ee=6.6 & 2.0 kcal/mol

has been found for the narrow temperature range from 195 to 215 K. The mass balance for BrCl from the
reaction HOBr+ HCl/ice is closed, in contrast to Brwhich is the primary product of the reaction HOBr
HBr/ice. The uptake rate coefficients for HOBr HCl/ice and HBr/ice are not significantly different from

each other over the range from 180 to 215 K and are equal t8 0.3 from 180 to 195 K, after which they

drop with increasing temperature, but less so than for pure ice. At 205 #r HOBr + HX is typically a

factor of 4 higher thary, for HOBr uptake on pure ice. The atmospheric implications of these results are
briefly discussed.

Introduction The precursor to HOBr in the atmosphere is BrO as far as

It has recently been shown that both global and polar ozone homogeneous gas-phase chemistry is concerned. Recently, the
depletion are intimately linked to heterogeneous processesPresence of BrO both in the stratosphere as well as in the
occurring on background sulfuric acid aerosols or Polar troposphere has been confirmed using both remote sensing and
Stratospheric Clouds? Clear evidence of the importance of in situtechniques that have established its spatial and temporal
interfacial chemistry has been collected especially for Cl- distribution. Using the sensitive technique of long pathlength
containing speciesln addition, a significant impact of hetero-  differential optical absorption spectrometry (DOAS), Platt and
geneous chemistry of Br-containing compounds on atmosphericco-workers were able to detect BrO locally in the planetary
chemistry is expected as a consequence of field observationgboundary layer in the proximity of the Dead Sed concentra-
which lead to a chemical mechanism that has subsequently foundions up to 86 ppt. This is in excess of the concentration
its way into models of ozone depletidnAs bromine is 100 measured in polar regions and a factor of approximately 6 above
times more efficient in terms of ozone destruction than chlorine that measured in the stratosphé&té! Sudden boundary layer
on a mole-per-mole basis, it could play a significant role, on ozone depletion events during the Arctic Spring have implied
the order of 20%, in the formation of the ozone hofdromine heterogeneous chemistry involving HOBr in what has been
increases the rate of chlorine activation in the catalytic cycle of called the “Bromine Explosion” to indicate an autocatalytic
the lower stratosphere owing to the fast bimolecular reaction branched chain in the presence of solar photons that rapidly
of CIO + BrO,” which is approximately a factor of $@nd 4 activate inorganic bromin®. Even though the origin of the
x 10* faster at 300 and 200 K, respectively, compared to the bromine is still uncertain, considerable efforts have been
analogous CIOt CIO reactiorf The increasing importance of  undertaken to quantify the temporal and spatial variation of BrO
the mixed CIO/BrO reaction system with decreasing temperaturein the Arctic. McConnell and co-workers have detected large
is partly a consequence of its slight negative temperature quantities of BrO above the Arctic during a summer campaign
dependence in contrast to the significant positive temperatureusing remote sensing measurements on a high altitude research
dependence of the reaction CKO CIO. Numerous aspects of  aircraft platform!3 They came to the conclusion that most of
the heterogeneous chemistry of bromine are still an active field the BrO occurred below 8 km, thus in the troposphere, even

of research. though the vertical distribution remained largely undetermined
in their column density measurement. These observations
* To whom correspondence should be addressed. together with satellite-mapping of tropospheric Bt¢¥indicate
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Typically, these Arctic BrO concentrations are a factor of 5to  Actually, only a few measurements of the HOBr uptake
10 above stratospheric background and are clearly correlatedcoefficient on ice substrates have been performed. The previous
with events of boundary layer ozone losses occurring on the results have been obtained by AbtFttby Hanson and
time scale of days. Ravishankard? and more recently by Allanic et &.and by
Tropospheric bromine species mainly originate from both Chu and Chi#® However, the results of Allanic et &.seem to
natural and synthetic sources. An important natural source of be in disagreement with the former t¥2” whereas they agree
bromine is located in the oceans, which emit methyl bromide well with the latter?® In this paper, we present a more complete
(CH3Br) or bromoform (CHBg), the latter of which probably  kinetics study of the interaction of HOBr with different types
represents the most abundant reservoir of gas-phase brémine. of ice as well as ice that has previously been exposed to known
These natural sources cannot in general reach the stratospheramounts of HCI, HBr, and HN® Both pulsed valve time-
in view of their short tropospheric lifetimes. However, anthro- resolved and steady-state experiments on the kinetics of
pogenic sources have sufficiently long tropospheric lifetimes adsorption of HOBr have been performed on well-characterized
such that they may represent a significant source of bromine inice samples.
the stratosphere through occasional large-scale convective cloud-
pumping events. These anthropogenic sources essentially aréExperimental Section
emissions caused by evaporation of agricultural fumigants or || of the experiments have been performed using a Teflon
by biomass burning’ Halons used in fire-fighting equipment  cqated Knudsen flow reactor that is part of a continuous flowing
are also a major source of bromine transported to the strato-ga5 experiment. A detailed account of this technique has been
sphgre. IF was .recently concluded, on th.e basis of air samp[esgiven elsewherd®3! Briefly, the reactor is mounted on a
ar_chlved in firn ice, that halons are exclusively of _ant_h_ropogenlc differentially pumped vacuum chamber fitted with a quadrupole
origin, whereas the concentration of €Bi has significantly  mass spectrometer. After admission into the flow reactor the
increased in the 1970s and 1980s compared to the periodyglecules effuse across the escape orifice of variable size.
between 1900 and 1970, probably as a result of its use as @uring their gas-phase lifetime (residence time) which

. s : _
fumigant® _ corresponds to the inverse of the measured effusion rate constant
In the lower stratosphere and upper troposphere, the mainy the molecules interact with the surface of interest at a known

bromine reservoir species are BrO, HOBr and BrQN®and collision frequencyw given by the geometric surface area of

HBr.?° The synergistic effect of BrO with CIO and the resulting  the sample. An effusing thermal molecular beam is formed at
efficiency in ozone destruction has been discussed above. Inthe escape orifice, which is monitored as a function of time
the stratosphere, BrONGs generated by homogeneous recom- sing phase-sensitive mass spectrometric detection after it has
bination of BrO with NQ and is the most important reservoir - heen modulated using a rotating chopper wheel at a frequency
species of bromine together with HOBr which is generated in of 150 Hz. The loss rate of the vapor phase over the ice is

the reaction of BrO with H@in the gas phase: competing with the loss owing to diffusion through the escape
aperture and is compared to reference experiments in which the
BrO + HO,—~ HOBr + G, (R-1) interacting flow is isolated from the ice sample. Absolute

concentrations of kD vapor are determined from a calibration
During nighttime, BrONQG is destroyed by hydrolysis in  of the MS signal atwe = 18 with absolute flow rates of 40
heterogeneous processes on atmospheric particles containing@btained by recording the @ pressure change in a calibrated
H,O according to: volume as a function of time.
We have performed two types of experiments: continuous
BrONO, + H,0 — HOBr + HNO, (R-2) flow and pulsed valve experiments.Most of the reported
experiments have been performed in the continuous flow mode
where flows of HOBr ranging from Z8to 10'¢ molecule s?
were introduced into the reactor. In reactive experiments, in
which the ice sample is exposed to a measured HOBr flow, the
source flowFiyog, is balanced by two independent competing
processes, namely the measured rate of es€@pg,, and the
chemical interaction ratEne;, which is assumed to be first order
in the HOBr concentration ([HOBT)):

Reactions 1 and 2 are the most important generators of HOBr
in the atmosphere. The observation of BrO in the stratosghere
proves that HOBr must play an important role in bromine
chemistry related to catalytic ozone destruction, not only because
it is a photolabile specie®;23but also because it is the primary
product of the heterogeneous hydrolysis of BrOMN@ ice (R-

2). The presence of HOBr has also been invoked to explain the
rapid onset of the OH and HConcentration as well as their
diurnal variation in the lower stratosphéfelo obtain a detailed
understanding of the interaction of BrOMQvith ice, it is ] )
necessary to examine the kinetic behavior of HOBr in the Becauge the effusion rate has begn shown to be of first order,
presence of various types of ice substrates that may be of€d 1 directly leads to the expression for the rate condtant
atmospheric relevance. Chaix ef&have recently shown that ~ for the heterogeneous interaction:

the kinetics of uptake of ED vapor can vary significantly from

one type of ice substrate to another by as much as a factor of Kett = ((S/F) — Dkesc (2)

4 in the temperature range from 140 to 210 K. We, therefore,

ask the legitimate question, to what degree does the type of icewhereS, andS are the MS signals of HOBr with the ice isolated
substrate control the interfacial kinetics of other relevant and exposed to the HOBr flow, respectively. The valuek.gf
reactions that may occur on atmospheric ice particles. It is could easily be determined from pulsed valve experiments as
noteworthy that even in the absence of N&hd therefore of indicated in Table 1. For the 14 mm diameter aperture of the
BrONG; heterogeneous chemistry involving bromine may occur flow reactor,kesc= 3.0 &= 0.3 s'! has been measured in good
because HOBr may continue to be formed according to reactionagreement with the calculated valkg. = 3.1 s'1. We have

1. not observed the expected deviation of the measured from the

FiHOBr = Fomr T FretWith Fro = Vkq[HOBI] (1)
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TABLE 1: Characteristic Parameters of the Knudsen Flow The second source is similar to the one used by ABbatid
Reactor® leads to the on-line generation of HOBr using an Evenson cavity
definition symbol  expression  numerical value  connected to a microwave power supply operating at 2.45 GHz.
reactor volume v 1830 o OH free_ radicals were forme_d by passing apure or dilute mixture
sample surface area A 17 cnk of H,O in He through the microwave cavity mounted upstream
escape orifice diameter Dy 14 mm of the inlet to the Knudsen Cell. The inner wall of the inlet
escape rgte gonStant Klesc |1:;77(/T(/\l>/||()°3 31s? tube is coated with Teflon in order to avoid loss of OH on the
gas number density ol (VKes walls. Pure Bsin excess was then added approximately 10 cm
collision frequency ) 34.7(TIMP3 61s? Bt P Y

upstream of the reactor inlet but downstream of thgOH
2 Fiyoer is the continuous flow of HOBr into the Knudsen flow reac-  discharge. Typical flow conditions were *#@nolecule st H,O

. - following reaction sequence:
calculated value df.scfor the 14 mm diameter orifice, however, 9 q

the experimental value has a large uncertainty owing to the . . .
instability of HOBr in the flow reactor. Using this technique, H,0 — OH + H (microwave discharge) (R-3)
we are able to follow the interaction of the gas phase with the OH + Br,— HOBr+ Br (R-4)
reactive surface on a time scale extending up to several tens of

minutes. We also have confirmed the results on the initial rate 11 adjustment of each of the reactant flows allowed us to
of uptake obtained in pulsed valve experiments when we g angitatively titrate the OH free radicals by using excess Br
compare it with the initial rate of uptake in continuous flow \ye ended up with a stable, “dry” source of HOBr containing a
experiments just after lifting the isolation plunger. The uptake nown amount of Brand in which the degree of dissociation
coefficienty is determined from the measured rate constant 4t 4,0 to OH free radicals could be quantitatively monitored
according to eq 3 with the gasurface collision frequency given using the mass spectrometené = 17) in experiments of the

by eq 4: type microwave power “on” and “off”. The D concentration
y = ko ?) in the final HOBr source.could. egsily be monitored.
The HOBr flow was calibrateih situ. A cold support surface
o = (RIAV)A (4) at 160 K was exposed to a measured flow of HOBr, a large
and measured fraction of which condensed and was subsequently
wherel¢lis the average molecular velocity of the gasis the titrated by a known amount of HCI. At last the sample was
geometric surface of the ice sample exposed to HOBr \aisd allowed to heat up so as to evaporate the condensed phase. All
the volume of the flow reactor (Table 1). through the procedure, BrCl was monitored during quantitative

In view of the high values of the uptake coefficient for the conversion of HOBr according to (R-5) for the whole length of
HOBr-ice interaction, expression (4) is appropriate for evaluating the titration experiment. Having previously calibrated BrCl using
the gas-surface collision frequency as it treats the total surface an authentic sample, we were able to quantify the total amount
in terms of its geometrical projection onto a flat support plane: of reacted HOBr by setting it equal to the observed amount of
under this condition, a correction of using pore diffusion BrCl and thus calibrate the corresponding MS signahat =
theory is unnecessary. HOBr never explores the depth of the96 or 98.
ice substrate on our time scales ranging from a fraction to several
seconds, instead it interacts only with the outer surface (“skin”) HOBr + HCl — BrCl + H,O (R-5)
of the sample. HOBr was monitoredrate = 98, its molecular
ion peak, which is an unambiguous marker for HOBr even in  The instability of HOBr led to some degree of decomposition
the presence of other bromine-containing gases such as BrONOalready in the stagnant volume of the pulsed valve and therefore
and BpO. Control experiments, in both continuous flow and limited our ability to measure initial uptake coefficientsthat
pulsed valve mode clearly showed the absence of any interactiorwere completely free of saturation. To obtain higher doses of
between HOBr and the internal walls of the Knudsen flow HOBr longer valve opening times were chosen leading to
reactor. competition between the two processes of interest, namely HOBr

Hypobromous acid, HOBFr, is prepared from an aqueous adsorption and desorption, and HOBr effusion already during
solution according to the protocol described in referefice: the injection of HOBr into the Knudsen flow reactor.

mL of liquid Bry is added drop by drop to 150 mL of distilled To attain the temperature range of 140 to 220 K, we used a
water at ambient temperature in which 24.5 g of AgiNtave sample holder described elsewh& &o test whether the sample
previously been dissolved. This first step is completed after 30 preparation procedure had a significant impact on the uptake
min, after which the mixture was further agitated for another kinetics, three different types of ice samples have been
10 min. The second step consists of a vacuum distillation where prepared® The first, referred to as bulk sample (B), consists
the condenser temperature is fixed at 273 K. The distillate is of liquid degassed $O that has been poured into the dish of
collected at 230 K in a trap containing 20 mL of 20% (wt) the sample holder at ambient temperature and rapidly frozen
sulfuric acid meant to stabilize HOBr in solution. To improve down to 160 K within approximately 4 min. This sample was
the HOBI/Bg ratio the distillation was often conducted at a slow subsequently annealed at 240 K during 20 min at a background
pace for 2 or 3 h. Brextraction using CGlwas carried out as pressure of several hundred Torr of. N0 avoid the inclusion
well in order to purify the final product. Yet, the frozen HOBr of air bubbles in the crystal, the liquid ;B sample was
solution has to be melted and kept at 273 K prior to its use for previously degassed by freezeump—thaw cycles in a separate
the experiment. Therefore, the level of,Brontamination is high vacuum line. The second, referred to as single-crystal ice
significant, presumably because of thermal decomposition during (SC), has been obtained by freezing degassed deionizé&d H
synthesis and purification of HOBr. The thermal instability at a very slow rate on the order of 1/3 K/min in order to avoid
coupled to the high partial pressure oftHprompted us to look  the build-up of stress during crystal growth. We assume that
for an alternative HOBr source. this type of ice sample is characterized by very low surface
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defect densities such as dislocations or cracks following N
literature reports. Another type of sample (C) has been obtained (@
by condensation of water from the vapor phase by admitting a
flow Fipoo into the Knudsen reactor and exposing it to the
sample dish at the temperature of interest, namely 140 to 180
K. Exposure of this water flow to the cold copper substrate of
the sample holder for a given time resulted in the deposition of
a thick ice film equivalent to a few thousand monolayers
depending on the amount of vapor condensed. The texture of
the deposit may be porous, depending on the choice of the
deposition temperature anB,0.3* In addition, for ices
condensed at 180 K the degree of crystallinity is known to 0—
depend on the deposition rafeDuring the kinetic measure- 00 0'2 0'4 Ay 0'8 1'0 1'2
ments, every ice sample has been kept at equilibrium under ' ' © Time[s] A A '
steady-state conditions by setting an additional constant external

H,O flow so as to balance evaporation, condensation and
effusion rates on ice, thus resulting in no neCHuptake.

MS-Signal [arb. units]

Results and Discussion

Pulsed-valve and steady-state experiments have been per-
formed on different types of ice using both available sources
of HOBr discussed above. To characterize the process of
adsorption, we have investigated the dependence of the uptake
kinetics on various parameters such as the temperature, the
HOBr flow, the mode of formation of the ice samples, and the
contamination of the surface by molecules of atmospheric (b)
interest that possess high affinity for ice (HCI, HBr and H{)\O | . . . .

HOBr on Ice. We have performed both pulsed valve and 0 %0 T'IOO 150 200
continuous flow experiments in which we have exposed a given _ ) e s ) ]
amount of HOBF to a virgin ice sample. The injected pulse of Figure 1. Typical pulsed valve (a) and continuous flow (b) experiments
HOBr ranged from 18 to 10 molecules per pulse, corre- perfor_med at 200 K on a bulk |c_e_sample (B). For the pulsed valve

. . experiment displayed in (&), the injected dose corresponds to a pulse
sponding to a coverage on the ice sample from 10% to severalpf 1015 molecules. In (b) HOB is let into the reactorfitos: = 6 x
formal monolayers, one monolayer corresponding to 50 10" molecule s* and monitored at 98 amu. The sample compartment
molecule cm? when we assume a HOBr cross section of 20 is opened at = 40 s and closed at= 95 s. Two additional uptake
A2 according to known van der Waals radii. Steady-state experiments on the same ice sample have been subsequently re-
experiments were conducted using the 14 mm escape apertur&orded.
at flow ratesF',op; leading to HOBr partial pressures in the
range 10%to 5 x 1074 Torr using relation (5) to calculate the
partial pressure of HOBTr:

MS Signal |arb. units]

of HOBr at 6 x 10" molecule s monitored atm/e 98,
corresponding to a partial pressure of 1.9510' molecule
cm~3. We first observed an initial high rate of uptake of HOBr
i leading to a low level MS signal (“spike”) &at= 40 s, followed
Proer = (Froedkesc V) RT (5) by a second higher steady-state lev&ldeginning at = 60 s,
which corresponds to a lower net uptake rate characterized by
Figure 1 shows a typical pulsed valve (a) and steady state oryss In the example displayed in Figure 1(b), the initial uptake
continuous flow (b) experiment performed both at 200 K on a rate constant and uptake coefficient were measurég=as3.07
bulk ice sample. In both experiments, we clearly observed the st andyo =5 x 1072, respectively, whereas the corresponding
formation of a steady-state level sometime after the start of the values at steady state wekg= 2.16 st andyss= 3.5 x 1072,
uptake as shown by the quantitative results discussed below.respectively. The steady-state rate of uptake is interpreted as a
The interaction of HOBr with waterice is strong, in contrast  partial saturation process, which points toward a complex uptake
to HOCI, which has a very weak interaction with #&Strong” mechanism involving evaporation of HOBr under steady-state
and “weak” refer to the quantity of HOBr and HOCI, respec- conditions that counteracts the HOBr adsorption on ice resulting
tively, which are retained by the ice. As displayed in Figure in a net rate of uptake. The continued exposure of ice to HOBr
1(a), a quasi-steady-state level of the MS signal is maintainedin repetitive uptake experiments using the same ice substrate
after the initial fast exponential drop once the bulk ice sample led to the same partial pressure of HOBr under steady-state
has been exposed to a pulse ot3OBr molecules. The MS  conditions as shown in Figure 1(b) at times exceeding 60 s.
signal remains approximately constant for 0.3 s and finally Therefore, the high initial valuegy can only be obtained for
decreases to its initial background level after a few seconds.the first HOBr exposure of a fresh ice sample.
The duration of the steady state level is proportional to the In all cases, the interaction seems to be limited to physical
injected dose, whereas its amplitude is controlled by the balanceadsorption of HOBTr, as no reaction product, such a®Bcould
between the rate of HOBr adsorption, evaporation and effusion, be detected in the aftermath of the HOBr/ice interaction that is
and only depends on temperature. The behavior of the transientalso in agreement with the results obtained by Chu and®€hu.
signal is very similar to the one encountered for HCHland Only in a few cases was a small rate of production of@Br
D,80/D,1%0 ice?s recorded at its molecular iom/e 176, observed. It may be
Figure 1(b) displays a typical continuous-flow experiment possible that in those cases,;Brmay have been formed on
where fresh bulk ice (B) at 200 K is exposed to a constant flow some internal surface of the Knudsen cell and not on the surface
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Figure 2. Initial uptake coefficient/o of HOBr on a bulk ice sample
(B) as a function of temperature for pulsed valve (triangles) and
continuous flow experiments (circles) in the range 175 to 205 K.

of the ice sample. However, even if B was generated on the 0.01
ice surface, the amount observed did not enable us to close the
bromine mass balance. It is interesting to note in passing that 4.8 5 5.2 5.4 5.6 5.8

in other instances BO present as an impurity in the HOBr 1000/Temperature [K']

source, was observed to adsorb on the ice surface at IOWFigure 3. Initial uptake coefficient/, of HOBr on single crystal (SC)

temperlature'l( = 199 K). o . (open circles), vapor-condensed (C) (open triangles) and bulk (B) ice
In this study, we interpreted the initial uptake leading to the (filled circles) measured in steady-state experiments in the temperature
low level MS Signal of HOBr as a kinetic process corresponding range 180 to 205 K.

to the initial uptake coefficiengg for the HOBTr/ice heteroge- N o

neous interaction. In contrast to what has been observed forLAo%'-rEm%: rlmttilgl ?/\r/]i(tjhsge?d)\,/-vSttatreluptf?kr?’] %Oenfgi'ﬁ'ems for
the interaction of HOCI on ice, HOBr obviously strongly g5 Expeefilr%engts ure Water fce from tontinuous
interacts with the surface of ice. In the particular example of

the experiment displayed in Figure 1(y) at 200 K has been ~ _TIKI__Fosr[mols™  yo Vss type of ice
found to be roughly an order of magnitude larger than 185 1.5x 10t 033 02 B
obtained at the same temperature for HOgGl€ 0.01) where 190 3x10° 016 009 B
both experiments have been performed in the same Knudsen 288 4'i’§ iglle 8'831 g,ggg E
flow reactor3® In addition, the quantity of HOCI taken up  51g 2 1% 104 0019 0015 B
corresponds to a fraction of a monolayer coverage on ice in 210 1.5x 106 0.02 0.014 B
contrast to the unlimited amounts of HOBr taken up on ice akin 180 1.8x 10 0.41 sC
to HCI8 185 2x 10% 0.31 SC
In both types of experiments, continuous flow and pulsed, égg 325§ 1811: 8'33 gg
we have measured the initial uptake coefficiepgsof HOBr 175 4x 10 0.37 c
on ice as a function of the sample temperature. As is shown in 180 4% 1015 031 C
Figure 2, all of the experiments performed on ice samples reveal 185 2.5x 10 0.26 C
a pronounced negative temperature dependenceo.ofAn 190 3.1x 10 0.24 c
Arrhenius plot of the initial uptake coefficient in the temperature igg 5'§X ig: 8'27 ga
range from 175 to 205 K results in a negative activation energy ;g5 3.2§ 1015 0.32 B
of 9.7+ 1.0 kcal/mol. The values gf; obtained in continuous- 190 2 5% 1015 0.19 B
flow experiments on a fresh ice sample are in agreement with 195 9x 101 0.086 B
those obtained in pulsed-valve experiments within experimental 198 4x 10 0.05 B
uncertainty. We, therefore, conclude that both pulsed valve and 200 3x10° 004 B
steao_ly-state experiment_s r_e_sult in identical valuesy(p_fln igg S:éi 18114 8:33 E doped with HNOS
addition, there was no significant effect of the type of ice (B, 195 2 1% 10% 01 B doped with HNO3
C, or SC) on the value aofy as displayed in Figure 3 and Table 200 Ox 104 0.05 B doped with HNO3

2. This independence ¢f; on the type of ice is in agreement
with the fact that the interaction is strong, which therefore leads
to the possibility that it significantly modifies the surface
properties of the ice sample resulting from the interaction. This leads to the conclusion that the kinetic results are independent
strong interaction will even out minor differences of the of the type of source used. This also goes to show that the HOBr
particular structural features of the substrates, as far as the uptakeptake is independent of the partial pressure gdHbecause
kinetics are concerned and is in stark contrast to the adsorptiony, is the same both for the “dry” (microwave discharge) as well
of D,'80 vapor on R0 ice where the interaction cannot lead as the “wet” (batch) source.

to surface modificatioR® All experiments have been performed These observations seemed to disagree at first with the
using both sources of HOBr. Figure 4 shows the initial uptake measurements ofy previously performed by Abbaftbecause
coefficienty obtained on bulk (B) ice using both sources, which it appeared that higy values were significantly lower than the

aResult obtained using the “dry” (microwave discharge) HOBr
source.
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experiments of HOBr interacting with bulk (B) ice as a function of

HOBr adsorption on bulk ice (B) at 200 K from steady-state measure-

temperature. HOBr has been prepared using the batch mode (filled ments.

squares) and microwave discharge-basedsitu generation (open
squares).
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Figure 5. Comparison of the initial uptake coefficieps of HOBr on
water ice as a function of temperature: AbBatopen square at 228

K, vapor-condensed (C) ice), Chu and &hx, vapor-condensed (C)
ice) and present work (pulsed valve experiment: open triangles,
continuous flow experiment: filled circles, both series on bulk (B) ice).
The straight dashed line corresponds to an activation ener&y of
—9.7 £ 1.0 kcal/mol.

been obtained at 200 K for a condensed ice sample (C) in steady-
state experiments, and are displayed in Figure 6 where the
measured flow rate of HOBr has been varied over 2 orders of
magnitude. The lower limit is given by the sensitivity of the
mass spectrometer for HOBr, the upper limit was imposed by
the Knudsen conditions for maintaining the molecular flow
regime. No concentration dependence/ghas been observed

at this temperature. All of the results presented above reveal an
apparent first-order rate law for the uptake of HOBr on ice
although the pronounced negative temperature dependence of
yo displayed in Figure 5 points toward the existence of an
intermediate.

At sufficiently large injected doses or flows of HOBr, we
have consistently observed a partial saturation of the initial
uptake coefficienyg leading to a steady-state level with a lower
rate of uptake given byss such as displayed in Figure 1(b) at
t =60 s. The formation of this steady state rate of uptake shows
that an ice surface that has been exposed to HOBr is able to
sustain a vapor pressure of HOBr, even after the source is shut
off, as long as there is a sufficient quantity of adsorbed HOBr
on the ice substrate able to support a vapor pressure for a
sufficiently long time so it can be measured. The partial pressure
of HOBr at equilibrium, Rog, is calculated using results from
either transient pulsed-valve or continuous flow experiments.
Puosr may be calculated using eq 6, which uses data from
individual pulsed valve or continuous flow experimefits:

Phosr = F1+ KeiiKesd (RTKeg V)

whereFssis the measured steady-state flow rate of HOBr under

(6)

ones obtained in this work. In fact, Abbatt has performed his steady-state conditions or in the aftermath of a pulse (see Figure
measurements at higher temperature (228 K) for which the 1(a) or 1(b)), andks is the corresponding measured rate constant

values ofy are low, on the order of 2.& 103 However, if

for adsorption of HOBr on a fresh ice substrate (see Table 1

one takes into account the pronounced negative temperaturefor the definition of the remaining symbols). We have used the

dependence of resulting from this work, one notes the
excellent agreement between the data of Ab¥a@hu and

experimental HOBr MS signals obtained under steady-state
conditions and have calculat&ogr according to eq 6, which

Chu?® and the present work shown in Figure 5. However, we strongly depends on the initial pressure of HOBr defined as
must point out the unusual magnitude of the negative activation P'lhop; = Fihos/Vkesc@S shown in Figure P'yop, is the partial
energy for an adsorption process whose mechanism togethepressure of HOBr at the given flo®og, of HOBr into the
with chemical kinetic modeling will be discussed in a forthcom- flow reactor in the absence of an ice sample. A constant
ing publication3® equilibrium vapor pressurByogr corresponding to a limiting
Additional experiments have been performed with the goal high value ofFss is obtained at sufficiently high values Bfiogr
to investigate the flow rate dependence yaf in order to and thus ofF'yogr as shown in Figure 7. ARy, in excess of
determine the rate law of HOBr adsorption on ice. Results have 10~ Torr the values oPyop; become independent &opg;.
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Figure 7. Calculated equilibrium partial pressure of HOBX,og;, in

the temperature range 18210 K above bulk ice (B). The equilibrium
vapor pressure is the limiting value represented by horizontal arrows
obtained beyond a sufficiently high initial partial pressure of HOBr
into the reactor defined a&yopr = Fhosd(Kesc V) > 1074 Torr.

At that point,Pyosr may be regarded as the equilibrium vapor
pressure of HOBr over ice corresponding to evaporation of

Chaix et al.

using the Arrhenius representation of both the adsorption rate
constantkags (= kef) and the rate of desorptioRyes Over the
narrow temperature range 18310 K. The evaporation rate of
HOBr is given by eq 7:

Ries™ (Prosr Ker/RT) With T = 300 K (7)

The result isEj(des)= 0.8 + 0.2 kcal/mol andEy(ads)=
—9.7 & 1.0 kcal/mol resulting ilMH% = E (ads)— Ex(des)=
—10.5+ 1.0 kcal/mol, which is identical to the enthalpy change
obtained from the Van't Hoff plot of the equilibrium vapor
pressuréPyogr Within the experimental uncertainty. The exist-
ence of a HOBr vapor pressure over ice modifies the reaction
mechanism proposed by Chu and &hin the sense that the
interaction now becomes fully reversible. Once again it has to
be pointed out that essentially the whole exothermicity of the
interaction of HOBr with ice is contained in the adsorption
process instead of the desorption rate as is usually the case.
The interpretation revolves around an intermediate whose
rearrangement into the final (bulk) state is entropically con-
trolled 38

Upon heating the substrate following its exposure to a flow

HOBr from an aqueous solution located at the interface between st HopBr, the steady state vapor pressure is observed to increase

the gas phase and the ice.
The establishment of a partial pressure of HOBr over ice is

up to the point at which the supply of condensed phase HOBr
starts to vanish. During these experiments, a significant fraction

very similar to what has been observed for the HCl/ice substrate ¢ the HOBr taken up on the ice could be recovered in the gas
where the same phenomenon has been observed in both steadyase when the source of HOBr was only marginally contami-

state and pulsed valve experimeftsThe results have been

nated by Bs. The mass balance could thus be closed because

interpreted in terms of a mechanism involving the adsorption nq hroduct accounting for the missing HOBr had been observed.
and subsequent ionization of HCI at the interface, HCl desorp- the closed mass balance, the existence of an equilibrium vapor

tion, arlld a partiall_ Iofss othCI into t?ehbulk by diffusion, which  yressure, and the independencebn the type of ice sample
may also be valid for the case of the HOBr/ice system. As )| hoint to the existence of a saturated layer atop the ice or a

expected, the HOBr equilibrium vapor pressure over ice is |iquid overlayer. It is important to note that under identical
strongly affected by temperature as shown in Figure 7. The gxperimental conditions, HOCI does not significantly interact
temperature dependence Bfiosr over ice as well as itS  \yith jce nor does it support a vapor pressure ovePiehereas
independence Oif'opr beyond a threshold pressure whose the strong interaction of HOBr with ice may enhance the
upper limit seems to be 10 Torr (Figure 7) leads us to the  eficiency of bimolecular heterogeneous reactions such as HOBr
interpretation that a liquid HOBr/#D mixture atop the surface | yc| and HOBr+ HBr under atmospheric conditions by
of the ice sample is supporting the equilibrium vapor pressure following a Langmuir-Hinshelwood rather than an EleRideal
Prosr. ) ) . ) ) mechanism. In the case of HOBr, the heterogeneous reaction
_ In this case, HOBr may either be electrolytically dissociated yith Hx may in fact occur exclusively in the condensed phase
in the liquid film located on top of the ice sample depending a5 a himolecular reaction between two solvated species.

on pH akin to the interaction in the HCl/ice syst€ror it may HOBr on HNO3-Doped Ice. Together with HN@, HOBr

form stable hydrates, or both. This latter possibility is preferred g ine primary product resulting from the heterogeneous reaction
in cases where HOBr interacts with ice that is contaminated (R-2) of BrONG, on ice:

with traces of a strong acid such as HN@ H,SO, because
the low pH prevents HOBr from dissociating in view of its high
pK value. The present experiments are unable to provide proof
for either aSSUmption on the final state of adsorbed HOBr, but During this reaction’ HN@ is Continuous|y formed and
they present compelling evidence of a kinetic intermediate in retained on the surface of the ice. For this reason, and in order
the preCUrsor'mediated adsorption of HOBr on ice. A detailed to describe the primary process of BrONmeraction with ice’
chemical-kinetic mechanism of the interaction gfHHCI, and it is important to study the kinetic behavior of HOBr on HNO
HOBr with ice will be published elsewhe?&. doped ice. To examine the influence of HjEn the uptake of

A Van't Hoff plot in the range from 185 to 210 K d®hoer HOBr on ice substrates, we have performed HOBr uptake
whose values are displayed in Figure 7 Ryiosr >10~* Torr experiments on HN@doped ice samples. The levels of doping
leads to an enthalpy changé{’ = —9.4+ 1.0 kcal/mol. We  correspond to an amount of HN®etween 0.1 and 3 formal
interpret thisAHY, value as the enthalpy of evaporation of HOBr monolayers, where & 10 molecules cm? form one mono-
dissolved in an aqueous layer located on top of the ice interface|ayer. Pulsed-valve and continuous flow experiments have been
region. As a consistency check, we have established theperformed on ice using both available HOBr sources as
temperature dependence of the individual rate processes describpresented above, which resulted in identical values of the uptake
ing the adsorption/desorption of HOBr on ice, namely coefficient within experimental uncertainty. The results are
displayed in Figure 8, which shows that thevalues for the
interaction of HOBr on HN@doped ice seem to be larger in
comparison with the ones obtained on pure ice. However, we
conclude that there is no significant influence of adsorbed EINO

BrONO, + H,0 — HNO, + HOBr (R-2)

HOBr (g) + H,0 (B)% H* + Bro~,
HOBr.nH,0 or HO'BrO ™ .nH,0 (R-6)
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1 E R B a— R the role of the condensed phase HX in its reaction with HOBr.
[ : Fluckiger et al. have shown that two different levels of HCI
- ] doping correspond to different domains in the ice/HCI phase
. diagram, namely the quasi-liquid and the solution (liquid) region
o i at low and high HCI flow rates, respectively Subsequently,
= two typical doping levels of HX were consistently used: one
01 © . corresponding to a doping level of less than a monolayer leading
1 to a quasi-liquid state for HCI, and the other leading to the
- adsorption of a large amount of HX (up to 10 monolayers)
. ] forming an aqueous solution of HCI on top of the ice substrate.

In the case of both HCI and HBr, the interaction between
HOBr and the HX-doped ice substrate leads to rapid formation
0.0 a1 ; ‘ ‘ ‘ of BrX. Its release in the gas phase is immediate and its rate of
176 180 185 190 195 200 205 210 formation remains constant until the amount of HX available
Temperature [K] on the surface is essentially consumed, which may be the case
Figure 8. Initial uptake coefficientro of HOBr measured on bulk (8) ~ [OF consecutive flow experiments. The HOBr signal then
ice (filled squares) and on a HN@oped ice sample (open diamonds) gradually increases toward a Steady state value SImIIarIy to what
as a function of temperature. was observed on pure ice surfaces indicating a slower rate of
uptake. Eventually, once all the HX has reacted the HOBr partial
on the HOBr uptake coefficient within the limits stated above pressur@HOBr reaches the equi"brium vapor pressure measured
and that the values are therefore identical to the ones obtainedat steady-state conditions over pure ice at the same temperature.
for pure ice substrates. In additioR,osr was independent of In the early stage of its exposure to HX-doped ice, HOBr
the HNQ doping levels within the stated limits, which means mainly reacts with HX. At low HX-doping level or if the supply
that dissolved HOBr and HN¢both support a vapor pressure o Hx after prolonged reaction starts to wane, the nonreactive

independent of each other's presence within the concentration,gsorption of HOBr on the ice sample becomes dominant. This
limits and temperatures used of this study. occurs independently of the type of ice used and indicates that
HOBr On Ice/HCI and Ice/HBr. In the presence of HX gt of the adsorbed HX is concentrated in the interface region

(HCI, HBr) adsorbed on the ice surface, HOBr may undergo i, agreement with the fact that the HCI diffusion rate into bulk
two different competing reactions leading to its disappearance jse takes place on a longer time scle.

from the gas phase: first, the mere condensation on the ice
surface discussed above, and second, the halogen exchan%
reaction (R-7):

Initial Uptake Coefficient

1
L
|
|

In the frame of simultaneous-flow experiments, discrepancies
ere observed in the behavior of the HOBr signal depending
on whether the ice was doped with HCI or with HBr. The HCI-
doped ice sustains a vapor pressure of HOBr even after the
HOBr+ HX — BrX + H,O R-7
2 (R-7) HOBTr source has been shut off, which is not the case for the

Both pulsed-valve and continuous flow experiments were HBr-doped ice, for which the signal of HOBr instantly reverts

performed on different types of HX-doped ice samples, using to zerg once the .HOBr sourf:e '? shut off. .
both sources of HOBr. We adopted two standard protocols to We mterpret this observation in _the sense that in the case of
dope the ice samples using an external flow of HX, namely a HBr-_doped ice the adsorbed HOBr instantly reacts_wnh adsorbed
consecutive and a simultaneous flow technique. The consecutive™Br in the condensed phase such that no reservoir of condensed
method proceeded in two steps: the ice surface was first exposed“hase HOBr would immediately be available to establish a vapor
to a known external flow of HX in order to enable the Pressure once the HBr source has been turned off. In contrast,
determination of the total dose deposited on the ice substrate the condensed phase reaction of HOBr and HCl is slow enough
Then, once the HX flow had been halted, the HOBr was t© allow for the accumulation of condensed phase HOBr in
subsequently introduced into the reactor. Typical flow rates of Sufficient quantities able to maintain a vapor pressure once the
HX used to dope the surface of ice ranged from*10 10t flow of HQBr is turned off. In both cases, tht_e HOBr signal
molecule s! leading to the deposition of 0.5 to 10 formal gradually increases to a steady state valu.e_ similar to t_he one
monolayers of HX onto ice depending on the deposition time. observed on pure ice surfaces under conditions of waning HX
In the simultaneous exposure technique, measured flows ofSUPPly at the interface.
HOBr and HX were admitted into the reactor and allowed to ~ However, both types of experiments, that is sequential and
interact with the ice substrate in each other's presence. Theconsecutive exposure of HOBr, resulted in the same kinetic
experimental results showed that no significant difference in results on the rate of uptake of HOBr. The uptake coefficients
the kinetics was observed between the two experimental are summarized in Table 3, Figures 9 and 10. By simultaneously
protocols. In both cases, HOBr was readily taken up by the measuring the rate of formation of BrCl and the disappearance
doped ice surface, which was kept at equilibrium by setting of HOBr, we are able to close the mass balance for HOBr
additional, external kD and HX flows to prevent any net interacting with HCI-doped ice at excess HCI. As long as the
evaporation of HO or HX thereby resulting in a constant reaction with HCI remains dominant and follows reaction (R-
composition of the interface as far as bothCHand HX are 7), the number of molecules of HOBr lost on the ice surface is
concerned. Because neither BrCl nop Bignificantly interact ~ equivalent to the number of BrCl molecules produced. If the
with water ice in the temperature range of interest, poisoning HOBr uptake experiment continues after HCI has been totally
of the ice surface was not expected to occur when reacting HOBrconsumed the disappearance of HOBr is not accompanied by
with HCI. Large amounts of adsorbed HBr, however, may well the appearance of a product any more.
form stable trihalide complexes at the ice interféte. For the reaction of HOBr with HBr, the mass balance could
Various levels of HX-doping were used with flows ranging not be closed. This may have two reasons: (a) HBr may form
from 10" (low) to 10 (high) molecule st in order to assess  stable hydrates on ice that are kinetically stable with respect to
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TABLE 3: Initial Uptake Coefficients for the Reaction 17
HOBr + HX (X = ClI, Br) on Water Ice at Various [
Temperatures N
T - Q N
[K] Yo type of ice = Q% <><9<>\§ )
. . . c
195 0.38 B-type ice with simultaneous flow of HCI 2 C
200 0.15 B-type ice with simultaneous flow of HCI = 5
205 0.08 B-type ice with simultaneous flow of HCI 3 i A ‘Q .
210 0.11 B-type ice with simultaneous flow of HCI © A e N,
215 0.08 B-type ice with simultaneous flow of HCI e 01p ] A N oA E
180 0.44 B-type ice with simultaneous flow of HBr 2 N N |
185 0.39 B-type ice with simultaneous flow of HBr =] = N
190 0.36 B-type ice with simultaneous flow of HBr = B 1
195 0.33 B-type ice with simultaneous flow of HBr = 3
200 0.23 B-type ice with simultaneous flow of HBr -
205 0.17 B-type ice with simultaneous flow of HBr
180 0.4 C-type ice doped with HCI
190 0.35 C-type ice doped with HCI 0.01 ! I
200 0.11 C-type ice doped with HCI
210 0.14 C-type ice doped with HCI 170 180 190 200 210 220
185 0.4 C-type ice doped with HBr Temperature [K]
190 0.38 C-type ice doped with HBr Figure 10. Summary of the measurements of the initial uptake
195 0.28 C-type ice doped with HBr coefficientyo of HOBr measured in continuous flow experiments as a
200 0.18 C-type ice doped with HBr function of temperature: bulk (B) ice (open triangle, crossed squares);
205 0.15 C-type ice doped with HBr

B-type ice with concurrent flow of HCI (full circles, full triangles);
consecutive flow method: C-type ice doped with HCI (full squares);
1L : - B-type ice with concurrent flow of HBr (open diamonds); C-type ice
r 3 with concurrent flow of HBr (open circle). The straight line corresponds

: to an activation energy &, = —6.6+ 2.0 kcal/mol in the temperature
N . range from 195 to 215 K.

4 ] as was the case for HO&the presence of HCI on the fresh
ice sample enhances the rate of uptake of HOBr by ap-
4 proximately a factor of 10 at 205 K in agreement with the results
] obtained by Chu and CH4.

Atmospheric Significance. The importance of HOBr in
- ] heterogeneous chemistry is significant, because the hydrolysis
| of BrONG; allows HOBr to become the most important form
of nighttime bromine in the stratosphere. In addition, HOBr is
a major bromine reservoir in cases of low Néncentrations
in the atmosphere and is capable of carrying on chlorine
activation through heterogeneous reactions. Thus, the strong
interaction of HOBr with the ice interface could lead to an
Figure 9. Initial uptake coefficienyo of HOBr measured on bulk (B) increase in the concentration of halogenated radical species such
ice (crosses) and HCl-doped ice (both simultaneous and sequentialgg Br, Cl, and BrO in the absence of N@s a result of the
exposure, open triangles) as a function of temperature in comparisonpeterogeneous reaction of adsorbed HX on the surface leading
with results of Chu and CR(vapor-condensed (C) ice, filled triangles). to BrX and ultimately to atomic halogens. The interaction of
HOBr on ice particles enhances the conversion of a stable

reaction with HOBI? or (b) the reaction product Bresulting ~ "eservoir of chlorine and bromine (HCI and HBr) into a
from reaction (R-7) forms a stable trihalide complex with HBr Photolabile active form such as BrCl and;Brhe result of this
of the type HO™Brs™, thus preventing the detection of £ study shows that the reaction of HOBr with HX increases the
Other reactions where the bromine mass balance could not beconversion of HX into an active form of molecular halogen
closed as well include the reactions of®¢ + HBrand HONO ~ under all conditions attained in this study.
+ HBr on ice in the temperature range from 180 to 2162

As shown in Figure 10, the doping conditions (consecutive
or simultaneous) do not significantly affect the initial uptake Pulsed valve and continuous flow experiments have been used
coefficientsyq of HOBr in the presence of both HCl and HBr.  to measure the interaction of HOBr on different types of ice
These values are consistently higher than the ones obtained orsamples (B-, C-, and SC-type), at temperatures in the range
pure ice under similar conditions &t> 195 K. They, values 170-220 K. In all casesyo values obtained in steady-state
are indistinguishable from the pure ice caseTor 195 K and experiments are in agreement with those obtained in pulsed
are independent of the type of ice used for the experiment overvalve experiments within experimental uncertainty. The initial
the whole temperature range from 180 to 215 K. As was the uptake coefficienyo was observed to decrease with temperature
case for pure ice the initial uptake coefficiepy for the and varied between 0.4 and 0.03 independently of the type of
bimolecular reaction HOB# HX is also independent of the ice sample and of HOBr source (batchiorsitu microwave-
flow rate of HOBr, that is the partial pressure of HOBr, and powered). This decrease gf with increasing ice temperature
therefore follows an apparent first-order rate law. A negative is consistent with the establishment of an equilibrium vapor
temperature dependence xf for both reactions is observed pressure of HOBr above ice, which is constant beyond a
with an activation energ¥, = — 6.6 = 2.0 kcal/mol that is threshold partial pressure. The decreaseyotoward lower
less pronounced than for the uptake of HOBr on water ice. Thus, steady-state valuesss results from the evaporation of HOBr,

0.1

+ o+
>

Initial Uptake Coefficient

0.01 L !
185 190 195 200 205 210 215 220 225
Temperature [K]

Conclusion
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which counteracts the adsorption and therefore apparently leadgprofessor H. van den Bergh for his enduring support as well as
to partial saturation of the HOBr uptake. This interaction is a his lively interest.
nonreactive adsorption as no reaction product has been detected.
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