BT e -
S A e s e DR R S e g i R s

&
predict &-Fe should not order magnetically
(24), suggesting that it is paramagnetic.

The estimated values of x offer con-
straints on existing models of Earth’s mag-
netic field behavior, provided they remain
valid at high core temperatures (4000° to
8000°C) and pressures (330 to 360 GPa).
A paramagnetic inner core can explain a
variety of geomagnetic phenomena (4),
the source of which cannot be ascribed to
processes acting in the outer core. The
results of Hollerbach and Jones (1) and
the recently developed three-dimensional
dynamic models of Glatzmaier and Rob-
erts (2) predict that a finitely conducting
solid inner core would stabilize the geody-
namo, because the inner core has a diffu-
sive time scale independent of that of the
outer core. We speculate the same could
be true if the paramagnetic relaxation
time of the inner core lags behind external
field changes from the outer core. The
outcome is that short-term fluctuations
are damped out, and the dynamo is stead-
ied. As a result, a brief breakdown of the
dynamo would not lead to a successful
reversal of the field. This inhibition to
reversal, which results directly from the
inner core’s stabilizing influence on outer
core convection, is feasible if our estimates
are valid at core temperatures.
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Formation of Molecular Chlorine from the
Photolysis of Ozone and Aqueous
Sea-Salt Particles

K. W. Oum, M. J. Lakin, D. O. DeHaan,* T. Brauers,
B. J. Finlayson-Pittst

Halogen atoms from the reactions of sea-salt particles may play a significant role in the
marine boundary layer. Reactions of sodium chloride, the major component of sea-salt
particles, with nitrogen oxides generate chlorine atom precursors. However, recent
studies suggest there is an additional source of chlorine in the marine troposphere. This
study shows that molecular chlorine is generated from the photolysis of ozone in the
presence of sea-salt particles above their deliquescence point; this process may also
occur in the ocean surface layer. Given the global distribution of ozone, this process may

provide a global source of chlorine.

Sea-salt particles formed by wave action
are ubiquitous in the marine boundary layer
and in coastal regions. In addition, they
have been found in some unusual situations
such as in the plumes from the burning of
the Kuwaiti oil wells (1). Chlorine atoms
(Cl) formed from the reactions of sea-salt
particles can destroy ozone (O,), a key tro-
pospheric oxidant (2-7) and greenhouse gas
(8), through direct reaction. Alternatively,
Cl reacts rapidly with organic molecules,
which can, in turn, lead to O, formation in
the presence of sufficient oxides of nitrogen
(NO,) (9).

Laboratory (2, 6, 7) and modeling (5,
10, 11) studies have shown that photo-
chemically active, gas-phase Cl- and Br-
containing compounds can be generated by
a number of reactions of sea salt and its
components. Although HNO; and H,SO,
displace HCI from sea-salt particles, this is
not a significant source of atomic Cl be-
cause the subsequent reaction of HCI with
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OH is relatively slow (12). Furthermore,
the reactions of acids and oxides of nitrogen
are insufficient under some circumstances
to account for the measured Cl™ depletion
(13), and a photochemical reaction of O,
with aqueous sea-salt particles has been sug-
gested as an alternative way of generating
Cl,. Although O; does not react at a sig-
nificant rate with dry NaCl (14), laboratory
studies have suggested that an unidentified
photolyzable Cl-containing compound may
form from sea-salt particles close to the
deliquescence point in the presence of O,
and probably light (15).

Field studies have identified photochem-
ically active, gas-phase halogen compounds
other than HCl in the troposphere (16-20),
but specific compounds have been difficult
to identify. Recently, Cl, was identified and
measured in a coastal area (21) at concen-
trations up to 150 parts per trillion (ppt).
This is a much larger concentration than
can be attributed to known reactions of
sea-salt particles, suggesting that there must
be an unrecognized source producing a daily
average of 280 ppt of Cl, per day.

We report the specific identification of
Cl, as the product of the photolysis of O; in
the presence of aqueous sea-salt particles in
a controlled laboratory experiment. We
used an aerosol chamber of 561 liters vol-
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ume in our experiments (22). We monitored
the reactants and products during the run,
using infrared and ultraviolet (UV)-visible
spectrometry (23) as well as atmospheric-
pressure ionization mass spectrometry (API-
MS) (24). We generated polydisperse sea-
salt aerosols using a commercial system (TSI,
Inc.) consisting of an atomizer (model
3076), a differential mobility analyzer
(DMA) (model 3071), and an ultrafine con-
densation particle counter (model 3025). A
1.0% (w/w) solution of synthetic ‘sea salt
(Instant Ocean, Aquarium Systems, Mentor,
Ohio) was atomized and dried with a diffu-
sion dryer, and we measured the size distri-
bution using the DMA. The DMA was then
bypassed, and the dried polydisperse aerosol
particles were added to the chamber con-
taining air at a relative humidity (RH) in the
range of 86 to 90% at 298 K, which caused
the particles to deliquesce. A typical particle
number concentration in humidified air in
the chamber was 5 X 10 particles per cubic
centimeter with a geometric number mean
diameter of 150 nm and a geometric stan-
dard deviation o of 1.9. Then O, was added
to the chamber to give initial concentrations
before photolysis of 0.8 to 14 parts per mil-
lion (ppm). After the reaction was followed
in the dark, the bank of UV lights was
turned on to photolyze the mixture for mea-
sured time periods. Before and after each
photolysis period, the chamber contents
were analyzed by API-MS and Fourier trans-
form infrared spectroscopy (FTIR).

We observed Cl, only when O;, sea-salt
particles above their deliquescence point,
and light were present (Fig. 1); Cl, was not
generated in blank runs with O, aerosol
particles, or both in the dark or with irradi-
ated sea-salt particles alone. As seen in Fig.
1, Cl, was produced rapidly when the mix-
ture of wet sea-salt particles and O; was
photolyzed. We also observed the formation
of small amounts of Cl, when-we used dry
sea-salt particles. However, these particles
are known to have large amounts of surface-
adsorbed water (25), and hence the same
chemistry is likely occurring in the film of
surface water.

We confirmed that the peaks at a mass-
to-charge ratio (m/fe) of 70, 72, and 74 were
a result of Cl,, using MS-MS scans (Fig. 2).
As expected, collisional dissociation of the
ion at mfe = 70 gave a fragment at 35
atomic mass units (amu) (Fig. 2A), mfe
= 72 gave fragments at 35 and 37 amu (Fig.
2B), and m/e = 74 gave a fragment at 37
amu (Fig. 2C). A further check was carried
out in which the sample was passed through
an annular denuder coated with K,CO; to
remove Cl,; the peaks attributed to Cl,
disappeared. We also carried out experi-
ments using NaCl particles, and we ob-
served Cl, generation at similar rates.

To ensure that Cl, formation was not
due to an unrecognized chamber artifact, we
also carried out some studies with sea-salt
particles and a clean 70-liter Teflon reac-
tion chamber. We observed Cl, formation
under the same conditions as in the larger
aerosol chamber.

The formation of Cl, was limited by the
availability of O;. Thus, the rate of forma-
tion of Cl, declined as the O; was destroyed
by photolysis and ceased when the O; was
gone. Generation of Cl, resumed when more
O, was added. At an initial O; concentra-
tion of 14 ppm, approximately 45 parts per
billion (ppb) Cl, were formed in the first 2
min of photolysis, and Cl, concentrations
peaked at ~100 ppb when the O; was de-
pleted. Experiments were carried out at O,
concentrations down to ~0.8 ppm. Smaller
peak concentrations of Cl, (~10 ppb) were
produced as' O; was rapidly depleted.

In summary, O, light, and aqueous par-
ticles containing Cl7, either from sea salt or
from NaCl, are necessary for the formation
of Cl,. One potential reaction mechanism
involves oxidation initiated by OH in the
aqueous phase of the particles as suggested
earlier by Keene et al. (16). It is known that
OH is generated in the aqueous-phase pho-
tochemistry of dissolved Oy (26-30):

Os(0q) + hv(N =254 nm) H:Q H,O,(,y + O,
(1)
aq)

(2)
where N is the wavelength of light. Alter-
natively, H,O, and OH can be generated in

the gas phase and then be taken up into the
particle aqueous phase:

H,0,0 + hv(N = 254 nm) — 20H;

API-MS spectral intensity (10° cps)

69 70 71 72
m/e (amu)

Fig. 1. Peaks at m/e = 70, 72 as measured with
API-MS (Q1 scan, 25 scans coadded) in the reaction
of O5 (14 ppm) with a polydisperse sea-salt aerosol
(geometric mean diameter = 150 nm, o = 1.9) at
86% RH and 298 K in air: curve 1, from O and wet
sea-salt particles in the dark; curve 2, after irradiating
(N = 254 nm) for 2 min; curve 3, after 10-min pho-
tolysis. The higher background at m/e = 72 is be-
cause of a small contribution from a contaminant
peak at m/e = 73 (cps, counts per second).

g REPORTS
Osy + hv(N = 254 nm)

e O(ID)(g) + Ol(g) (3)
O('D)y + H,O() —20H,,  (4)
OH(g) - OH(‘aq) (5)

OHgy + Osy) > HOyp) + Oy (6)
HOz(g) —+ HOZ(g) (+M, H,0O)

— HyOy + Oy (7)
HZOZ(g) - Hzozm) (8)

H,O05(.q + hv(N = 254 nm) — 20H,,,,
(2)

Then OH oxidizes Cl~ in the aqueous
phase:

OH + Cl~ < HOCI (9a, 9b)
HOCI + H* - Cl+ H,0  (10)
Cl+ Cl—Cl, (11)

Cl+ Cl- —>Cl,~ (12)

Cl,” +ClL,~ —Cl, +2Cl-  (13)

Cl, + H,0 —HOCI + H* + CI-  (14)
HOCI + H* + CI- >Cl, + H,O  (15)

The dissociation of HOCI™ back to OH +
Cl™ (reaction 9b) occurs in competition
with its reaction with H" to generate Cl
atoms (reaction 10), and at neutral pH the
dissociation is much faster (31). Reactions
9a and 9b are in essence an equilibrium, and
Cl atoms are generated when the rate-de-
termining reaction 10 of HOCI™ with H*
occurs. At least a portion of the Cl, is
released to the gas phase.

201 A
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Fig. 2. MS-MS scans (40 scans coadded) of the
peaks at (A) m/e = 70, (B)m/e = 72, and (C) m/e =
74 after irradiation for 10 min of O and a polydis-
perse sea-salt aerosol in air at 86% RH and 298 K.
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Quantitative extrapolation of these re-
sults to atmospheric conditions must be car-
ried out with caution. The O; and aerosol
number concentration were higher in these
experiments than in the marine boundary
layer, and, in addition, the light intensity
and photolysis wavelength distribution dif-
fer. The highest O; concentration we used
was 14 ppm, which generated 45 ppb of Cl,
in 2 min. If the concentration of the oxi-
dant for ClI~ is proportional to the O con-
centration (32), 14 ppm O; would have
generated 400 times the amount of Cl,
expected under a typical marine boundary
layer O; concentration of ~35 ppb.

If aqueous-phase chemistry predomi-
nates, the important aerosol parameter is
the volume of liquid phase available for
reaction. The typical sea-salt particle diam-
eter of 0.15 wm used in our experiments is
much smaller than that of a typical sea-salt
particle (1 to 4 wm) in the marine boundary
layer (33-35). However, the total aqueous-
phase volume available for reaction is sim-
ilar because of the much larger number
concentration of particles in these chamber
experiments, 5 X 10* particles per cubic
centimeter compared to 1 to 10 particles
per cubic centimeter in the marine bound-
ary layer (33-35). Thus, no correction was
applied for differences in available particle
aqueous-phase volume.

We used radiation of 254-nm wavelength
in these experiments. Although the actinic
cutoff at Earth’s surface is 290 nm (9), the
use of 254 nm radiation provided efficient
photolysis of O, at a wavelength that was
not absorbed significantly by Cl,. As a result,
the buildup of Cl, during the reactions could
be readily observed. Comparison of the ef-
fective light intensity in these experiments
to a typical actinic flux at Earth’s surface can
be made if it is assumed that the photolysis of
O; to generate OH, which in the tropo-
sphere occurs at 290 to 320 nm, is the key
step in injtiating CI~ oxidation. Experiments
in which O; was photolyzed in the chamber
in dry N, gave a first-order rate constant for
O; photolysis of k, = 8 X 107* 571, based on
the measured rate of O; loss and a mecha-
nism describing the subsequent secondary
reactions in this system. In contrast, a typical
calculated photolysis rate constant for O; to
generate O('D) at 290 to 320 nm is 7.2 X
1075 57! at a solar zenith angle of 60°. This
comparison suggests that the effective light
intensity in the chamber experiments is
about 110 times that in the atmosphere at a
solar zenith angle of 60°. Clearly, this is an
approximation because the particles increase
the light scattering in the chamber and light
intensities within the particles themselves
can be enhanced by multiple internal reflec-
tions (36, 37).

Applying these factors to the observed

76

rate of Cl, formation in the chamber exper-
iments (45 ppb in 2 min at an initial O,
concentration of 14 ppm) suggests that, over
10 hours, approximately 310 ppt Cl, could
be generated. This is similar in magnitude to
the missing Cl, source of 280 ppt per day
proposed by Spicer et al. at a coastal site
(21).

Finally, if this chemistry occurs in air-
borne sea-salt particles, it is likely also to
occur at the ocean surface. UV light pene-
trates the ocean surface layer (38). Howev-
er, dissolved organics are present and they
can trap significant amounts of OH before
it reacts with CI~. (This may also be true of
airborne sea-salt particles.) In addition, the
aqueous-phase concentration of Cl~ in sea-
water is about 10% of that of saturated
solutions corresponding to sea-salt particles
at their deliquescence point. Thus, al-
though the photochemical reaction of O; in
the ocean surface layer is likely to also be a
significant source of Cl,, quantitative esti-
mates of its contribution await additional
experiments.

The subsequent photolysis of Cl, in the gas
phase will generate atomic Cl, whose fate
depends on the relative concentrations of or-
ganics and O;. The rate constant for the
reaction of Cl with most organics is ~1071°
cm® molecule™ s™1, about an order of mag-
nitude faster than that for its reaction with O,
(39). Even the reaction of Cl with CH,,
which is distributed globally at a concentra-
tion of 1.8 ppm, is relatively fast, with k2?8 K
= 1.0 X 107" cm® molecule™ 57! (39). If
the total concentration of organics other than
CH, is 10 ppb compared to ~40 ppb for O; in
the remote marine boundary layer, approxi-
mately 70% of the Cl atoms will react with
CH, and organic molecules rather than with
O;. These Cl atom reactions therefore not
only contribute to the removal of organics in
the marine boundary layer, but in the pres-
ence of NO_ may lead to further O, genera-
tion. Furthermore, these studies indicate that
estimates of the net emissions of organics by
the ocean to the free troposphere must also
take into account their removal by Cl atoms,
in addition to removal by OH and O;, in the
marine boundary layer.

Although similar bromide chemistry
(40) should also occur to generate Br, or
BrCl, the small amount of Br™ in the sea-
salt aerosols (41) would have produced gas-
eous bromine below our detection limit.
However, both Br, and BrCl production
was observed, as expected, when the sea salt
was doped with additional NaBr.
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Broad-Spectrum, Non-Opioid Analgesic Activity
by Selective Modulation of Neuronal Nicotinic
Acetylcholine Receptors

A. W. Bannon,* M. W. Decker,7 M. W. Holladay, P. Curzon,
D. Donnelly-Roberts, P. S. Puttfarcken, R. S. Bitner, A. Diaz,
A. H. Dickenson, R. D. Porsolt, M. Williams, S. P. Arneric

Development of analgesic agents for the treatment of severe pain requires the identi-
fication of compounds that are devoid of opioid receptor liabilities. A potent (inhibition
constant = 37 picomolar) neuronal nicotinic acetylcholine receptor (nAChR) ligand called
ABT-594 was developed that has antinociceptive properties equal in efficacy to those
of morphine across a series of diverse animal models of acute thermal, persistent
chemical, and neuropathic pain states. These effects were blocked by the nAChR
antagonist mecamylamine. In contrast to morphine, repeated treatment with ABT-594
did not appear to elicit opioid-like withdrawal or physical dependence. Thus, ABT-594
may be an analgesic that lacks the problems associated with opioid analgesia.

related liabilities, yet have a defined
mechanism of action that is related to
pain-processing mechanisms.

The antinociceptive activity of (—)—nic-
otine was reported as early as 1932 (4). How-
ever, (—)—nicotine has not been developed
as an analgesic agent because of its poor spec-
trum of antinociceptive activity, low intrinsic
activity relative to that of the opioids, and
poor side-effect profile (5). The potent,
broad-spectrum antinociceptive actions of
epibatidine (6), an alkaloid isolated from the
skin of Ecuadorian frogs, are also mediated via
a neuronal nicotinic acetylcholine receptor
(nAChR) mechanism (7). However, these
antinociceptive actions are accompanied by
adverse effects (for example, hypertension,
neuromuscular paralysis, and seizures) at or
near the doses required for antinociceptive

Systemic administration of opioid analgesics
such as morphine remains the most effective
means of alleviating severe pain across a
wide range of conditions that includes acute,
persistent inflammatory, and neuropathic
pain states (1). Despite the broad-spectrum
analgesic actions of the opioids, their clinical
use is limited by side effects such as respira-
tory depression, constipation, and physical
dependence as well as scheduling constraints
and perceived abuse liabilities (2). Efforts to
develop new generations of analgesics for the
treatment of moderate to severe pain states
based on advances in the understanding of
endogenous opiate systems have resulted
in only modest incremental improvements
(3). Thus, the challenge in developing
therapies for the management of severe
pain has been the identification of com-
pounds that are devoid of opioid receptor
interactions and consequently of opioid-
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methoxy)-2-chloropyridine]
Like epibatidine, ABT-594
possesses a 2-chloro-5-
pyridyl group and a basic
nitrogen atom, but it differs
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efficacy (8), and these dose-limiting in vivo
actions have precluded the development of
epibatidine as an analgesic agent. Because
these effects are mediated via interactions
with distinct ganglionic, neuromuscular, and
central nervous system (CNS) nAChR sub-
types, the design of compounds selective for
distinct nAChR subtypes is an approach to
identifying analgesic agents with reduced side
effects as compared to those of (#)—epibati-
dine. In the rodent CNS, the predominant
nAChR subtypes are @42 and the homooli-
gomer a7 (9). These differ from the o, B,8v(e)
and a3-containing nAChR subtypes found at
the neuromuscular junction (10) and sympa-
thetic ganglia (11), respectively, that mediate
many of the undesired functional effects of
(#)—epibatidine. A number of nAChR li-
gands have been reported that are selective for
neuronal nAChR subtypes and may have po-
tential in the treatment of Alzheimer’s disease
and Parkinson’s disease (12).

ABT-594 [(R)-5-(2-azetidinylmethoxy)-
2-chloropyridine] (Fig. 1) was synthesized as
a potential neuronal nAChR ligand and
identified as a potential analgesic agent in a
mouse hot plate screen (13). The activity of
ABT-594, (—)—nicotine, and (=) —epibati-
dine at a4B2 neuronal nAChRs was deter-
mined with the use of [PH]cytisine binding to
rat brain membranes (Table 1) (14). The
inhibition constant (K}) values for the three
nAChHR ligands were 37 pM, 1 nM, and 42
pM, respectively. In cell membranes from
Torpedo cdlifornica electroplax (that is, neu-
romuscular nAChRs), ABT-594 and
(—)—nicotine were ineffective in displacing
['#°T}a-bungarotoxin (a-bgt) binding (K, >
10 uM), whereas (+)—epibatidine had a K|
value of 2.4 nM. Thus, while ABT-594 and

(£)—epibatidine have similar affinity for

fj\
I Z
N Cl

(£)-Epibatidine ABT-594
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structurally in several respects (73), including (i) the azacycle moiety encompassing the basic nitrogen atom
(azetidine versus 7-azabicyclo[2.2.1]heptane); (i) elements linking the pyridyl group to the azacycle moiety
(oxymethylene versus a single bond); (iii) the smallest number of contiguous bonds intervening between the
pyridine moiety and the basic nitrogen atom (four versus three); (iv) the number of freely rotatable internal
bonds in the molecule (three versus one); and (v) the number of chiral centers (one versus three).
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