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1. Introduction

The chemistry of the troposphere entails a complex
combination of gaseous, aqueous, and surface pro-
cesses involving a wide variety of compounds, both
organic and inorganic.® About three decades ago, it
was suggested that gas-phase chlorine and bromine
atoms could be generated from chloride and bromide
ions in sea salt and play a role in tropospheric
chemistry, particularly of the marine boundary layer.?3
Since that time, increasing evidence has been gener-
ated from laboratory, field, and modeling studies re-
garding the importance of sea-salt-generated halogen
atoms in the chemistry of the lower atmosphere.4~1°
This chemistry is most interesting both from an
atmospheric chemistry perspective and from a mo-
lecular-level view; the latter is particularly the case
due to the recent recognition of unique reactions at

* Phone: (949) 824-7670. Fax: (949) 824-3168. E-mail: bjfinlay@
uci.edu.

10.1021/cr020653t CCC: $44.00

Received June 11, 2003

B. J. Finlayson-Pitts was born and raised in Ottawa, Canada. She
completed her B.Sc. (Hons.) at Trent University in Peterborough, Canada,
in 1970, and her Ph.D. at the University of California, Riverside, with
Professor James N. Pitts, Jr., in 1973. After one year of postdoctoral
research at UC Riverside, she joined the faculty in the Department of
Chemistry at California State University, Fullerton, in 1974. In 1994, she
became Professor of Chemistry at the University of California, Irvine, where
she is currently located. Her research interests are elucidating the kinetics
and mechanisms of reactions of atmospheric interest, particularly those
of sea salt and oxides of nitrogen on surfaces.

the interfaces with air of solid NaCl and NaBr, as
well as of aqueous salt solutions.

As illustrated in sections 3 and 4 below, inorganic
halogen chemistry is closely intertwined with the
complex chemical cycles that form and remove ozone
from the troposphere. As a result, a review of the
atmospheric chemistry of organics (often designated
VOCs = volatile organic compounds) and oxides of
nitrogen (NOy) that lead to ozone formation is first
presented in order to provide the context in which
tropospheric halogen chemistry should be considered.
We then summarize the role that gas-phase chlorine
and bromine atoms play in the VOC—NOy cycles and
present some of the evidence from field studies for
the contributions of Cl,, Br,, and BrCl as well as BrO
to tropospheric chemistry. We focus the remainder
of the article on the molecular-level mechanisms for
reactions of solid salts of NaCl and NaBr, with
emphasis on the role of adsorbed water, as well as
on evidence for unique reactions of chloride and
bromide ions at the air—water interface. To place
these in context, we also summarize aqueous-phase
chemistry that can occur in the bulk of deliquesced
NaCl, NaBr, and sea salt particles.

We do not treat tropospheric iodine in this article.
Although 1~ is also present in seawater, the concen-
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trations are much smaller than those of bromine and
chlorine (molar ratio of I~ to Cl~ in seawater is ~1:
108). The major iodine source in the troposphere is
actually the photolysis of organoiodine compounds
such as CHgzl and CH:l,, and this is discussed in
detail in the article in this issue by Carpenter. The
reader is referred to this and several other recent
articles®®!” for treatments of tropospheric iodine
chemistry.

2. Tropospheric Chemistry of Oxides of Nitrogen
and Organic Compounds

The tropospheric chemistry of VOCs and oxides of
nitrogen and sulfur is well known to be driven by a
few key oxidants, especially Oz, OH, and NOz.! Chain
reactions that oxidize organics and oxides of nitrogen
and sulfur, as well as species such as CO, in air have
been studied for more than five decades. Although
the driving force initially was understanding the
formation of photochemical air pollution, it has
become clear that the same chemistry occurs in the
remote troposphere, albeit with different relative
importances of some processes. Ozone formation was
identified in the earliest studies,?~?? and it was
measured spectroscopically in 1957 as a major air
pollutant in the Los Angeles area using long-path
FTIR.22 Ozone is present at measurable levels during
both the day and night and contributes to the
oxidation of alkenes and some inorganics such as NO,
(see below).

In the 1960s, it became clear that in addition to
O3, there must be some other highly reactive oxidiz-
ing species present in air that initiates organic
oxidations starting at dawn. The hypothesis®*~?7 that
the hydroxyl radical (OH) was the missing oxidant
led to a large number of studies of the kinetics and
mechanisms of oxidation of organics and inorganics
by OH. Although OH can be generated at night via
free radical reactions initiated by the decomposition
of peroxyacetyl nitrate®®?® and by ozone—alkene
reactions,®*3! its major sources are photolytic in
nature, and hence its contributions to tropospheric
chemistry peak during the day.

The hydroxyl radical oxidizes organics, forming
alkyl peroxy (RO,) or hydroperoxy (HO,) radicals that
convert NO to NO; in a cycle shown in Figure 1:

OH + R,CH,R, — H,0 + R,C'(H)R, (1)
R,C'(H)R, + O, — R,C(H)(OO"R, 2
R,C(H)(OO")R, + NO — R;C(H)(O")R, + NO, (3)
Nitrogen dioxide formed in reaction (3) photolyzes,
generating ground-state oxygen atoms, O(®P), which

then react with O, to form ozone:
NO, + hv (1 < 420 nm) — NO + OC’P) (4)

3 M

OCP)+0O,—0O;+M (5)

(ks = 1.5 x 10~ cm® molecule ' s71)*
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Figure 1. Schematic of VOC—NOy chemistry in the
troposphere.

(The M over the arrow represents a third body,
usually N, or O3 in air, that is required to stabilize
the excited adduct formed as an intermediate in
termolecular reactions. All rate constants for gas-
phase reactions are given for 1 atm pressure and 298
K unless otherwise stated.) It is important to note
that the photolysis of NO; is the sole known source
of anthropogenic Oz in the troposphere. Small amounts
of tropospheric O3 are also present due to strato-
spheric injection and VOC—NOy chemistry from
emissions of biogenic organics and small amounts of
naturally occurring NOy. These are responsible for
only ~10 ppb Oz (ppb = parts per billion (10°) by
volume or by molecules or moles) measured before
the industrial revolution.®*—3° This can be compared
to the present-day global concentrations of ozone of
~30—40 ppb. The global increase in Oz has been
attributed to the increase in anthropogenic NO
emissions from fossil fuel combustion.3

About a decade after the recognition of the key role
of OH, the importance of nighttime chemistry became
evident.?°=42 The nitrate radical (NO3) drives this
nighttime chemistry and is formed from the reaction
of O3 with NO:

0, + NO, — NO, + O, ©)
(ks =3.2 x 107" cm® molecule * s 1)*

The nitrate radical photolyzes in the visible region,
resulting in a rapid decrease in its concentration at
dawn. (Wavelengths >290 nm, the so-called “actinic
region”, are available for photolysis in the tropo-
sphere.)

In summary, it is now known that tropospheric
chemistry is largely driven by OH during the day,
NO; at night, and O3 both day and night.

3. Role of Gas-Phase Halogens in Tropospheric
Chemistry

In 1974, Schroeder and Urone? reported that NO,
at Torr pressures (1 Torr = 1.3 x 10° ppm at 298 K,
1 atm pressure; ppm = parts per million (108) by
volume) reacted with solid NaCl to generate nitrosyl
chloride (CINO):

2NO, + NaCl — CINO + NaNO, @)

They proposed that because CINO photodissociates
in the visible region, it could be a source of highly
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reactive chlorine atoms in marine areas where NacCl
is the major component of airborne particles gener-
ated by wave action. In the troposphere, there are a
number of different reactions that atomic chlorine
can undergo, in contrast to the case in the strato-
sphere, where the major fate of chlorine atoms is
reaction with ozone. Sea salt also contains bromide
ions, and as discussed later, bromine plays a role in
tropospheric chemistry that is disproportionate com-
pared to its small concentration relative to chloride.
The gas-phase tropospheric reactions of both chlorine
and bromine are discussed in the following section.

3.1. Gas-Phase Chlorine Reactions in the
Troposphere

Chlorine atoms react rapidly with Og3:

Cl+0,—CIO + O, ®)
(kg =1.2 x 10"** cm® molecule * s %)%

However, they are also highly reactive with organics,
with rate constants greater than those for OH,
approaching collision-controlled in many cases.3?43
This leads to the generation of alkyl, and subse-
quently alkylperoxy, radicals in reactions analogous
to (1)—(5) for OH described earlier:

Cl + R,CH,R, — HCI + R,C'(H)R,  (9)
(kg = 107*° cm® molecule ™ s71)*

Ozone is then formed via reactions (2)—(5).

The total concentration of non-methane organic
compounds varies with location, from a few ppb in
remote regions to hundreds of ppb in polluted urban
areas. Ozone concentrations fall approximately in the
same range. Under conditions where the concentra-
tions of VOC and Os are similar, the chlorine—organic
reaction will dominate because of the very fast
kinetics of these reactions. This will lead to ozone
formation, rather than destruction, in the tropo-
sphere. Depending on the structure of the organic,
either HCI will be generated or characteristic chlo-
rinated, oxygen-containing organics will be formed
that can be used as unique “markers” of chlorine
atom chemistry in the marine boundary layer.*~47

Although hydrochloric acid generated from the
reaction of HNO3; with sea salt aerosols does not
photolyze at wavelengths above 290 nm that are
available in the troposphere, it does react slowly with
OH to generate chlorine atoms:

HCI + OH — CI + H,0 (10)

(k;o =8 x 107" cm® molecule ' s~ %)%

At an OH concentration of 5 x 10° radicals cm™2 that
might be typical at mid-day,* the lifetime (z, defined
as the time for HCI to fall to 1/e of its initial
concentration, v = 1/k;0[OH]) of HCI with respect to
this reaction is approximately 3 days. However, HCI
is highly soluble and is rapidly taken up into particles
or undergoes deposition at the earth’s surface. Due
to this rapid removal of HCI, reaction (10) is not a
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major source of chlorine atoms in most regions of the
troposphere.

Under conditions where the concentration of or-
ganics is small, e.g., over the oceans, reaction (8) of
chlorine atoms with O3 dominates, generating CIO.
Chlorine monoxide can further react with HO, and
NO; to form hypochlorous acid and chlorine nitrate,
respectively:

CIO + HO, — HOCI + O, (11)

(k;; = 5.6 x 10 ** cm® molecule * s™1)*

CIO + NO, - CIONO, (12)
(k;, = 2.3 x 10 ** cm® molecule * s71)*

In remote marine regions where CIO can be gener-
ated, NO; levels are small (a few to tens of ppt) and
of the same order as daytime HO, concentrations.
Consequently, during much of the day, both HOCI
and CIONO; will be formed. Similar to CINO formed
in reaction (7), HOCI and CIONO, can be photolyzed
to chlorine atoms, as well as undergo further hetero-
geneous reactions described below to generate pho-
tochemically active halogen gases.

Schroeder and Urone'’s proposal? regarding the
production of atomic chlorine that initiates the
chlorine chemistry did not attract significant atten-
tion in the atmospheric chemistry community, in part
because of the high NO, concentrations used (relative
to the atmosphere). It was possible that the dimer,
N.O4, whose equilibrium concentration varies with
the square of the NO, concentration,

2NO, < N,0, (13)
(K5™ = 2.8 x 107" cm?® molecule %)%

was the actual reactant in their experiments and that
reaction (7) may not be important under atmospheric
conditions. Subsequently, Finlayson-Pitts*® showed
that reaction (7) continued at measurable rates down
to initial concentrations of NO; of 5 ppm. While this
is still an order of magnitude or more above NO,
concentrations found in polluted areas, it suggests
that this chemistry should be at least considered in
marine urban areas where both NO, and NaCl from
sea salt particles are present. Consistent with these
observations are smog chamber studies at 0.3 ppm
NOy, in which evidence for chlorine atom generation
from reactions with NaCl aerosols was obtained by
following the decay of organics in the mixture.*®

3.2. Gas-Phase Bromine Reactions in the
Troposphere

Bromide ions are a minor component of seawater,
and hence of sea salt particles, with a molar ratio of
bromide to chloride of 1:650.%° Despite such a small
contribution to the composition of sea salt particles,
bromine plays a disproportionately large role in
tropospheric sea salt chemistry. The most startling
example is its anticorrelation with the destruction
of surface-level ozone in the Arctic at polar sunrise.5~53
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Since it was first recognized in the mid-1980s, this
phenomenon of surface-level Oz concentrations drop-
ping rapidly at dawn in the spring has been observed
consistently, with O3 levels being very low (a few ppb
or less) for periods of hours to weeks over a large
horizontal and vertical domain.>*~%¢ The anticorre-
lation between bromide in collected particles and O3
in the first observations of this phenomenon sug-
gested that a bromine species was responsible for the
O3 l0ss.5357.58

Several special issues of journals [Tellus 1997, 49B,
450—-601; J. Atmos. Chem. 1999, 34, 1-170; and
Atmos. Environ. 2002, 36, 2467—2797] and a mono-
graph® have been devoted to the study of polar
tropospheric ozone depletion, and the reader is
referred to those for further details.

From years of research on bromine chemistry in
the stratosphere,® it is known that bromine atoms
in the gas phase lead to O3 destruction through a
series of chain reactions such as (14)—(17):

Br+ O, — BrO + O, (14)
(kyy = 1.2 x 10 ** cm® molecule * s ™)
BrO + BrO — Br, + O, (15a)

(Kisa = 0.5 x 10~*? cm® molecule " s™)
—~2Br+o0, (15b)

(Kisp = 2.7 x 107 cm® molecule " s™)
BroO + HO, — HOBr + O, (16)

(ki = 2.1 x 10" cm® molecule " s7)
HOBTr + hy — Br + OH (17)

BrO also absorbs light in the 290—380 range,*? with
an estimated lifetime of ~20 s at a solar zenith angle
of 30° at the surface of the earth.®°

The cross-interactions of chlorine and bromine
species have also been proposed to be important in
the gas phase:'?

CIO + Bro — Br + OCIO (18a)

(Kyg, = 6.0 x 107 cm® molecule ™ s7*)
— Br + ClOO (18b)

(Kygp = 5.5 x 10~ ** cm® molecule " s7*)

— BrCl + O, (18¢)
(Kygo = 1.1 x 107** cm® molecule ' s™)

However, in a study at polar sunrise, OCIO, formed
exclusively in this reaction, was not correlated with
O3 depletion, and the upper limits measured for its
concentration suggested that this cross reaction is not
important.®®

It is interesting that while bromine atoms lead to
O3 destruction in the troposphere, chlorine atoms are
expected to lead to Oz formation under most circum-
stances. The difference arises from the relative rates
of reactions of these halogen atoms with organics.

Finlayson-Pitts

While chlorine reactions with essentially all organics
larger than one carbon are very fast, the correspond-
ing bromine reactions are slow, with the exceptions
of its reactions with aldehydes, alkenes, and acet-
ylene.3264766 For example, the rate constant for the
reaction of methane with atomic chlorine at 300 K is
1.0 x 1071 c¢cm® molecule ! s71, while that with
bromine atoms is very slow,*” 6 x 10723 cm® molecule™
s~1. As a result, bromine does not contribute signifi-
cantly to the VOC—NOy cycle which leads to O3
formation, reactions (1)—(5), as chlorine atoms do.
Before discussing the overall halogen chemistry
that encompasses all three phases in the atmosphere
(gas, liquid, solid), a brief review is presented of
evidence that clearly establishes the importance of
chlorine and bromine in the lower atmosphere.

4. Evidence for Sea Salt Halogen Chemistry in
the Troposphere

4.1. Molecular Chlorine

There is now an increasing body of evidence from
both laboratory and field studies for the generation
of gaseous photochemically active inorganic chlorine
compounds in the marine boundary layer. The most
direct evidence is the detection and measurement of
Cl; in a coastal region at concentrations up to 150
ppt (ppt = parts per trillion (10*?) by volume) using
atmospheric pressure ionization mass spectrometry.58
These mass spectrometer measurements are in agree-
ment with mist chamber observations by Keene,
Pszenny, and co-workers of similar concentrations of
inorganic chlorine gases (other than HCI), which were
proposed to be Cl, and/or HOCI.8°.70

Molecular chlorine can be generated in the dark
by the reaction of chlorine nitrate (CIONO,) with
NaCl,71-76

CIONO, + NaCl —Cl, + NaNO,  (19)

with CIONO; originating from the three-body reac-
tion (12) of CIO with NO.. Since the CIO radical is a
product of the reaction (8) of chlorine atoms with Os,
any chlorine atom precursor (e.g., CINO) can, in
principle, contribute ultimately to the formation of
CIONO;, and subsequently Cl,. Molecular chlorine
is also generated in the oxidation of CI~ by OH via
an acid-catalyzed mechanism in bulk solutions, and
as discussed in more detail below, likely in a unique
reaction at the air—water interface that does not
require acid. Since the majority of OH sources in
remote regions, particularly the marine boundary
layer, are photolytic in nature however, the OH—-CI~
reaction is not expected to be a significant source of
Cl, at night, when the Cl, concentrations have been
observed to peak.

Modeling studies by Knipping and Dabdub?” sug-
gest that inclusion of chlorine chemistry from sea salt
reactions may have a significant effect on ozone levels
in a coastal urban area. For example, Figure 2 shows
the increase in Oz above a base case predicted for
coastal regions of southern California when sea salt
chemistry is included in the model. In this case,
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Figure 2. Predicted increases in surface-level ozone in
southern California at noon due to reactions of NaCl in sea
salt with N,Os, CIONO,, and OH. This shows the increase
in O3z compared to a base case with VOC—NOy chemistry
that did not include chlorine chemistry. Reprinted with
permission from ref 77. Copyright 2003 American Chemical
Society.

reactions of NaCl with N,Os and CIONO; as well as
a reaction of OH with CI~ at the solution interface
(see below) were included. Knipping and Dabdub?’
predicted that in urban locations close to the ocean,
the peak ozone level could be increased by as much
as 12 ppb for short periods of time. Given a typical
pre-industrial concentration of ozone of ~10 pph33-3°
and a current global concentration of ~30—40 ppb,
this is quite substantial.

4.2. Molecular Bromine, Bromine Chloride, and
Bromine Monoxide

As discussed above, rapid destruction of surface-
level ozone, believed to be caused by bromine atom
reactions, has been measured in the Arctic and
Antarctic at polar sunrise. It was initially suggested>?
that the source of the bromine atoms was the pho-
tolysis of bromoform, generated by marine algae.”8~8!
However, although the quantum yield for bromine
atom production is large,®>83 the absorption cross
sections®485 of CHBr3 fall off rapidly with increasing
wavelength, and in the actinic region above 290 nm,
the photolysis is too slow to initiate the observed
ozone loss.

Finlayson-Pitts and co-workers® subsequently pro-
posed that sea salt particles could potentially be the
source of bromine. The measured large and sustained
loss of O3 requires an autocatalytic release of bromine
into the gas phase, dubbed a “bromine explosion”.1787:88
It is believed that this involves reactions of bromide
and chloride in sea salt with gaseous HOBr to
generate Br, and BrCl, a cycle proposed by McCon-
nell et al.8 and Fan and Jacob.?® Details of this
chemistry are discussed below in section 6.

While there is insufficient bromide in suspended
sea salt particles to cause the measured ozone losses,
Tang and McConnell®! proposed that sea salt depos-
ited on the ice snowpack provides the source of
halogens. Even during winter, there are significant
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Figure 3. Measurements of Br,, BrCl, and O3 at Alert (82°
N) before and at polar sunrise. Reprinted with permission
from Science (http://www.aaas.org), ref 93. Copyright 2002
American Association for the Advancement of Science.

areas of the Arctic Ocean that are open, providing a
source of sea salt to the snowpack. In addition, very
high salt content “frost flowers” are formed on the
surface of ice as freezing takes place. The alkalinity
and bromide ion content of these frost flowers are
elevated by a factor of approximately 3 compared to
seawater.%2113

Consistent with these proposals, both gaseous Br;
and BrCl have been measured directly using atmo-
spheric pressure ionization mass spectrometry at the
surface in the Arctic just prior to, and at the begin-
ning of, polar sunrise.®® As seen in Figure 3, Br; and
BrCl are present at a few ppt, but their concentra-
tions rise dramatically to the 25—35 ppt range during
periods of ozone depletion. Molecular chlorine was
not detected above its detection limit of 2 ppt.

The bromine measurements are consistent with the
studies of Shepson and co-workers,**~% who showed
that there are gases present before and during Arctic
sunrise which photolyze to generate atomic halogen
atoms. They photolyzed air samples in the presence
of added propene to trap halogen atoms as they were
generated. The measured amounts of halogenated
products indicated the initial concentrations of the
halogen atom precursors. The concentrations of these
precursors were measured to be up to 100 ppt ex-
pressed as Cl, and 38 ppt expressed as Br;, respec-
tively. While the bromine concentrations are in
agreement with the direct measurements, the chlo-
rine is much larger than measured by Foster and co-
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workers.®® The reasons for the measurement of
higher chlorine concentrations are not clear but may
be related to different extents of reaction of the sea
salt in the two field campaigns. As discussed in more
detail below, the kinetics, thermochemistry, and
molecular dynamics at interfaces all favor production
of gas-phase bromine compounds if sufficient bromide
is present. However, at larger extents of reaction,
where bromide has been depleted from the sea salt,
the formation of chlorine compounds becomes more
important.

Bromine monoxide, a key intermediate in regen-
erating atomic and molecular bromine via reactions
(14)—(17), has been detected in the Arctic spring
at the surface by differential optical absorption
spectrometry (DOAS). For example, Platt and co-
workers8297-100 hayve measured BrO at levels up to
30 ppt at polar sunrise. In addition, tropospheric
column BrO concentrations in the Arctic have been
extracted using satellite measurements (e.g., see refs
101-103) and high-altitude aircraft.'®* Tropospheric
BrO is enhanced from February to May over large
portions of the Arctic and is correlated with sunlight
intensity increase and the retreat of sea ice.

Measurements of organics and their decay with
time also provide evidence for the generation of
chlorine and bromine atoms at polar sunrise in the
Arctic. The relative rates of reactions for Cl and OH
with selected organics are sufficiently different that
removal of the organics by CI can be differentiated
from that by OH under some conditions.% Figure 4
shows measurements of the ratio of i-butane to
n-butane in air at Alert as a function of the ratio of
i-butane to propane.t® The rate constants for the OH
reactions with i-butane and n-butane are similar, so
the ratio of these two compounds should remain
constant with time if both are being removed only
by OH. Similarly, the rate constants for chlorine atom
reactions with i-butane and propane are similar, so
the ratio of these two organics will be constant if

chlorine atom reactions dominate their removal.
Under conditions of polar ozone depletion, the ratios
of these pairs of organics are clearly consistent with
chlorine atom reactions, while under normal condi-
tions, OH predominates.

Bromine atom reactions with alkanes are too slow
to be significant in the Arctic, but the reactions with
some selected organics, such as acetylene and form-
aldehyde, are relatively fast and can be used to
estimate bromine atom production rates. Thus, mea-
surements of such organics, combined with knowl-
edge of the rate constants for Cl and Br reactions,
have been used to estimate the rate of production of
halogen atoms at polar sunrise (e.g., see refs 106—
111). The rate of bromine atom production has been
measured using this approach to be of the order of
10%2—-10* atoms cm~3 s7%. The rate of generation of
atomic chlorine is much smaller, by as much as 3—4
orders of magnitude. This is consistent with nonspe-
cific measurements of CIOy in the Arctic in the spring
using a chemical amplifier technique, where the CIOy
was <2 ppt.11?

In short, there is clear and convincing evidence that
bromine atom precursors are generated in the gas
phase and that their photolysis initiates chain reac-
tions that lead to destruction of 0zone via its reaction
with atomic bromine. The source of bromine is sea
salt, much of it deposited on the ice pack, perhaps in
the form of frost flowers.%2113

Halogen chemistry in the polar troposphere at
sunrise affects not only O3 but other species as well.
For example, an interesting aspect is the simulta-
neous destruction of gas-phase mercury,*4~17 which
has also been observed in the Antarctic.*'® This
appears to be due to oxidation of Hg° by halogen
species. Based on laboratory studies,!*® bromine
atoms again appear to be the most likely reactant.

While the overall chemistry leading to destruction
of ozone at the surface at polar sunrise has been
elucidated, the reactions that initiate these chain
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processes are not as well established. The most likely
source involves the oxidation of bromide ions by
ozone,% 120 which occurs in solution to generate BrO~
and HOBr:121-126

O;+Br —BroO +0, (20)

HOBr < BrO™ + H™" (21,—21)
(Note that reaction (20) is proposed to proceed via
the formation of BrOOO™ as an intermediate, which
then forms HOBT via two routes, one of which is acid-
catalyzed.*?®) Differential scanning calorimetry*?” and
NMR studies'?® show that as seawater or NaCl
solutions are cooled below the NaCl eutectic tem-
perature of 252 K, liquid not only remains on the
surface of the precipitated solids but also is concen-
trated in halide ions. Hence, solution chemistry
should be relevant to the chemistry occurring on the
icepack.

While the destruction of ozone at the surface by
bromine is dramatic in the Arctic at polar sunrise
due to the particular meteorology that isolates the
boundary layer from the free troposphere above it,'?°
similar chemistry is believed to occur at mid-latitudes
as well. For example, Nagao and co-workers*3 ob-
served a loss of ozone at sunrise at a coastal site in
Japan and found it was correlated to the volume of
airborne sea salt particles. This sunrise ozone de-
struction (SOD) has also been observed at Cape Grim,
Tasmania.*® Similarly, the diurnal variation of ozone
over the Indian Ocean was not in good agreement
with model predictions of known ozone chemistry and
photochemistry, but inclusion of bromine atom chem-
istry improved the agreement substantially.3?

Finally, many dry lakes, such as the Dead Sea in
Israel and the Great Salt Lake in the U.S.A., are
covered with alkaline salts that can participate in
chemistry similar to that described above. Indeed,
ozone destruction due to release of halogens from the
salt flats of alkaline dry lakes has also been observed
in such locations.1?133-135

With this background in mind, we focus the re-
mainder of this article on some particular aspects of
the reactions of solid NaCl and NaBr and their
aqueous solutions that may contribute to the tropo-
spheric chemistry of sea salt particles. Since the
kinetics of the solid salt reactions are treated in detail
in this issue by Rossi, we focus primarily on the
molecular-level mechanisms of these reactions, and
in particular on the role of water that is strongly
adsorbed to the salt surface. In addition, we briefly
discuss agueous-phase reactions of liquid salt solu-
tions that exist above the deliquescence/effluores-
cence points of the salts, and in the liquid layers on
sea salt ice. We focus particularly on reactions
occurring at the air—water interface. As described in
more detail in the following sections, there is increas-
ing evidence that such interfacial processes play an
important role in the chemistry of these salts and of
trace gases such as SO, that interact with sea salt.
Such interfacial reactions represent a relatively
unexplored area of physical chemistry that is of
fundamental scientific interest.
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5. Mechanisms of Reactions of Solid NaCl and
NaBr and the Role of Adsorbed Water

In addition to the reactions (7) and (19) of NaCl
with NO; and CIONO, described above, there are a
variety of additional potential reactions of solid NaCl
in air, discussed in detail in the paper in this issue
by Rossi:

NaCl + N,O, — CINO, + NaNO,
(refs 76, 136—140) (22)

NaCl + NO, — Cl + NaNO, (ref 141) (23)

NaCl + O; — products (ref 142) (24)

NaCl + OH — */,Cl, + NaOH (ref 143) (25)

NaCl + HOCI — CI, + NaOH (26)

NaCl + HO, — products (refs 144, 145) (27)
An important reaction that competes with reactions
(7), (19), and (22)—(27) is reaction (28) with HNO3:

NaCl + HNO, — HCI + NaNO,
(refs 138—140, 146—154, 217, 251, 365) (28)

As discussed earlier, HCI is not a significant source
of chlorine atoms in the troposphere. Hence, a major
factor determining the rate of generation of chlorine
atoms is the rate and mechanism of reaction (28)
compared to those that generate photochemically
active gaseous chlorine compounds such as CINO,
CINO,, and Cl,. This makes it imperative to under-
stand these reactions on a molecular level, specifi-
cally what controls their kinetics and mechanisms.
For example, one might expect that only the surface
halide ions would be available for reaction and that
once these have been reacted from the surface, the
reactions would cease, i.e., the surface would “satu-
rate” or “passivate”. While this has been observed for
the reactions of single crystals, this is generally not
observed to be the case for the reactions of powders.
To gain some insight into the controlling factors for
these reactions with solid salts, we focus here on the
mechanistic details of the reaction of HNO; for which
the most data are available. However, similar con-
siderations will apply to other reactions that generate
a product that remains on the surface of the reactant
salt. The role of water is shown to be critical to
understanding the mechanism and Kinetics of such
reactions.

5.1. Reactions with Oxides of Nitrogen

Reactions of the nitrogen oxide species with solid
NaCl and NaBr generate a solid-phase product that
is stoichiometrically NaNOs (see reactions (7), (19),
(22), (23), and (28) above). Simple ion replacement,
e.g., of chloride by nitrate ions in the HNO3 reaction,
would be expected to passivate the surface such that
replacement of the top layer of chloride by nitrate
shields the underlying NaCl, causing the reaction to
cease. This has been observed in the reaction of
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Figure 5. Loss of chlorine and increase in nitrogen and
oxygen on the surface of NaCl(100) after exposure to
increasing doses of gaseous HNOj3. Reprinted with permis-
sion from ref 146. Copyright 1994 American Geophysical
Union.
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Figure 6. (a) DRIFTS spectrum of NaCl reacted with NO,
(3.5 x 105 molecules cm=3) for 5 min; spectrum has been
multiplied by 0.2 for clarity. (b) Difference spectra after
photolysis with a Pyrex filter and then with the filter
removed. Reprinted with permission from ref 157. Copy-
right 1995 American Chemical Society.

gaseous HNO3 with single-crystal NaCl(100).146:155.156
Figure 5 shows the growth of oxygen and nitrogen
on the face of NaCl(100) after sequential dosing of
the surface with HNO3, measured using X-ray pho-
toelectron spectroscopy (XPS). As chlorine decreases,
nitrogen and oxygen increase in a 1:3 ratio, consistent
with replacement of surface ClI~ with NO3™. The loss
of chloride and increase in nitrogen and oxygen cease
after approximately one or two monolayers of the
surface have been reacted.46:155.156

An interesting aspect of the surface nitrate film is
that its photochemistry appears to differ from that
of bulk crystalline NaNOs. Figure 6a shows the
diffuse reflectance infrared Fourier transform spec-
trum (DRIFTS) of NaCl that has been reacted with
gaseous NO,.’%” The formation of bands at ~1400,
1050, and 830 cm™%, assigned to the vz, v4, and »,
bands, respectively, of NO;~ is observed. Figure 6b
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shows the difference spectrum after photolysis using
a high-pressure xenon lamp (1 > 200 nm), first with
a Pyrex filter to exclude wavelengths below 305 nm,
and then with the filter removed. Peaks due to
nitrate decrease, but no new peaks due to the
formation of new surface products are observed. This
is in contrast to the photolysis of bulk crystalline
NaNO; under the same conditions in which nitrite
ions, characterized by a peak at 1260 cm™, are
clearly generated during the photolysis:158-160

NO,” + hy — NO,” + O(P) (29)

The loss of surface nitrate without the accompanying
increase in nitrite shows that for nitrate ions on the
NaCl surface, photodissociation must occur predomi-
nantly through alternate paths, such as reaction
(30):

NO,” + hy —NO, + O~ (30)

(The gas-phase NO; product could not be measured
in these experiments, as it was pumped away con-
tinuously during the experiment.) Although perox-
ynitrite (ONOO™) was not detected as an intermedi-
ate in these studies, as previously reported by Plumb
and Edwards,'® it may be an intermediate in reac-
tion (30). Peroxynitrite is quite reactive, for example,
reacting in solution with C0,.161-163 |n the laboratory
photolysis experiments, the fate of the O~ formed in
reaction (30) is most likely to be reaction with trace
amounts of water on the salt surface to generate OH
+ OH~. These studies clearly show that the thin film
of nitrate formed on the NacCl is not bulk crystalline
NaNOg, but rather a metastable form of nitrate on
the surface.

Once NaCl has reacted with gas-phase HNOsg,
subsequent exposure of the reacted NaCl surface to
water vapor pressures well below the deliquescence
points of NaCl and NaNO; (75% and 74% respec-
tively, at 298 K)64-166 |eads to a very interesting
phenomenon, the water-induced mobilization of sur-
face ions and their recrystallization into microcrys-
tallites of NaNO3.'¢ Figure 7, for example, shows
transmission electron microscopy (TEM) images of
NaCl that is unreacted (A), reacted with HNOg in the
absence of water vapor (B), followed by exposure to
water vapor pressures below the deliquescence points
of NaCl and NaNOs (C). Although there is no appar-
ent change in the particle morphology on reaction
with HNQOg, it is known from the XPS experiments
(Figure 5) that the salt surface is coated with nitrate
ions. On exposure of the particle to water vapor
followed by drying, microcrystallites can be seen
attached to the particle surface. Energy-dispersive
spectroscopy (EDS) of these microcrystallites showed
that they are composed of NaNOs, while the newly
exposed surface of the salt particle is now NaCl. A
second cycle of exposure to gaseous HNO3 followed
by water vapor forms more NaNO; microcrystallites
(Figure 7D). It is clear from these experiments that
water vapor substantially increases ion mobility on
the surface, and that the subsequent removal of
water results in recrystallization of microcrystallites
of bulk NaNOg. This process regenerates a fresh NaCl
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Figure 7. TEM micrographs of NaCl (A) before reaction,
(B) after reaction with 1.2 x 10 molecules cm—3 HNO3
for 15 min, (C) after subsequent exposure of the crystal in
(b) to water vapor (<15 Torr), and (D) after a second cycle
of HNO3; and then water vapor exposure. Adapted with
permission from ref 156.

surface, allowing the reaction to continue well beyond
one or two monolayers. A similar phenomenon has
been observed in the NO,—NacCl reaction.67.168

In many field studies of the composition of salt
particles in marine urban regions, a deficit of chloride
ions relative to sodium has been reported; in some
cases, the particles are almost completely devoid of
chlorine, particularly those in the smallest size range,
and particles that appear to be almost pure NaNO3;
are observed.'®~174 One mechanism consistent with
these observations is the formation of nitrate on the
surface of the NaCl, followed by the water-induced
recrystallization into NaNOg. If the microcrystallites
of NaNO; attached to the salt shatter on impact
during collection, they will be devoid of chloride even
though they originated in sea salt. This can occur
during sample collection and analysis; that is, intro-
duction of liquid salt particles into a vacuum will
cause evaporation of the water and recrystallization
into solid components.'”® If nitrate is present in the
solution, separate NaNO3; and NacCl particles may be
observed, even though they were internally mixed in
the original particle. Whether it occurs in ambient
air itself is not clear, since as discussed in section
6.1, sea salt particles may not completely dry out to
form solid crystals under atmospheric conditions.

A particularly important result is that experimen-
tal observations of the reactions of NaCl powders
with nitrogen oxides are often in apparent conflict
with the results from the dry, single-crystal NacCl-
(100) experiments. For example, in contrast to the
surface passivation observed for dry single crystals
(Figure 5), the reaction of HNO3; with NaCl powders
has been observed in Knudsen cell*39147.148.154 gnd flow
tube!®14? studies to continue long after complete
reaction of the surface chloride ions should have
occurred. The major difference between the powders
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and the macroscopically large single crystals is the
larger numbers of steps and edges in powder samples.
These are well known from surface science studies to
be much more reactive than the terraces of solids.7®

In addition, however, these steps and edges are
known to hold water at room temperature under
vacuum,8152 in contrast to the (100) surface of NaCl
from which water is readily removed by pumping.
Given the effects of water on the mobility of surface
ions, this increased water adsorption has the poten-
tial to alter the kinetics and mechanisms on the salt
surface. For example, Yoshitake!®® reported that,
with water on the salt surface, the NO,—NaCl
reaction was first-order in NO,, but it was second-
order if the NaCl was dry.

It is therefore of interest to first explore what is
known about the uptake of water on NaCl, and then
examine how this may affect the reactions of the salt
surface with various gases.

5.2. Water on NaCl

The uptake of water on NaCl has been studied both
experimentally and theoretically by a number of
researchers (e.g., see refs 177—206). For example,
Ewing and co-workers used FTIR to follow the water
uptake on single-crystal NaCl(100) in real time as a
function of relative humidity.19%:196.197.203.206 The water
coverage at room temperature increases slowly with
relative humidity from zero coverage at 0% RH to
~0.5 layer at 35% RH. In this region, water binds to
the salt surface, with the oxygen of water interacting
with Na+ on the su rface_177,181,183,184,189,190,198,199,201 As
the coverage increases, the water does not spread
evenly over the surface. Thus, there is a blue-shift
of the infrared peak for the adsorbed water to 3520
cm™?, compared to 3420 cm™?! for bulk liquid wa-
ter.196.197.203.206 This shift has been interpreted as
being due to the formation of small islands in which
there are interactions with the surface as well as
between the adsorbed water molecules on the interior
of the islands.

From 35% RH to 40% RH, there is an increase in
the amount of adsorbed water from 0.5 layer to ~1
layer, followed by a very steep increase to about 2.5
layers at 45% RH. There is an accompanying shift
in the band center from ~3520 to 3420 cm™2. In this
region, the adsorbed water is changing from strong
interactions of the first layer of adsorbed water both
with the salt surface and with adjacent adsorbed
water molecules, to multilayer adsorption in which
hydrogen bonding between water molecules predomi-
nates. (It should be noted that the quantification of
water on the surface assumes that its infrared
absorption cross section is not sensitive to the nature
of its binding at the surface, i.e., that the absorption
cross sections are the same when physisorbed to
NaCl at low coverages as when in a three-dimen-
sional water environment at higher coverages. Since
the absorption cross section for water is dependent
on the extent of hydrogen bonding,??” this assumption
may lead to an underestimate of the amount of
adsorbed water at low coverages.) Theoretical stud-
ies189.190.198 g5 support the view that the interaction
of water with other water molecules becomes more
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important than their interaction with the surface as
the coverage increases. At RH above 50%, where
three or more water layers are present, the water
resembles bulk liquid water and the infrared peak
remains constant at 3420 cm™1,196.197.203206 jndistin-
guishable from liquid water. At the deliquescence
point (75% RH), the salt completely dissolves and
forms a saturated solution of NacCl.

Hucher and co-workers!’” measured the conduc-
tance of the surface of salt crystals as a function of
relative humidity. A linear increase in the conduc-
tance was measured from 32 to 40% RH, where there
was an inflection point. They interpreted this first
region as being due to adsorption of water on the salt,
with the sodium ion responsible for the conductance.
Electron microscopy images showed little mobility of
material on the surface up to this RH. From 40 to
48% RH, there was a slower increase in the depen-
dence of the conductance on RH than that observed
at lower RH, followed by a sharply increasing and
nonlinear conductance to the deliquescence point of
75% RH.

Williams and co-workers?°8209 and Shindo and co-
workers!®3194 ysed AFM to follow the surface of NaCl
as a function of RH. They observed movement of
steps at 47% RH and above. From the previous
discussion, the number of layers of water approaches
three at this relative humidity, and the conductance
is increasing significantly.

Salmeron and co-workers!®>2% followed the evolu-
tion of the surface of NaCl with time using scanning
polarization force microscopy (SPFM). This technique
is a noncontact mode AFM in which the tip, biased
relative to the sample, is kept at a distance of 10—
100 nm from the surface. As a result, the tip does
not drag material along the surface, as has been
observed for NaCl and NaNOs; using AFM in air
where water is present.19208210 Thus, SPFM can be
used to image liquids and liquid-like layers on
surfaces. Using this approach, Salmeron and co-
workers!®2%0 ghserved increasing movement of steps
on the surface as the RH increased above 45%.

They also observed preferential solvation of surface
Nat at the lower RH (below 40%), with ~1% of the
surface cations being solvated at 40% RH. Adsorption
studies described earlier show that there is about one
layer of water on the surface under these conditions.
Slow step movement occurs here, since mobility of
both cations and anions is needed to restructure the
surface. At 46% RH, where the adsorption isotherms
indicated ~2.5 layers of water, both Na™ and CI~ are
solvated, increasing the mobility of both ions and
leading to rapid (on the order of minutes) restructur-
ing of the surface. Subsequent drying gave a restruc-
tured surface that was closer to the equilibrium
structure, with water concentrated at the step edges
rather than on the terraces.

An important issue for reactivity of NaCl with
atmospheric gases is whether water on the surface
of the solid contains dissolved chloride ions, the
reactive component of the salt. In their AFM studies,
Shindo and co-workers®®* observed that step motion
of NaCl was inhibited by voids in the natural rock
salt crystals, and hypothesized that these voids are
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filled with water that dissolves the salt, thus serving
as reservoirs of concentrated salt solutions on the
solid surface. The data presented above suggest that
above ~46% RH, both Na* and CI~ dissolve in the
surface film, leading to changes in the surface
conductance and to rapid surface restructuring. In
addition, water is preferentially trapped on the step
edges as the RH decreases. The implications for the
reactions of powders of NaCl are discussed in the
following section.

5.3. Role of Water in NaCl and NaBr Reactions

Many laboratory studies of the reactions of NaCl
and NaBr salts (reviewed in detail in the article by
Rossi in this issue) have used powders rather than
single crystals. As discussed above, a characteristic
of the reactions of powders with various gases such
as HNOs is that they do not saturate, i.e., the reaction
continues well beyond the point that all of the
chloride at the surface would have reacted. A major
difference between single crystals and powders is the
larger fraction of the surface ions located at steps,
edges, and perhaps defects of the powders. As de-
scribed above, AFM studies!93-195.200,208.209 show that
water is preferentially adsorbed at steps and edges.
It is not clear whether the voids observed by Shindo
and co-workers,!** which they proposed to be filled
with water at ~50% RH, continue to hold water when
evacuated, but this is another potential source. Weis
and Ewing?!! observed anomalously large infrared
liquid water peaks in NaCl aerosols at RH below 50%
and attributed this to water trapped in small fissures
in the individual crystals (perhaps analogous to the
voids observed by Shindo et al.***) and/or between
crystals in clusters of particles. Barraclough and
Hall*®! reported that heating to 623 K under vacuum
was required to remove the water from pressed disks
of NacCl. It is not clear whether the water in this case
was trapped between particles or in fissures on the
individual NaCl crystals, as proposed by Weis and
Ewing.??

It is known that surface-adsorbed water (SAW) on
powders is not readily removed by pumping at room
temperature. For example, when NaCl powders that
had been pumped on in a Knudsen cell at ~1075—
10® Torr were reacted with DNOs, the major gas-
phase product observed initially was HCI, rather
than the expected DCI. The gaseous product HCI is
gradually replaced by DCI as the reaction contin-
ues.'8 This clearly establishes that SAW remains on
the surface of NaCl powders after pumping at room
temperature. Tepper and co-workers!8 and Wasser-
mann and co-workers'®® reported a detectable re-
sidual water signal on NaCl using second harmonic
generation spectroscopy after exposure of the surface
to water vapor followed by pumping at room temper-
ature. Interestingly, the sample, which was a pol-
ished NaCl window rather than a powder, evidently
had sufficient steps, edges, and defects to retain
measurable amounts of SAW. Direct observation of
water on particles in the 1—10 um range, prepared
by grinding NaCl(100), has been reported using XPS
while heating to 200 °C; larger (500 um) particles had
significantly less SAW and water was not detectable
on NacCl(100).%%2
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Figure 8. Typical data from Knudsen cell studies of the
reaction of gaseous HNO; with NaCl powders at 298 K,
using partial coverage of the sample holder to avoid
corrections for diffusion into multiple salt layers. Reprinted
with permission from ref 154. Copyright 2003 American
Chemical Society.

If the steps, edges, and possibly voids are the sole
sites for reaction, they would be expected to be
consumed in the first stages of the reaction, causing
the reaction to cease. Figure 8 shows the uptake of
HNO; on NaCl powders in a Knudsen cell under
conditions where the sample holder is only partially
covered with NaCl.%*%* In this case of small samples,
the available reactive salt surface area is readily
calculated without the uncertainty often introduced
for Knudsen cell and flow tube studies 2127215 from
taking into account diffusion into multiple salt layers.
With a reaction probability of y = 2 x1073, the
surface chloride should have been completely reacted
in ~80 s. It is clear from Figure 8 that this is not the
case. Such data establish that even though measur-
able amounts of water vapor are not present, there
is sufficient SAW and mobility of the surface ions to
continuously regenerate a fresh NaCl surface.

The mechanism of this surface ion mobility in the
absence of significant amounts of water vapor is not
well established. However, some insight can be
gleaned from the knowledge that prior to the reac-
tion, the SAW is likely bound to sodium cations on
the steps and edges. For example, Ahlswede and
Jug?® calculated that the most stable configuration
of water on a monatomic step is that shown sche-
matically in Figure 9, where the oxygen atom of
water interacts with two sodium cations, one at the
step edge and one on the terrace below. This adsorp-
tion at a monatomic step is favored over that on the
(100) terrace by about 10 kcal mol~1.2°1 During the
HNO; reaction, a surface chloride ion is replaced by
NOs~. Given the larger size of NOz™, it will not simply
occupy the lattice site originally encompassing the
CIl~, but rather will be displaced somewhat above the
plane of the (100) lattice. Theoretical calculations'®®
suggest that NO3~ lies parallel to the surface plane
at low coverages but changes to a vertical orientation
at higher coverages. In any case, as shown schemati-
cally in Figure 9, association of the NOs~ with the
hydrated cation at the adjacent step edge will allow
the formation of NaNOs in its stable crystal struc-
ture. A new step on the NaCl surface is then
generated, providing a template for the addition of
more nitrate.
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Figure 9. Schematic diagram of reaction of gaseous HNO;
with NaCl at steps/edges and on the flat terrace. The
presence of surface-adsorbed water at the steps and edges
increases the mobility of the nitrate ion in these regions,
allowing recrystallization of NaNOj at steps and edges. At
terrace sites, the nitrate remains at the site of the chloride
vacancy that is generated during the reaction. However,
reaction of water vapor with this terrace-isolated nitrate
ion to generate OH™ in the original chloride vacancy may
be responsible for the XPS observations of OH~ formation
after reaction with HNO; and exposure to water vapor.15°
Reprinted with permission from ref 154. Copyright 2003
American Chemical Society.

One might anticipate that water would congregate
at the new NaCl steps as they are generated on the
surface, and the process would continue. Such a
mechanism would lead to continuous reaction at the
steps, with increasing incorporation of the nitrate into
microcrystallites of NaNOs. This mechanism would
effectively move the step into the crystal layer by
layer, incorporating nitrate ions formed on the terrace
as they come into contact with a moving step edge.

Nitrate formed on a terrace site not associated with
SAW would be immobilized, and hence lead to pas-
sivation of the terrace sites. This is supported by
Knudsen cell studies of the time dependence of the
uptake coefficient for HNOg3, shown in Figure 10. The
uptake coefficient decreases rapidly from ~3 x 1072
to 1 x 107% over ~200 s reaction time, and then
remains relatively constant for the duration of these
experiments. The initial high uptake is attributed to
reaction on a fresh, unreacted NaCl surface, at both
the steps and the edges with which SAW is associated
and on the terraces. As the terraces become covered
with nitrate, the uptake decreases. At reaction times
beyond ~200 s, all of the reaction is at the SAW-
influenced steps and edges, where SAW assists in the
recrystallization of NaNO3; and the regeneration of
fresh reaction sites.

This mechanism is consistent with the results of
Gershenzon and co-workers on the reaction of NO3
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Figure 10. Uptake coefficients for HNO3 on less than one
(0.7) layer of 177-um particles of NaCl as a function of time.
Initial gas-phase HNOgz concentration was 4.5 x 104
molecules cm~3. Reprinted with permission from ref 154.
Copyright 2003 American Chemical Society.

Figure 11. AFM images of (a) an unreacted NaCl(100)
surface and (b) the same surface after reaction with
gaseous HNO3;. Adapted with permission from ref 216.

radicals with dry NaCl and NaBr.**! The measured
initial uptake was more rapid than at longer times.
Gershenzon et al.'*! attributed this to an initial
reaction with dislocations on the salt surface; how-
ever, it may be that in these studies, SAW on the
dislocations, i.e., steps and edges, is the key deter-
minant for this rapid initial uptake.

Such a mechanism is also consistent with the
observation by AFM of NaNOj strings being formed
initially along step edges during the HNO3;—NacCl
reaction.’%3216 Figure 11 shows an AFM image of the
surface of NaCl(100) before and after reaction with
HNO3.%16 Steps are seen running diagonally on the
surface of the unreacted NaCl (Figure 11a). Figure
11b shows the formation of NaNO; along the steps
after exposure of the surface to HNO3; smaller towers
of NaNOj are also formed on the terraces under the
high HNOj3; concentrations used in these experiments.
Similarly, in infrared spectroscopic studies of the
reactions of NaCl with HNO3s?” and NO,," the
absorption band around 1400 cm™! due to the w3
asymmetric stretch of the product nitrate ion was
observed as a doublet. This observation of two peaks
was attributed to the formation of irregularly shaped
microcrystallites of NaNO3; in which longitudinal—
transverse splitting of the degeneracy occurs due to
the lowered symmetry 217218

Defects on the NaCl crystal surface can lead to
dissociation of water to form OH™. It is well known,
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for example, from both experimental'®:1°2 and theo-
retical’®®20! studies that F-centers formed by electron
bombardment of the NaCl surface, in which the
chloride ion is replaced by a trapped electron, lead
to water dissociation. In most studies carried out to
probe atmospheric reactions, the samples are not
exposed to such high-energy bombardment. Dai and
co-workers!®! observed, using infrared spectroscopy,
that an NaCl surface consisting of aggregates of ~10
nm crystallites has about 20% surface site defects;
however, only a small percentage of the surface sites
(<1%) led to water dissociation and the formation of
OH~. Thus, it appears that relatively small amounts
of OH™ are expected on unreacted NaCl surfaces
under atmospheric conditions.

It is interesting that XPS studies!®® show that OH~
is generated on the NaCl surface upon reaction with
HNO; followed by exposure to water vapor below the
deliguescence point. One possible mechanism in-
volves the immobilized nitrate formed on terraces
(Figure 9). These metastable nitrate ions may react
with water vapor to form gaseous HNO3; and surface
OH~, the latter readily fitting into the void in the
lattice created by the removal of CI~ during the
original HNO3; + NaCl reaction. Given the larger
number of terrace chloride ions compared to the steps
and edges, significant amounts of OH~ could be
generated by such a process, consistent with the XPS
experimental observations.'® Desorption of HNO;3
into the gas phase and its removal at the end of each
water exposure cycle would lead to a decrease in
nitrate on the surface and an increase in OH™, as is
observed.1%®

As described earlier in section 3.2, bromine from
sea salt is responsible for the destruction of ozone in
the boundary layer in the Arctic at polar sunrise and
likely also in mid-latitudes at dawn. The relatively
large contribution of bromine atoms compared to
chlorine (considering the ratio of 1:650 Br:Cl in
seawater) is due to a number of factors discussed
above, including segregation mechanisms assisted by
water. In mixtures of solid NaCl and NaBr, bromide
segregates to the surface of the salt. For example,
Ghosal and co-workers?*® used XPS and SEM—EDS
to study changes in NaCl single crystals that were
uniformly doped with small amounts of bromide ions
in a ratio of ~1:15. On exposure to water vapor cor-
responding to 54% RH, below the deliquescence
points of both NaCl (75% RH) and NaBr (58% RH),
the ratio of bromine to chlorine on the surface in-
creased by more than an order of magnitude. Zang-
meister and co-workers??° applied similar techniques,
along with AFM and SEM—EDS, to study the salt
crystals precipitated from solutions of NaBr and NacCl
of varying proportions. The Br/Cl ratio on the surface
was typically 35 times larger than that in the bulk
crystal for solutions of composition similar to sea-
water, and separate domains of NaBr were observed
segregated on the surfaces of the NaCl crystals.

It is evident from such studies that bromide ions
will be much more readily available at the surface of
solid sea salts than their molar ratio in seawater
would imply. Again, the role of water in ion mobility
on the surface to allow surface reconstruction is
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shown to be important in the chemistry of sea salt
particles.

In summary, water plays a remarkable role in the
surface chemistry of NaCl and NaBr. Despite this,
the mechanism by which surface-adsorbed water
participates in the segregation of surface compounds
and in the chemistry is not well understood. This is
an area that clearly warrants further investigation.

6. Reactions of Aqueous Solutions of Sea Salt
and Its Components

6.1. Aqueous-Phase Chemistry

Under many tropospheric conditions, the relative
humidity is sufficiently high that sea salt particles
will be deliquesced. The effluorescence point of NaCl
is 44% RH,*?7.221 and at lower relative humidities,
crystallization occurs. However, sea salt is a mixture
of salts, including some that form hydrates, e.g.,
MgCl,. There is some indirect evidence from labora-
tory studies???225 that these hydrates hold sufficient
water, even under vacuum conditions, that their
surfaces may be liquid-like in character.

Therefore, for sea salt particles that are deli-
quesced, and perhaps for particles even below the
effluorescence point, understanding the uptake and
reaction of gases into aqueous salt solutions is
important. We treat here first the bulk aqueous-
phase chemistry that is likely to occur in liquid sea
salt particles. However, it is becoming increasingly
clear that there is unique chemistry that occurs at
the particle interfaces with air as well, and which
likely plays an important role. We treat such inter-
facial chemistry in the final section.

As discussed earlier with respect to the bromine-
catalyzed loss of surface-level ozone in polar regions
during sunrise, reactions of sea salt on the ice pack
or in frost flowers appear to control this chemistry
and the Oj; destruction. Laboratory studies have
established that sea salt particles under these condi-
tions maintain a liquid surface layer that is concen-
trated in chloride and bromide ions.*?"1?8 While we
focus here on solution chemistry, much of which has
been studied only at room temperature, it is expected
to be at least qualitatively similar to the chemistry
of sea salt occurring on the surfaces of ice and frost
flowers.

A number of models of the marine boundary layer
that have extensive halogen chemistry have been
developed (e.g., see refs 6, 14, 16, 18, and 226—237).
Although chloride is the major anion in sea salt, its
chemistry is intertwined with, and enhanced by, the
smaller amounts of bromine present. Because the
particles become depleted of bromide first, the chem-
istry changes from that of a chloride—bromide mix-
ture to predominantly chloride chemistry as the
particles age. A related complicating factor is that
the chemistry is dependent on particle size, with the
smaller particles becoming depleted of halogens more
rapidly. This is at least in part due to the smaller
available total mass in the smaller particles. In
addition, as discussed below, many of the reactions
that generate gas-phase halogen compounds from sea
salt are acid-catalyzed, and the smaller particles tend
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to be more acidic.'>23 The pH of sea salt particles is
also sensitive to RH, decreasing as the relative
humidity increases.?3%242 As discussed in section 6.2
below, theoretical calculations indicate that bromide
ions will reside to a significant extent at the air—
water interface, with a greater preference for the
interface compared to the bulk than is the case for
chloride; the larger surface-to-volume ratio of small
particles will therefore enhance interfacial Br~ chem-
istry as well. Finally, the chemistry in small particles
(~0.1 um) can be impacted by the limitations on the
absolute amount of material in each particle and the
statistics involved in the distribution of trace com-
ponents between particles, resulting in chemistry
that differs significantly from that predicted on the
basis of bulk-phase chemical reactions.?43244

With these caveats in mind, we shall briefly sum-
marize what are believed to be the most important
reactions in the aqueous phase of sea salt particles
that lead to depletion of halide ions and the formation
of gas-phase halogen compounds. These include (1)
acid displacement reactions, (2) reactions initiated
by Os, (3) reaction with OH, (4) reactions with sulfur
compounds, and (5) reactions with NO3 and N;Os.
The rate constants cited are generally for bulk
aqueous-phase reactions at room temperature.

Acid Displacement Reactions. Nitric and sul-
furic acids are the major acids formed in the tropo-
sphere.! If sufficient acid is taken up and/or formed
in sea salt particles, chloride and bromide will be
displaced into the gas phase as HCI and HBr,245-24°
e.g., for NacCl,

+ —
PES + -
HX@g) = H @g) T X (ag) (32)
+ - >

where X is typically nitrate, sulfate, or bisulfate.

Reactions Initiated by Oj. Chloride ions are
oxidized slowly in solution by ozone,?°0-25 whereas
bromide reacts at a higher rate:10.121.122,126

O;+ClI —CIO +0, (34)
(Kgy <3 x 103 Mt H*0
O;+Br —BroO +0, (20)
(k20 = 258 M—l S—1)122,125
(Rate constants cited are generally those measured
at room temperature.) The CIO~ and BrO~ are in

equilibrium in solution with the corresponding hypo-
halous acids:122:254-257

HOCI < H* + CIO™ (35,—35)
(Kgs = 3.4 x 107° M)*°
HOBr < H" + BrO~ (21,—21)

Ky, = 2.6 x 1072 M)®’
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A second source of HOBr is hydrolysis of
BrONO,:258:259

BroNO, + H,O — HOBr + HNO,  (36)

A third potential source of HOBTr is the oxidation
of bromide ions by Caro’s acid:228.260

Br~ + HSO; — HOBr + SO,*~ (37)

The reaction of BrO with HCHO was postulated

as a potentially important source of HOBr,?%! but it

appears that the reaction is too slow?%? to be signifi-
cant.

If the particle becomes sufficiently acidic, the

hypohalous acids are degassed from solution.

However, HOBr can also react with Cl- to gen-

erate BrCl,251.259263-268 gnd with Br~ to generate
Br2:251,259,2637265,267,2697272

HOBr + CI” + H" —BrCl+ H,0  (38)
(Kgg = 2.3 x 10 M2 571?73
HOBr + Br~ + H" — Br, + H,0O (39)
(Kso = 1.6 x 10" M2 s7H*"
Such chemistry can occur in solution, on solid salts,
or on ice, although of course the kinetics differ for
the different phases.

Vogt and co-workers??® proposed that, given the
great excess of chloride in seawater, reaction (38) of
HOBr with ClI~ would dominate over reaction (39)
and generate BrCl as the product, consistent with
the subsequent Kinetics studies of Liu and Marg-
erum.?”® However, BrCl has the potential to react
before it diffuses back to the interface with air and
into the gas phase:

BrCl + Br <= Br,Cl" (40)

(Kyo > 108 M7t s7h K, =1.8 x 10° M~H?*

Br,CI" < Br, + Cl"~ 41)

(K4 =26 x 10" M Ts7h; K, =1.3M)%*?7"

BrCl + ClI" < BrCl, (42)
(K, =3.8 M 1?73

BrCl,” + H,0 <= HOBr + H" + 2CI~  (43)

(Kus™ =3 x 107° M%)*"™

BrCl may also hydrolyze back to HOBYr:

BrCl + H,O0 < HOBr + H  + CI”  (44a)

(Kypa = 3.0 x 10° 574?73
< HOCI + Br- (44b)

(Ko = 2.4 5717
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Figure 12. Schematic of chemistry of the uptake and
reaction of HOBr with sea salt.3%* The author is grateful
to Professor T. Benter for permission to reproduce this
figure.

Gaseous HOBT can also be taken up into NaCl and
sea salt solutions. In this case, the uptake at the air—
solution interface is characterized by the mass ac-
commodation coefficient, which is defined as the
fraction of collisions of gas with the surface that leads
to uptake through adsorption and solvation followed
by diffusion into the bulk.?”6 The mass accommoda-
tion coefficient for uptake of HOBr on deliquesced
NaCl particles has been measured®! to be between
0.2 and 1 for either highly acidic or buffered (to pH
7.2) NaCl aerosols at room temperature, with a lower
limit of 0.01 measured at 274 K.267 In mixtures of
chloride and bromide, the generation of Br, was
undetectable for unbuffered and alkaline solutions,
where the dissociation of HOBTr is large.?¢”

Uptake of HOBr onto ice or salts containing Cl~
and Br~ is also fast, particularly if the surface is
acidic.259.263-266277-279  Ag expected, the gas-phase
products depend on the relative amounts of available
ClI~ and Br~. Initially, when there is sufficient
bromide present, BrCl is converted to Br; via reac-
tions (40) and (41). When the particle becomes
depleted of bromide, the major product becomes BrCl.
Figure 12 summarizes this chemistry. The transition
from Br;, to BrCl production has been observed in
wetted wall flow tube studies,?®” in sea-salt-doped
ice,264278 in bulk solutions,*?* and in solid salts and
aerosols.?%5280 The gas-phase products, Br, and BrCl,
may also be taken up and react further on halide-
containing ice and salt surfaces.?78281-284

Direct mass spectrometric measurements of Br,
and BrCl before and at the beginning of polar sunrise
in the Arctic (Figure 3) show that they are present
at similar concentrations.®® In addition to the chem-
istry described above, there are a number of ad-
ditional factors that determine the ratio of Br, to
BrCl. The first is the solubility of BrCl compared to
Br,. The Henry’'s law constant for BrCl at 245 K,
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typical of the Arctic spring, is calculated to be 60 M
atm™!, compared to 13 M atm™! for Br,>2%® thus
favoring gas-phase Br; relative to BrCI.

Selective ion segregation that occurs during phase
transitions of salt solutions also favors Br, production
over BrCl. Koop and co-workers'?” showed that
chloride will be concentrated by a factor of ~11 and
bromide by a factor of ~38 in the surface liquid layer
of seawater deposited on the ice pack under condi-
tions of polar sunrise. This would decrease the Cl~/
Br~ ratio available for reaction in the surface film
from 650:1 to 188:1. Indeed, the CI-/Br~ ratio in snow
at Alert has been found®® to be as low as 30:1.
Enhancement of bromide ions in frost flowers formed
on the ice has been reported by Rankin and co-
workers.11® Also relevant to the enhancement of
bromine are laboratory studies of bromine-doped
NaCl crystals, where preferential surface segregation
of bromide was observed on exposure to water
vapor,?'® and studies of salts precipitated from NaCl/
NaBr solutions.??°

In addition to this chemistry in the bulk aqueous
phase, reactions can also occur at the air—water
interface, and these favor bromide over chloride. As
discussed in more detail in the following section,
while both chloride and bromide ions reside in part
at the air—water interface, surface bromide is favored
and hence readily available for reaction with gases
such as HOBy.287:288

Gaseous HOCI, formed for example by the reaction
(112) of CIO with HO,, can also be taken up into sea
salt and react with Cl~ or Br:

HOCI + CI” + H" —Cl, + H,0 (45)
(k =921 x 104 M—Z S—1)269,273,289
45 '

HOCI +Br  + H" —BrCl+ H,0  (46)

(k46 =13 x 106 -2 —1)290

Reaction with OH. In contrast to the slow oxida-
tion by Os, chloride ions are well known to be oxidized
by OH in solution. The mechanism has been at-
tributed to reactions (47)—(53):

OH + CI~ < HOCI™ (47)

(ky; =43 x10°M s
K ,,=6.1x 10° M! —1)291

HOCI™ + H™ < (HOCIH") < Cl + H,O (48)
(kg =3.2 x 10° M tstat I =0;

K_,5=23.6 x 10°M s H*?

Cl+ClI”<Cl,” (49)

(Kyo=7.8 x 10° M *s7%;

K_4o=05.7 x 10° Mt s 1?1729
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2Cl,” —Cl, + 2CI” (50)
(kg = 9 x 108 M1 51292294
Cl+Cl,”—CI” +Cl, (51)

(ks = 2.1 x 10° M7t s7H*?

Cl,” + H,0,— HO, + H" + 2CI”  (52)
(ks = 1.4 x 10° M1 s71)?%?
Cl + H,0,— HO, + H" + CI~ (53)

(Ksg = 2.0 x 107 M1 s71)?%?

This mechanism is acid-catalyzed via step (48), so
Cl, can be generated from sea salt particles that are
at low pH (which appears often to be the case due to
uptake of HNOz; and H,S0,4)%34238-241 and depleted of
bromide ions. Note, however, that as discussed in the
following section, there is good evidence for a reaction
of OH with Cl~ at the interface that is not acid-
catalyzed and, indeed, generates OH™ in the par-
ticles.

Bromide ions are even more readily oxidized by OH
in solution, generating Br, as the gas-phase prod-
uct:

Br- + OH < HOBr~ (54)
(ks, =1.1x 10" M ts™t
K.g, =3.3 x 10" s H*®
HOBr~ + H" — Br + H,0 (55)
(kg5 = 4.4 x 10" M7t s7H*®

HOBr +Br —OH + Br, (56)
(Ksg = 1.9 x 10° M1 s71)?%
Br+ Br < Br, (57)

(ks; =1.1 x 10° M~ ts7h
Ks,% =6 x 10° M~ 1H*

2Br, <= Bry; + Br (58)

(k58 =2 x 109 M 1 571)297,366

Br; < Br,+ Br (59)
(Ko™ = 6.2 x 1072 M)?743¢7

Reactions with Sulfur Compounds. Sulfur di-
oxide is a ubiquitous component of polluted air
masses because it is formed during combustion of
fossil fuels! that contain sulfur. In addition, it is
formed in the remote marine boundary layer by the
oxidation of biogenically produced sulfur compounds,
particularly dimethyl sulfide (DMS).2%-303 Several



4816 Chemical Reviews, 2003, Vol. 103, No. 12

sulfur—halogen processes have been proposed that
may lead to the oxidation of halide ions in sea salt
and the generation of gas-phase halogen compounds.
For example, Mozurkewich?®® and Vogt and co-
workers??8 proposed that Caro’s acid, HSOs™, oxidizes
Br~ in sea salt to HOBFr, reaction (37). Caro’s acid
(HSOs57) is an intermediate formed during the oxida-
tion of dissolved SO,. When SO, is taken up into
solution, it undergoes a series of equilibrium reac-
tions similar to those of CO, forming SOx(q), HSO3™,
and SO3?~, commonly referred to as S(1V) [i.e., S(IV)
= S0O,(aq) + HSO3™ + SO327]. Caro's acid and other
reactive intermediates are formed by reactions such
as the following:304-306

S0, + OH — SO, + OH~ (60)
SO, +0,— SO~ (61)

SO, + HSO, — HSO. +S0, (62)
SO, + HO, — HSO,~ + O, (63)

Both HOCI and HOBr also oxidize S(1V) in solu-
tion:255,307

HOCI + S0O,>” — HSO,” + CI~ (64)
(Key = 7.6 x 10° M *s7Y

HOBr + SO,”~ — HSO,” + Br~ (65)
(kes =5 x 10°M*tsh

Incorporating this chemistry into their model, Vogt
and co-workers??® predicted complete loss of Br~ from
the particles after ~12 h of reaction time, compared
to less than a percent loss of CI~ simultaneously.
Ayers and co-workers3® reported measurements of
chloride and bromide loss from sea salt particles in
the remote Southern Ocean that were consistent with
this mechanism, i.e., small chloride losses along with
much larger bromide losses that were anticorrelated
with non-sea-salt sulfate in the particles. (However,
as discussed below, there are alternate mechanisms
that are also consistent with this observation.)

Oxidation of Halide lons by NO; and N;Os.
Halide ions are readily oxidized by NO;s radicals in
aqueous solution:309-317

NO, + CI- <= NO,~ + ClI (66)

The kinetics of this reaction in the bulk aqueous
phase have been studied by a number of research-
ers,309-311316 gnd the rate constant kes was reported
to increase with ionic strength, from ~10" M=% s to
~108 Mt s71. However, a recent study of this reac-
tion3'” found no dependence on the ionic strength
between 0.1 and 2 M and measured a value of kgg =
(3.5 £ 0.5) x 108 M1 s71, The equilibrium constant
for the reaction is Kg®® = 3.5 £+ 0.5.317 The corre-
sponding reaction with Br~ is faster.310311
Ravishankara and co-workers3#431831% measured
the uptake of gaseous NO3; on water and aqueous
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solutions of chloride, bromide, and iodide. The uptake
increased in the presence of the halides, with that
for iodide being faster than bromide, which was faster
than chloride at comparable concentrations. From
these studies, they report that the reaction of NOj
radicals in solution with Br~ is a factor of 37 times
faster than reaction (66) at a pH of ~6 and 273 K.314

The nitrate radical reacts with NO, to generate
N.Os. Dinitrogen pentoxide is well known to hydro-
lyze readily on surfaces that hold water:!

surface

N,O; + H,0 ~—— 2HNO, (67)

This reaction likely involves autoionization to
NO,"NO3~ followed by reaction of this intermediate
with water.320-327 However, if halide ions are avail-
able, a competition occurs for the NO," between
water and the halide ion. For example, Behnke et
al.®% measured the ratio of the rate constant for the
reaction of NO,* with CI~ to that for reaction with
H,O to be 836 + 32, so that even in dilute solutions
of NaCl, production of CINO; will dominate:

N,O; + CI~ — CINO, + NO,~ (68)

The uptake coefficient for N,Os on aqueous solutions
of NaCl and on synthetic sea salt,”® which holds
substantial amounts of water,165222224.225328 has heen
measured by a number of groups!®7322:323326,329 gnd
is approximately 1072, with yields of CINO, ap-
proaching 100%. The corresponding reactions with
bromide solutions are also fast.3?¢

As discussed in more detail in the following section,
there is good reason to believe that chemistry at the
air—water interface is a very important contributor
to bromine chemistry as well and, indeed, may
dominate over the aqueous-phase reactions under
some conditions.

6.2. Chemistry at the Air—-Water Interface

Figure 13a depicts the traditional view of the
uptake of gases into solutions: diffusion (Dg) of the
gas to the surface, collision of the gas with the
surface, mass accommodation (o), and diffusion into
the bulk (D)) and reaction. Evidence from kinetics
studies beginning some 15 years ago suggested that
there may be unique chemistry that occurs at the
interface itself for some inorganic species under
conditions relevant to atmospheric processes. For
example, Jayne and co-workers3® proposed that the
uptake of SO, into aqueous solution involved the
formation of a unique complex at the surface. This
was supported in subsequent studies by Donaldson
and co-workers,3! Boniface and co-workers,33? and
Clegg and Abbatt,®32 although a surface species was
not detected by attenuated total reflectance FTIR.334
Hu and co-workers?”® reported that the kinetics of
Cl, uptake into droplets containing dissolved NaBr
were not consistent with the mechanism shown in
Figure 13a, and proposed that a reaction also oc-
curred at the interface; similarly, an interfacial
reaction of Br, with 1= was observed. Interface
reactions have also been proposed for the reactions
of CIONO, with HCI on ice®*® and for CINO, and BrClI
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Figure 13. (a) “Conventional” view of uptake of gases into
liquids and reaction and (b) interfacial mechanism. In the
latter case, the reaction of the gas with species X at the
interface leads to the generation of a gaseous product Y
and a bulk-phase product Z.

with agueous solutions containing 1.2%6:337 This new
aspect of the interaction of gases with liquids is
represented schematically in Figure 13b.

There is increasing evidence that such interfacial
processes are quite common for certain inorganic
species such as the halides. For example, in studies
of the reactions of deliquesced particles of NaCl with
gas-phase OH, the formation of gas-phase Cl, was
observed?52253 that was far in excess of that expected
from the mechanism consisting of reactions (47)—(53)
in the bulk agueous phase. Molecular dynamics (MD)
simulations showed that chloride ions were readily
available at the interface, and based on this, a
reaction of OH with CI~ at the interface, shown
schematically in Figure 14, was proposed.?>® Further
molecular dynamics simulations show that when
OH from the gas phase impacts a concentrated
solution of NaCl, there is sufficient contact time
between OH and CI~ on the surface for this reaction
to occur.338

Additional evidence for this interface mechanism
has been obtained by analysis of NaCl particles
before and after reaction under similar conditions
(i.e., RH between 80 and 85% in the presence of O3
and 254 nm radiation).3®® Loss of chloride and
increase in oxygen were observed by SEM—EDS, and
TOF—SIMS spectra showed peaks corresponding to
O~ and OH™ on the surface of the reacted particles.
These experimental observations are consistent with
the formation of hydroxide ions expected for the
interface mechanism shown in Figure 14.
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Figure 14. Schematic diagram of the mechanism of re-
action of OH with CI~ at the air—water interface. Reprinted
with permission from Science (http://www.aaas.org), ref
253. Copyright 2000 American Association for the Advance-
ment of Science.

The photochemical formation of OH™ in sea salt
particles via the interface mechanism during the day
may have significant implications for the uptake of
SO, into these particles and its oxidation to sulfate.
Oxidation of S(IV) by Oz is fast under alkaline
conditions,®*° where the total amount of dissolved
S(1V) is also enhanced.! Models predict that as the
oxidation to sulfuric acid proceeds, the pH of the
particles falls, decreasing both the O3 reaction kinet-
ics and the concentration of dissolved S(1V).226:239.341
This leads to a self-quenching of the reaction and
limits the importance of sea salt particles as a vehicle
for the oxidation of SO, to sulfate. However, during
the day, the generation of OH™ by the interface
oxidation of CI~ by OH will contribute to modulating
the effect of acid formation on the pH of the particles.
By slowing the acidification, more SO, can be taken
up into the particles and oxidized to sulfuric acid than
would otherwise be expected.33°

Recent theoretical studies show that inorganic
anions, particularly the larger halide ions, tend to
reside on the surface of clusters with water that
contain more waters than the first solvation shell
(and hence may provide insight into the behavior in
bulk water).3427353 Although it is not intuitively
obvious that halide ions would be readily available
at the air—water interface, the physical basis for this
appears to be the polarizability (see, for example, refs
287, 288, 346—348, 351, 352, 354—357). In bulk
solution, the ions are surrounded by water molecules,
and the average net dipole is zero. At the interface,
the asymmetric arrangement of water molecules
around the halide ion gives a net dipole that polarizes
the ion, leading to an attraction that overcomes the
partial loss of solvation energy compared to the bulk.
In contrast, it is interesting that both experimen-
tal®%8-360 gand theoretical studies®®' show that the
doubly charged sulfate ion does not reside at the in-
terface because the two charges require full solvation.

Figure 15 shows the results of molecular dynamics
simulations for the series of halide ions from fluoride
to iodide in agueous solutions.?®7:288 There is a trend
to increasing availability at the interface for larger,
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Figure 15. Molecular dynamics simulations of solution—
air interfaces of solutions of sodium halides. (a—d) Snap-
shots of Na* (small green balls) and the halide ions (black
=F~; yellow = Cl~; orange = Br—; pink = I7). (e—h) Profiles
for O, Na, and the halide ions from the center of the water
slab (z = 0) to the air—water interface and beyond.
Reprinted with permission from ref 287. Copyright 2001
American Chemical Society.

more polarizable ions. Fluoride is depleted at the
surface relative to the bulk, while chloride is avail-
able in similar concentrations both at the interface
and in the interior. However, bromide and iodide ions
are enhanced at the interface relative to the bulk by
factors of about 2 and 3, respectively. Such a trend
is consistent with the increasing polarizabilites of the
anions from F~ to 1. In a similar vein, Dang3%3
carried out molecular dynamics simulations to cal-
culate the potentials associated with transport of Cl—,
Br—, and I~ (as well as Na") across the air—water
interface. He showed that ClI~ was not as strongly
bound to the interface as Br~ and I-.

This surface enhancement of bromide relative to
chloride is expected to contribute to the dispropor-
tionately large role of bromide ions in tropospheric
halogen chemistry. For example, molecular dynamics
simulations of equimolar mixtures of chloride and
bromide ions show that there is more bromide at the
interface, and indeed, in concentrated solutions (3 M),
bromide displaces virtually all of the chloride from
the interface.?®® These theoretical calculations are
consistent with the experimental observation of a
reaction of gaseous Cl, with bromide ions at the
interface of an aqueous droplet of NaBr, and of
gaseous Br; with iodide ions.?™
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Given that polarization is the key for anions to
reside at the interface, it is likely that anions other
than the halides may also be preferentially located
at the interface. Indeed, there is experimental evi-
dence that Cl,™ radical anions, intermediates in the
OH-—CI™ reaction (see reaction (49) above), are present
at the air—water interface and react with ethanol,
for example, much faster than in the bulk phase.362
In addition, molecular dynamics simulations predict
that the nitrate ion also has a propensity for the
interface.®® It remains to be investigated what
impact this has on the chemistry and photochemistry
of such interfacial species.

7. Summary

It is becoming increasingly clear that halide ions,
particularly chloride and bromide, play a major role
in the chemistry of the troposphere. A variety of
reactions of sea salt with gases lead to the formation
of chlorine and bromine atom precursors that pho-
tolyze to generate reactive halogen atoms. Chlorine
atoms generally lead to ozone formation in the
troposphere, while bromine atoms destroy ozone.
Studies of reactions of model solid salts such as NaCl
and NaBr show that small amounts of water that
remain adsorbed on the steps and edges of the solid
surfaces even under vacuum play a major role in the
reactivity and prevent surface passivation during
such reactions. For aqueous salt solutions, reactions
at the air—water interface play a major role in the
reactions with gases and have the potential to alter
other trace gases such as SO, and their associated
tropospheric chemistry. Despite the demonstrated
contributions of halogens to the chemistry of the
lower atmosphere, a great deal more laboratory, field,
and modeling work will be required to fully under-
stand and quantify the contribution of halogens.
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