for D atoms in pure glycerol is calculated to be
5 ns. D-atom desorption competes nearly equal-
ly with D-atom reaction; these atoms desorb on
average over a depth of (Dt;,)"? = 50 A, or ~10
glycerol layers, using a diffusion coefficient D =
4 x107° em® s ™! for D atoms in D,O (23, 24).
This reaction depth may even be shallower if
the D atoms diffuse more slowly in pure glyc-
erol because of its viscosity, 2800 cP, at 287 K
(13). D atoms are therefore created by e, close
to, but not necessarily within, the outermost re-
gion where Na atoms ionize (/5).

Figure 4 summarizes the production of D,
D,, D50, and glycerol fragments initiated by
surface Na-atom ionization, along with possible
scenarios for their creation. Each species de-
sorbs only after thermal equilibration. This ob-
servation is complementary to the nonthermal
ejection of D and O atoms after bombardment of
DO ice by electrons carrying 5 to 50 eV of en-
ergy (25), which is substantially greater than the
—0.8 eV ionization enthalpy of Na in bulk water
(26, 27). Analysis of the TOF signals (table S2)
indicates that D, D,, and D,O desorb in the flux
ratio 1:1.3:3.2. We thus find that nearly half of
the D atoms produced by electron-stimulated
dissociation of O-D and C-D bonds escape into
the vacuum before they abstract a second D atom
from the solvent to produce D,. This high de-
sorption rate implies that near-surface reactions
of even this energetic species must compete
with its escape into the vacuum—a route that is
not available deep within glycerol or other sol-

vents, potentially including aqueous solutions.
Because of the proximity of surface molecules
to the gas phase, the observed competition be-
tween evaporation and reaction should be a
universal feature of the interfacial chemistry of
neutral energetic species created by interfacial
electrons. Alkali-atom collisions provide a prom-
ising approach to prepare these electrons and
the radicals they create, and to explore their re-
actions with both solvent and solute molecules
at or near the surfaces of liquids.
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No Straight Path: Roaming in Both
Ground- and Excited-State Photolytic
Channels of NO;—NO + 0,

Michael P. Grubb,* Michelle L. Warter,* Hongyan Xiao,? Satoshi Maeda,*>

Keiji Morokuma,®* Simon W. North™*

Roaming mechanisms have recently been observed in several chemical reactions alongside
trajectories that pass through a traditional transition state. Here, we demonstrate that the visible
light—induced reaction NO3 — NO + O, proceeds exclusively by roaming. High-level ab initio
calculations predict specific NO A doublet propensities (orientations of the unpaired electron
with respect to the molecular rotation plane) for this mechanism, which we discern experimentally
by ion imaging. The data provide direct evidence for roaming pathways in two different
electronic states, corresponding to both previously documented photolysis channels that produce
NO + O,. More broadly, the results raise intriguing questions about the overall prevalence of

this unusual reaction mechanism.

involving multiple bond breaking and for-

mation steps are characterized by a tran-
sition state in the form of a well-defined saddle
point on the potential energy surface. Recently,
however, a second type of mechanism termed
“roaming” has come to light, which bypasses this
saddle point entirely (/-3). Instead, a frustrated
bond cleavage leaves part of the molecule with-

Traditionally, chemical reaction mechanisms

out sufficient energy to escape, and it orbits the
remaining fragment until encountering a reactive
site to form the products via intramolecular ab-
straction. This mechanism has received consider-
able attention in the past 8 years, having been first
identified in formaldehyde dissociation as a mi-
nor channel (4, 5) and then later in acetaldehyde
as the dominant pathway to CH4 + CO products
(albeit still a minor fraction of the overall quan-

tum yield) (6, 7). Evidence of roaming dynamics
has since been observed in a handful of other
systems, but in all cases has been observed along-
side a traditional tight transition state channel (2, 8).

Recently, we reported that roaming may be
the dominant of the two observed pathways
that produce molecular products in NO3 photo-
dissociation (9), a reaction of considerable at-
mospheric importance. Additionally, theoretical
calculations implicated roaming on the excited-
state potential surface; previous observations of
roaming were restricted to the electronic ground
state (10, 11). Here, we report direct experimental
and theoretical evidence confirming the role of
excited-state roaming in NO3 photodissociation.
Thus, roaming is not only the dominant mecha-
nism for forming the molecular products of NO;
but the exclusive mechanism, with no evidence
of a competing traditional transition state.
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The two dissociative pathways of NOs to
yield NO and O, products were recently re-
solved via high-resolution ion imaging experi-
ments (9, 12). In those experiments, a molecular
beam of dilute NO; (<1%) in helium was pho-
tolyzed by a 588-nm laser pulse. A single ro-
vibronic quantum state of the NO photofragment
was selectively ionized by a second laser, and the
resulting NO cations were focused by electro-
static lenses onto a two-dimensional microchan-
nel plate—phosphor ion detector. The radial
displacement of each ion impact is a measure
of the recoil velocity resulting from the photol-
ysis. By simultaneously measuring the NO quan-
tum state and velocity, the quantum state of the
coincident O, fragment could be determined
through the conservation of energy and linear mo-
mentum. State-selective correlated measurements
are ideal for uncovering multiple reaction path-
ways and revealed two separate pathways for
the NO; — NO + O, reaction. Pathway 1 (Pwy 1),
the dominant pathway, resulted in highly vibra-
tionally excited O, fragments in coincidence with
lower NO rotational quantum numbers (Fig. 1,
inset). This pathway bears many similarities to the
roaming pathway observed in formaldehyde dis-
sociation. The excited O, vibrational distribution
originates from the extended O-O bond distance
at the roaming saddle point (ONO-O). Vibra-
tionally excited O, products (v > 6) have also
been observed in the intermolecular abstraction
reaction NO, + O — NO + O, (/3), reinforcing
the description of roaming as an intramolecular
abstraction (/4, 15).

The nature of pathway 2 (Pwy 2), which re-
sults in fragments with large rotational angular
momentum in both products and a colder O,
vibrational distribution (Fig. 1, inset), has prov-
en more elusive. Although it was speculated that
the pathway originated from a traditional three-
center transition state (12, /6), which is present
in all other systems where roaming has been
identified, no transition state of relevant energy
has yet been calculated by theory. Recent theo-
retical calculations mapping the potential energy
surfaces of the first several electronic states of NOs
have shown that the lowest-lying excited state,
which is optically dark, is accessible through a
series of conical intersections after photoexcita-
tion to a higher-energy “bright” state (Fig. 1) (10).
Maeda and co-workers proposed that roaming
actually occurs on this first excited dark state and
may later access the ground state at long (O,N-O)
bond distances through another conical intersec-
tion. The two experimentally observed pathways
could therefore be explained by dissociation on
two different electronic potential surfaces (10, 11).
Furthermore, the ONO-O saddle point on each
potential surface (SP1 and SP2) has a different
0-O bond length leading to different vibrational
distributions in the O, product fragment, consist-
ent with experimental observations. The critical
role of the optically dark state in the photochem-
istry of NO3z was unexpected and warranted fur-
ther experimental exploration.

An experimental test of this two-state roaming
theory requires that a signature of the dissociative
electronic state be retained in the photofragments.
Electronic symmetry must be conserved for chem-
ical processes, and thus the electronic orbital sym-
metry in NOs should be maintained in the product
fragments. The orbital symmetry of a diatomic
molecule in a T electronic configuration such as
the ground state of NO can be expressed by the A
doublet propensity. An A" A doublet propensity

588 nm

first
excited
state

ground state

Pwy 2

indicates that the singly occupied pr-orbital lobe
is pointed out of the fragment rotational plane,
whereas an A' A doublet propensity indicates that
the lobe is oriented in the rotational plane. The
photodissociation of water is a classic example of
this electronic symmetry conservation. The ab-
sorption of a photon leads to an excited electronic
state of water characterized by an unpaired elec-
tron in an out-of-plane pr-orbital lobe. This sym-
metry is conserved during dissociation, resulting

Pwy 1

012 3 456 7 8 910
0, Vibrational Quantum Number

Fig. 1. Schematic diagram of the lowest-lying electronic state surfaces proposed to give rise to the two
experimentally observed pathways (Pwy 1 and 2) via C.I. (conical intersection) resulting from NOs
photolysis at 588 nm. The experimental vibrational distributions of the O, fragments produced from the
two pathways are also provided, with the difference ascribed to different ONO-O bond lengths at the

saddle points on the two surfaces (SP1 and SP2).

(0.688)

Fig. 2. Evolution of the key electronic orbital in the NO; exit channel derived from the CASSCF cal-
culations (18) of some representative structures along the post-C.l. reaction pathways determined by
our previous study (10). The occupancy of the orbital is shown at each step in parentheses. In-plane
dissociation results in opposite NO A doublet propensities for the two pathways.
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in a strong preference for producing OH frag-
ments in the upper A" A doublet state, from which
stimulated emission has been proposed as a source
for interstellar masers (/7). The correlation be-
tween A doublet propensities and electronic ori-
gin provides a convenient means of distinguishing
pathways on different electronic potential surfaces,
provided the electronic states possess different
electronic symmetries.

We performed ab initio calculations to deter-
mine the evolution of the electronic orbitals in
the NO; exit channel, in order to predict the
preferred A doublet state arising from each elec-
tronic state potential surface. These orbitals were
obtained by CASSCF calculations (/8) and cal-
culated for some representative structures along
the reaction pathways determined in our previ-
ous study (10). The results shown in Fig. 2 sup-
port in-plane dissociation on both surfaces (19)
and conveniently predict opposite A doublet pro-
pensities for each pathway. The pr-orbital lobe
in the NO fragment containing the unpaired elec-
tron lies in the NO rotational plane (A" A doublet
state) for trajectories evolving on the ground state
of NOs, whereas the lobe is perpendicular to the
NO rotational plane (A" A doublet state) for tra-
jectories evolving on the dark state of NOs. Thus,
experimental measurements of the NO A doublet
propensities should show an A' preference for path-
way | and an A" preference for pathway 2, if
the two-state dissociation model is correct (20).

The unpaired pr-orbital lobe in NO defines
the spectroscopic transition dipole moment p for
the A(E) « X(*I1) transition, which is the res-
onant step of the two-photon detection scheme
previously used in the ion imaging experiments
of (9, 12). The A doublet propensity of the NO
fragment can therefore be determined by compar-
ing the relative intensities of the P, Q, and R
branches of this transition (27). For a classical Q
branch transition, p is parallel to the rotational
axis j. Therefore, a Q branch transition will pri-
marily excite the A" A doublet state, where the
unpaired pr-orbital lobe and hence p is pointing

out of the rotational plane along j. For a P or R
branch transition, p is perpendicular to j and thus
the A' A doublet state is preferred. In the case of
our ion imaging experiments, the two dissocia-
tion pathways result in NO fragments with two
different translational energy distributions (ob-
served as different radii in the ion images). Rel-
ative A doublet propensities for the two pathways
can therefore be determined by observing how
the relative intensity of the two energy distribu-
tions changes when the NO is detected via Q and
P (or R) branch transitions. Previous measure-
ments of rotationally excited NO fragments fo-
cused on Q branch transitions, as the lines of this
branch are more isolated in the excitation spec-
trum. Here, we present measurements of a par-
ticular NO rotational state probed via multiple
rotational branches (18).

Figure 3 shows velocity map images of the
NO (I3, v =0, N = 22) photoproducts after
resonance-enhanced multiphoton ionization, as
well as the corresponding NO total translational
energy distributions, probed via the Q,, branch
(right) and the P,, branch (left). The lower—
translational energy NO fragments originate from
pathway 1 (because most of the available energy
is in the vibration of the O, cofragment), whereas
the higher—translational energy NO originates from
pathway 2. The results are dramatic, showing
highly suppressed pathway 2 signal in the Py,
branch ion image. This implies a strong prefer-
ence in pathway 2 for producing NO in the A" A
doublet state, in agreement with the theoretical
prediction shown in Fig. 2. The magnitude of the
difference in the relative intensities also suggests
that NO derived from pathway 1 must possess
the opposite A doublet propensity, in agreement
with the ab initio calculations, although this result
is not necessarily of dynamical origin because
a 2:1 ratio favoring the A' state is statistically
predicted if the dissociation is not constrained to
the molecular plane (22).

The results of these measurements and the
corresponding theory strongly support in-plane

Pyy+ P1p(22)---- P
Qpy+ Qy5(22)

N
£ Sy
'

Ground

Excited

1
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Fig. 3. Total translational energy distributions obtained from ion images of the NO photoproduct
(I3, v = 0, N = 22) probing the P,> + P1»(22) (dashed) and Q,, + Q;»(22) (solid) transitions,
demonstrating the relative A doublet propensities of the two reaction channels (23).
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two-state roaming dynamics for NO;z photo-
dissociation, without competition from a tradi-
tional transition state mechanism. Additionally,
the NO; system differs from previous document-
ed roaming dissociations in that its roaming
dynamics access multiple electronic potential
surfaces. Near the product asymptotes the elec-
tronic potentials converge, and because roaming
trajectories explore a large area of these asymp-
totic surfaces, it is not surprising that the tra-
jectories may involve multiple electronic states.
What effect does the slow, broadly sampling dy-
namics of roaming have on a system’s ability to
access additional potential energy surfaces? Do
roaming dynamics lead to an even more com-
plicated reaction than a simple intramolecular
abstraction? The low vibrational states of the
oxygen fragment associated with the dark state
pathway could not be measured due to diminish-
ing Franck-Condon factors in previous laser-
induced fluorescence experiments. It is therefore
unclear whether the excited state is accessed in
the bimolecular NO, + O abstraction reaction or
the thermal dissociation of NOs, or is confined
to the photochemistry. However, the conical in-
tersection at extended NO; geometries between
the ground- and excited-state potential energy
surfaces, which has been proposed to lead to the
observed multistate dynamics, should be equally
accessible by bimolecular and thermal reactions.
Whether excited-state roaming is widespread, or
constitutes a unique feature of the NO; system,
remains to be seen.
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High-Latitude Dust Over the North
Atlantic: Inputs from Icelandic
Proglacial Dust Storms

Joseph M. Prospero,* Joanna E. Bullard,?* Richard Hodgkins2

Mineral aerosols play an important role in the atmosphere-ocean climate system. Research has
focused almost exclusively on sources in low-latitude arid regions, but here we show that there
are substantial sources in cold, higher latitudes. A 6-year record of measurements made on
Heimaey, an island south of Iceland, reveals frequent dust events with concentrations exceeding
20 micrograms per cubic meter. Much of this potentially iron-rich dust is transported southward
and deposited in the North Atlantic. Emissions are highest in spring and spatially and temporally
associated with active glacial outwash plains; large dust events appear to be associated with glacial
outburst floods. In response to global warming, ice retreat on Iceland and in other glacierized
areas is likely to increase dust emissions from these regions.

ineral dust aerosols affect climate di-
Mrectly by scattering and absorbing solar
and terrestrial radiation and indirectly

by affecting cloud properties and, in turn, the hy-
drological cycle (1, 2). Moreover, dust is an im-
portant source of iron (Fe), which in soluble form
is an essential micronutrient in marine biota; con-
sequently, dust inputs to the oceans can affect
primary productivity and, in turn, the global car-
bon cycle (3, 4). This is not only a contemporary
phenomenon; evidence from terrestrial (loess)
and ice core records shows increased dust activity
associated with glacial periods that has been linked
to the carbon cycle and long-term climate change
(5-7). Accordingly, there is considerable interest
in the global distribution of dust sources (8),
factors affecting dust emissions, and the proper-
ties of emitted particles; there are major efforts
to model these processes on a global scale (4-9).
Thus far, research efforts have focused almost
exclusively on tropical and mid-latitude arid re-
gions that clearly are major global dust sources
(8). However, substantial dust events also occur
in higher latitudes, particularly in proglacial and
paraglacial regions (/0—12). Dust emissions in
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high latitudes are not confined to arid regions
and can occur in humid areas such as Alaska,
New Zealand, Patagonia, and Iceland (10-14).
In ice-proximal areas, this is due to limited veg-
etation cover, high meltwater sediment supply,
and strong katabatic or density-driven down-
glacier winds (17, 12, 15). Near ice sheets winds
driven by steep regional or continental pressure
gradients are important. To date, most measure-
ments of high-latitude dust emissions have been
confined to individual dust events (storms) or sin-
gle seasons. Here we report a 6-year data set of
aerosol emissions from Iceland.

Daily dust acrosol measurements were made
at Storho£0i, located on the southern tip of the
island Heimaey, 17 km off the south coast of
Iceland (Fig. 1). A detailed description of the
site and sampling protocols are available as
supporting online material (SOM) on Science
Online. Data for February 1997 to December
2002 are shown in Fig. 2, along with data from
October to November 2004, when intense dust
activity was reported on Iceland.

Dust is present year-round at concentrations
of a few micrograms per cubic meter, but occa-
sionally, concentrations increase sharply (Fig. 2).
Concentrations exceeded 20 ug m > in 53 filter
samples exposed over a total of 150 days and
exceeded 50 pg m> in 26 filters exposed over
71 days. The highest concentration in our entire
record occurred on 19-20 October 2004 and was
1400 pug m>; the daily average concentration
over the period 15 to 22 October was 555 ugm °.

The original objective was to study pollution
from the low latitudes; consequently, the sampler
is controlled by wind direction to a 180° sector
centered on due south. It therefore does not col-
lect aerosols transported directly to the site by
northerly winds; dust is sampled only after winds
subsequently shift into sector, a frequent occur-
rence under typical weather conditions in the
region. Thus, the concentrations reported here
are minimum estimates of the actual values in
plumes crossing the coast.

Dust activity is greatest in spring and early
summer (Fig. 2C and table S1); concentrations
>20 ug m > occurred most frequently in April
(19 filter samples over 43 days) and May (14 sam-
ples over 41 days). The dust events in Fig. 2 are
not associated with peaks in nonseasalt SO} or
NOj3, which might have suggested that the dust
was transported from Europe in pollution events
or dust events from Africa (/6), but they are
instead linked to dust storms on Iceland. Forward
air parcel trajectories from Storhofoi calculated
by use of the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) Model (/7) in-
dicate that much of this dust is transported over
the Atlantic Ocean. Trajectories for days when
dust concentration exceeded 50 ug m > reveal that
after 120 hours, 14 (39%) of the air masses asso-
ciated with dust events remained over the North
Atlantic, and consequently, the dust was most like-
ly deposited in the marine system. Of the remain-
der, 13 (36%) made landfall within 120 hours on
the west coast of Ireland or the UK; the remain-
ing trajectories reached Norway, France, south-
ern Greenland, or elsewhere in southern Iceland.

To set Icelandic contributions of dust to the
Atlantic in context, mineral dust concentrations
measured at seven other North Atlantic locations
are shown in Fig. 3. The highest concentrations
are measured at Cape Verde and Izana (Tenerife,
Canary Islands), reflecting their proximity to
Saharan dust sources (8, /8). Dust is transported
westward across the North Atlantic and subsequent-
ly recorded at samplers in Cayenne, Barbados,
Miami, and Bermuda. Dust concentrations recorded
at Mace Head, Ireland are generally low (maxi-
mum monthly mean, 1.4 pgm > from 1989 to 1994)
with the highest concentrations in the winter and
spring (/8), some of which may be attributable
to Icelandic sources. Dust concentrations mea-
sured at Storhofoi are comparable with those re-
ported from Miami and Bermuda; however,
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