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Abstract Sunlight is a major driving force of atmospheric processes. A detailed
knowledge of atmospheric photochemistry is therefore required in order to under-
stand atmospheric chemistry and climate. Considerable progress has been made in
this field in recent decades. This contribution will highlight a set of new and
emerging ideas (and will therefore not provide a complete review of the field)
mainly dealing with long wavelength photochemistry both in the gas phase and on a
wide range of environmental surfaces. Besides this, some interesting bulk photo-
chemistry processes are discussed. Altogether these processes have the potential to
introduce new chemical pathways into tropospheric chemistry and may impact
atmospheric radical formation.
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1 Introduction

From a chemical perspective, the atmosphere may be described as a giant, fairly
well-mixed photochemical reactor, in which most of the processes are initiated by
sunlight. As the light source in this context, the sun may be considered as a
spherical blackbody emitter at T ~ 5,770 K outside the atmosphere. One of the
most important photochemical processes in the atmosphere is the generation of free
radicals (such as the hydroxyl radical, OH) through the UV photolysis of precursors
such as ozone or carbonyl compounds. These reactions have been the focus of
numerous studies and will not be covered here [1]. The present contribution will
deal mainly with reactions which may occur at longer wavelengths than those
initiated by direct photolysis, such as vibrational overtone initiated processes and
photosensitized reactions. As illustrated in Fig. 1, visible light photons are signifi-
cantly more abundant in the atmosphere than UV photons, since several atmo-
spheric constituents (such as O, and O3) absorb UV strongly, and thus filter out the
short wavelength light emitted by the sun. Nevertheless, a few important UV-
triggered processes, for example reactions of non-conventional precursors in aque-
ous systems, will also be discussed as the authors regard this as an emerging field in
atmospheric photochemistry.

An atmospheric photochemical reaction starts with the absorption of a photon by
an atmospheric molecule at an appropriate wavelength of available light, producing
an excited electronic or vibrational state. Typically, absorption of a photon by a
singlet ground state (Sp) will initially produce primarily a singlet excited state (S;),
because the transition from a singlet to a triplet state (i.e., a transition in which
electron unpairing takes place with a changing spin) is spin-forbidden and may only
take place with a very low probability [2]. However, a triplet state of lower energy
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Fig. 2 Schematic Jablonski diagram

may be created by intersystem crossing (induced by spin-orbit coupling). In gen-
eral, the energy absorbed during the electronic transition can be dissipated by a
variety of photochemical and photophysical processes, such as fluorescence, colli-
sional deactivation, collisional or collisionless transition to a lower electronic state,
or chemical reaction (dissociation or rearrangement). Radiationless transitions may
connect the excited electronic state prepared by photon absorption with the ground
state as shown in Fig. 2. In such instances, the system is prepared in its ground
electronic state with large excess of thermal energy or in another configuration
favorable to photochemical product formation. In contrast, vibrational overtone
excitation initiated by red light prepares the system “cold,” in its ground electronic
state, with sufficient vibrational energy for reaction but little or no excess vibra-
tional or thermal excitation. Several of these energy transfer pathways are
illustrated in the Jablonski diagram in Fig. 2.
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Photodissociation leads to bond breaking and is of central importance in atmo-
spheric chemistry for free radical production. Photodissociation is well studied for
electronic transitions, and this will not be reviewed here. Direct excitation of
vibrationally excited states, which have sufficient energy to dissociate, can occur
with visible solar radiation; this process is discussed below.

Energy transfer between two molecules is also an important deactivation path-
way for excited states, allowing photosensitized reactions to take place. Such a
process can be simply described as

D+ hv — D (1)

D'+A—D+A )

where the excited molecule D* transfers its energy to A, producing the excited state
A*. The sequence of (1) and (2) is described as photosensitization of A by the
photosensitizer D. In another way of looking at this, D* has been quenched by A.
Energy transfers are named as a function of the spin multiplicity of the excited
states of D* and A*:

singlet-singlet energy transfer: 'D*+'A—!D+1A* 3)
triplet-triplet energy transfer: *D*+'A—!'D43A* (€))

Such processes have been the focus of many studies, especially in liquid phases.
The triplet—triplet process is interesting as it allows excitation of the triplet state of
the molecule A that would otherwise be inaccessible (for instance due to a poor
intersystem crossing S; — T). This then may increase the yield of a reaction but
also initiate specific reactions. If the energy required to excite the initial state 'D*
(prior to its transition to the triplet state) is lower than the excitation energy of 'A*,
then photosensitized reactions of *A* become possible at longer wavelengths [3].

Let us illustrate this chemistry with an example. Benzophenone is a well-known
photosensitizer, which will phosphoresce at low temperature (77 K) after excitation
in the range 360-370 nm. This phosphorescence of benzophenone is quenched by
adding a polyaromatic hydrocarbon (PAH) such as naphthalene; phosphorescence
is then observed from this species even though it has no absorption band around
360-370 nm. Such observations clearly describe the activation at wavelengths
otherwise transparent for a given medium. This sequence of processes can be
described as follows:

(C6Hs),CO + hv — '(CgHs),CO* Light absorption by the photosensitizer
!(C¢Hs),CO*—3(CsHs),CO* Intersystem crossing producing the triplet state
3(C¢Hs),CO* +*PAH—! (C4Hs),CO+3PAH* Triplet-triplet energy transfer to the added PAH
SPAH*—!'PAH + hv Deactivation of the triplet state — here by a

photophysical process such as
phosphorescence
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In this example, the triplet state of benzophenone is quenched by the added PAH.
However oxygen is also known to be an effective triplet state quencher:

D*(T})+°0; — D(Sp)+'0, (5)

where, despite quenching of D*(T), reactive singlet oxygen is produced by energy
transfer to the ground state triplet state of oxygen.

Light absorption by a molecule (R) promotes an electron to a higher energy
level, and this may affect the redox properties of this molecule. For example, this
molecule may become a better electron donor (reducing agent) in its excited state as
compared to its ground sate. In contrast, the electron vacancy created by the
electronic transition might exhibit better electron acceptor properties and thereby
be a better oxidizing agent. These two features, known as photoinduced electron
transfer, can be described in the case of R reacting with the molecule M as follows:

R+ h —R* Light absorption by R
R*+M — R*t + M*~ R acts as electron donor and is oxidized
R*+M — R*™ + M**t R acts as electron acceptor and is reduced

As mentioned above, photoinduced electron transfer occurs via electron
exchange interactions, which require overlap of the electronic densities of both
molecules R and M, and is therefore a process occurring over short distances.

While the above examples are often used to describe homogeneous organic
photochemistry, there are processes that are specific to heterogeneous processes
involving solid oxides (such as those found in mineral dust), i.e., heterogeneous
photocatalysis [4, 5]. Heterogeneous photocatalysis has been reported in gas and
liquid phases (aqueous and organic). Classically, the overall process can be broken
down into five independent steps:

. Transfer of the reactants in gas or liquid phase to the surface
. Adsorption of at least one of the reactants

. Reaction in the adsorbed phase

. Desorption of the product(s)

. Removal of the products from the interface region

DN AW N =

While these steps are common to all heterogeneous processes (such as the uptake
of a gas by a liquid droplet or heterogeneous catalysis), step 3 is where the
photocatalytic nature of certain metal oxides plays a role. In fact, when a semicon-
ductor catalyst (SC), such as a metal oxide (TiO,, ZnO, ZrO,, CeO,,. . .) or sulfide
(CdS, ZnS,. . .), is illuminated with photons carrying energy equal or in excess of its
band gap, absorption of light promotes one electron into the conduction band,
creating an electron—hole pair (Fig. 3) similar to photoinduced electron transfer.
The oxide may transfer its electron to any adsorbed electron acceptor (thereby
promoting its reduction), while the hole (or the electron vacancy) may accept an
electron from an adsorbed donor (promoting its oxidation).

In the case of an oxide exposed to ambient air, adsorbed oxygen (O,) will act as
the dominant electron acceptor and produce the highly reactive superoxide radical
anion (O, ). Simultaneously, adsorbed water will be oxidized to hydroxyl radicals
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Hv< 400 nm

Energy

Fig. 3 Schematic of a photocatalytic process. When illuminated with light of energy higher than
the band gap, electron—hole pairs are created in a semiconductor, thus allowing chemical reactions
on its surface

(OH). Hence the surface of such an illuminated oxide will be highly reactive toward
a series of organic (and adsorbed) compounds such as volatile organic compounds
(VOCs) often encountered in atmospheric chemistry.

Both photosensitized reactions and heterogeneous photocatalysis have been the
focus of many studies and reviews for the degradation of organic and inorganic
species in natural terrestrial surface water. This review will discuss their potential
importance in the atmosphere for two distinct cases — photochemistry of mineral
dust (which contains oxides able to initiate photocatalysis) and organic or carbona-
ceous aerosols (which contain aromatic compounds or humic like substances able
to act as photosensitizers). Additionally, direct photochemistry of unconventional
precursors, i.e., iron-dicarboxylic acid anionic complexes, will also be dealt with.

2 Vibrationally Excited Photochemical Processes in the Gas
Phase

Like all photolysis reactions, those initiated by vibrational overtone absorption are
analyzed as first-order kinetic processes with a photochemical rate, J, which
depends upon the absorption coefficient (1) of the absorbing compound, the
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quantum yield (that is, the ratio of dissociation events to the number of photons
absorbed for the dissociation ¢(4)), and the available photon flux /(4):

J= Ja(l)cp(i)l(i)di ©)

In the Earth’s atmosphere, visible light (41 > 400 nm) is present to some extent at
all altitudes and solar zenith angles. Although such radiation may be sufficiently
energetic to rupture weaker chemical bonds, it is generally not in the correct
wavelength range to induce electronic transitions of the chemical compounds present
in the atmosphere. However, in polyatomic molecules containing O-H, C-H, and
N-H groups, the small mass of the hydrogen atom means that X-H stretching
frequencies are considerably higher than those of other vibrational modes. In the
absorption spectrum this feature and the generally large anharmonicities associated
with such X—H stretches give rise to the appearance of overtone transitions with
appreciable intensity [6]. Of particular atmospheric importance are the OH stretching
overtones of alcohols, organic acids, and peroxy-compounds which, for the most part,
are transparent to the ultraviolet wavelengths present in the lower atmosphere. Such
species are emitted directly into the troposphere, but are also products of atmospheric
oxidation reactions initiated by the OH radical.

The OH stretching frequency lies in the range 3,600-3,000 cm~! and the
anharmonicity is approximately 85 cm™' [7-10]. The light hydrogen oscillator
and the large anharmonicity value give rise to higher overtone transitions (generally
by the v = 3 level) becoming sufficiently separated from the rest of the molecular
vibrations to be treated by the “local mode” approximation [11], in which each X—H
vibration is taken to be an independent anharmonic oscillator. Spectroscopically,
the latter condition means that overtone absorptions are well separated from other
absorptions, as shown for the case of nitric acid in Fig. 4.

The energies accessed by OH vibrational overtone transitions above voy = 3 or
so are sufficient to initiate reactions. However, the challenge of initiating reaction
by vibrational overtone excitation lies in the low cross section of vibrational
overtone transitions, which are typically three to six orders of magnitude lower in
intensity at chemically relevant regions compared to electronic transitions in the
ultraviolet. Intensities of vibrational overtone transitions generally decrease by an
order of magnitude with each quantum of excitation [12]. Nevertheless, under
conditions in which ultraviolet photochemistry is limited due to the lack of appro-
priate light and/or molecular absorptions, such overtone-initiated chemistry may
play an important role in the atmosphere [13—16]. As mentioned above, alcohols,
organic acids, and peroxy-compounds all possess OH stretching overtone
transitions in the visible spectral region.

What distinguishes vibrational overtone initiated chemistry from that driven by
electronic excitation is that the chemistry takes place exclusively in the ground
electronic state. In general, following absorption of a photon, chemistry is in
competition with energy dissipation; in the lower atmosphere this is often driven
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Fig. 4 Absorption spectrum of gas phase nitric acid in the near IR region, showing the overtone
transitions to the v = 3 and v = 4 levels of the OH stretch. Adapted from Fig. 1 of [7]

by collisional energy loss. Electronic transitions of atmospherically important
molecules such as NO, and O3 access dissociative states with very short lifetimes
compared to the collisional time. By contrast, overtone chemistry requires energy
flow away from the initially excited mode (i.e., the OH stretch vibration) into
adjacent regions of the molecule. This intramolecular vibrational redistribution
(IVR) process takes place on the time scale of many vibrational periods, setting a
limit for the effectiveness of chemistry, depending on local temperature and
pressure. The efficiency of such processes is higher at high altitude where low
pressure limits the efficiency of collisional deactivation.

2.1 Bond Cleavage Reactions

This type of process has been studied reasonably extensively for systems in which
an OH moiety is adjacent to a weak bond, such as O-O or O-N. Vibrational
overtone transitions to states with 3—6 quanta of OH stretch occur in the near-
infrared to visible region of the spectrum and deliver sufficient energy to break the
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adjacent weak bond in several atmospherically important molecules, such as the
0-0 bond in peroxy-compounds such as HOOH [17-20] or the N—O bond in HNO,,
type compounds (HONO, HONO,, HO,NO,) [19, 21-24]. These compounds are
very important sequestering agents for NO, (which forms ozone through photolysis
to NO + O and recombination of the O-atom with O,) and OH (the primary agent
for oxidation reactions in the troposphere). Therefore, understanding their forma-
tion and destruction reactions is critical to being able to predict air quality and the
oxidative ability of the lower atmosphere.

In nitric acid (HONO,), for example, initial excitation of an OH stretching
motion at vog > 5 accesses energies above the dissociation limit to OH + NO,
[19]. In the absence of collisional de-excitation, this energy will “flow” from the
initially excited vibration throughout the molecule, via IVR. During this equilibra-
tion process, sufficient energy may be deposited in motion along the N-O dissocia-
tion co-ordinate to induce bond cleavage. An upper limit to the enhancement due to
vibrational overtone pumping of the photolysis rate of HNOj has been calculated
based on vibrational overtone cross sections [19, 21-24] with an assumed quantum
yield of 1. At 20 km altitude and at about 92° zenith angle the calculated enhance-
ment for the photolysis rate of HNO; is about 30%.

In the well-studied case of hydrogen peroxide, H,O,, overtone levels of the OH
stretch may be excited at energies exceeding the O—O bond dissociation energy of
about 215 kJ mol ', Reaction occurs by energy flow from the initially excited OH
stretch local mode to the weak O—O bond to give the OH radical. Simulations of the
dynamics following overtone excitation have shown that the initial step in the
dissociation is a rapid coupling of the OH stretching and OOH bending modes.
This type of coupling seems to allow flow of energy out of the OH moiety and into
the weak bond. Similar reaction mechanisms were used to explain dissociation
following vibrational overtone pumping in other, similar compounds.

In the case of HO,NO, (peroxynitric acid or PNA) the thermochemical dissoci-
ation limit is reached at energies somewhat below the v = 3 level of the OH stretch.
Thermally-assisted dissociation becomes possible from the v = 2 level as well,
depending upon the temperature. This process has been shown to occur in labora-
tory measurements, using action spectra of HO, formation as a function of the
excitation wavelength of PNA [23, 25]. These measurements show temperature-
dependent formation of HO, from the v = 2 level of OH stretch, and a smaller but
temperature-invariant formation efficiency from the v = 3 level. Inclusion of
overtone-initiated dissociation of PNA from OH stretching vibrational levels
v > 2 in atmospheric models has shown this process to be an important source
for HO, in the free troposphere and lower stratosphere [26—30]. Reaction with HO,
radicals is a dominant sink in photochemical loss cycles of ozone in the lower
stratosphere. The vibrational overtone process is calculated to produce a 20-60%
increase in HO, at high latitudes in the spring, leading to a greater sensitivity of
ozone to atmospheric perturbations such as increased water vapor.

The postulated mechanism for energy flow from the OH to the weak bond by
IVR in examples where a weak bond ruptures following overtone excitation appears
to be more complicated in HONO and HONO,. Gerber and co-workers [22] have
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carried out dynamical simulations of the molecular motion following overtone
excitation and find that IVR to the N-O bond is not the only important process
taking place. Intramolecular hopping of the hydrogen atom from one oxygen atom
to another also occurs on very fast time scales. Interestingly, this H atom hopping
occurs at energies well below the bond dissociation energy for the O—H bond, so the
process is a concerted reaction where one O—H bond breaks while another is being
generated.

2.2 Rearrangement Followed by Dissociation

In addition to direct bond cleavage, molecules with a high degree of internal
excitation may undergo rearrangements followed by dissociation to molecular
products. This is the idea behind the well-known phenomenon of thermal
(unimolecular) decomposition. It is similar in initiation to the bond cleavage
process described above, with the important distinction that such ‘“concerted”
chemistry may occur at energies lower than an individual bond dissociation energy.
For example, malonic acid undergoes thermally-induced decarboxylation at rela-
tively low temperatures [31]; this chemistry may also be induced by OH stretching
overtone excitation [32]. Similarly, sulfuric acid has been predicted to undergo a
unimolecular dehydration reaction to form SO; and H,O following excitation to
v > 4 of an OH stretching vibration [33]. This level corresponds to energies well
below the weakest individual bond in the acid. The decomposition of H,SO, is also
known to occur thermally but at very high temperatures [34].

Sulfuric acid is one of the main constituents of atmospheric aerosols, of enor-
mous interest because of the large and as yet not completely understood effect these
aerosols have on the planet’s climate. Sulfate aerosols form at low altitude in the
troposphere and the cool stratosphere and evaporate as they ascend towards the
warm stratopause. Modeling studies led to the conclusion that sunlight-initiated
chemistry of H,SO, must occur at high altitude to explain measured stratospheric
SO, concentrations [35]. Although the lowest electronic transitions are not accessi-
ble to the available solar radiation [36], several OH vibrational overtone transitions
do absorb in the actinic region and are therefore available to activate this molecule
[33, 37]. Below 70 km the relevant photodissociation mechanism for H,SO, is
initiated by absorption of red light by OH vibrational overtones, specifically by
vou = 4 and 5 [38-40].

The possibility of vibrational overtone initiated dehydration of sulfuric acid to
SO; + H,0 has been investigated by spectroscopic [37, 41, 42] and theoretical [38,
43, 44] methods. Dynamical simulations of the dehydration reaction find two
mechanisms to be operative in this reaction: a fast loss of H,O initiated by hydrogen
atom hopping, similar to that found following nitric acid excitation, and a slower
dissociation, occurring after full or partial IVR [43, 45]. Based on these mechanisms
and rates, the dehydration of sulfuric acid is very effective under conditions of the
upper stratosphere and mesosphere [46]. The rate of dehydration thus obtained is
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sufficient to explain atmospheric observations of the SO, vertical profile and the
formation of large concentrations of cloud condensation nuclei at the top of the
aerosol layer in polar spring or in mid-latitude air of recent polar origin [39, 40]. In
this example, no alternative photochemical process is available in the stratosphere,
since the electronically excited states of H,SO, are at very high energy [33, 37].
Sunlight-initiated reactions of sulfuric acid will be important beyond the Earth’s
atmosphere, notably on Venus where sulfuric acid clouds are known to exist [47].

Concerted photoreactions initiated by OH vibrational overtone excitation have
also been proposed to occur in organic acids and their reaction mechanisms and
rates have recently been investigated by theoretical and spectroscopic methods [10,
42, 48]. The early time dynamics of vibrationally excited pyruvic and glyoxylic
acids have been studied by a combination of “on-the-fly”” dynamics simulations and
cavity ringdown spectroscopy [48—50]. These combined studies concluded that
decarboxylation of the ketoacids occurs on sub-picosecond time scales following
OH overtone excitation. A strong correlation between structure and reactivity was
observed: conformers that possess intramolecular hydrogen bonded structures react
on excitation of the third and fourth OH overtone by hydrogen atom chattering,
while nearly isoenergetic conformers of trans geometry do not react by a fast
process. The “chattering” mechanism involves rapid hydrogen atom exchanges
between donor and acceptor oxygen atoms. In contrast with hydrogen atom
“tunneling,” chattering is a classically allowed process occurring above any
exchange barrier. Chattering proceeds on a time scale set by the vibrational
frequency and is consequently much faster than the tunneling motion [51].

The examples discussed above illustrate the utility of vibrational overtone
excitation by red sunlight in atmospheric photochemistry. The low absorption
cross-section of vibrational overtones limits the importance of such light-initiated
chemistry. However, when reactive electronic states are high in energy (as is the
case with most alcohols and acids) or when UV radiation is suppressed at high solar
zenith angles, vibrational overtone initiated photochemistry has been used to
explain discrepancies between measurements and model results.

3 Aerosol Photochemistry

3.1 Organic Aerosols

Organic material comprises a large fraction of the sub-micron aerosol mass ranging
from 20% to 50% in continental mid-latitudes and up to 90% in tropical forested
areas [52-54]. Significant amounts of carbonaceous aerosols are also observed in
the upper troposphere [55]. Organic particles may have a direct radiative forcing
through scattering and absorption of solar and infrared radiation and an indirect
radiative forcing by affecting cloud formation and by inducing changes in cloud
properties [56]. Organic aerosols are also related to health effects due partly to the
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presence of toxic compounds, such as polycyclic aromatic hydrocarbons (PAHs),
which are known for their carcinogenic and mutagenic potency to humans and
animals [57-59].

Chemical reactions proceeding at the surface or within the bulk of aerosol
particles can influence atmospheric gas phase chemistry as well as the properties
of the particles themselves, including their effects on climate and human health. So
far, the atmospheric chemistry community has mostly considered heterogeneous or
multiphase reactions under dark conditions between reactive atmospheric gas phase
oxidants and organic compounds known to be present in the particulate phase.
Many laboratory studies have used oxidation of PAHs and/or soot [60—87], oleic
acid, and other organic compounds as proxy systems to understand mechanisms and
kinetics of these reactions and to assess their significance [§8-90].

This focus on dark reactions has ignored the fact that organic sub-micron
aerosols absorbing near-UV and visible light are ubiquitous in the atmosphere,
including soot as the most extreme example. Enhanced UV absorption features
were observed, for instance, in remote areas as well as in polluted environments
[41, 91-95]. Reference [91] showed strong spectral dependence of the light absorp-
tion by organic aerosols in the UV. Similar absorption attributed to organics has
been reported in several other measurements (e.g., [41, 94—102]). Sources of this
absorbing material in organic aerosols may include the resuspension of soil-derived
material by wind erosion or combustion processes such as biomass burning or fossil
fuel combustion [91, 103—-107]. Laboratory studies have noted the formation of
solar light absorbing material following a few hours of oxidation in the condensed
phase. These studies have mostly concentrated on bulk solutions, with only a few
observing reaction in the aerosol phase directly (e.g., [92, 108—114]). During
processing, initially non-absorbing organic compounds are converted into
compounds that display significant absorption in the UV and even visible regions.
The presence of such light absorbing material in particles may enable photo-
induced and/or photo-sensitized processes. While a significant body of literature
exists on photo-induced charge and/or energy transfer in organic molecules of
relevance in terrestrial water chemistry, biochemistry, and water waste treatment
[115-117], relatively little work exists in the field of atmospheric aerosols, where
only a few groups have investigated the chemistry of the light-absorbing organic
material present in aerosols [118—123].

Stemmler et al. [124] used humic acid aerosols as a proxy for HULIS (HUmic-
Llke Substances) to study the photo-induced conversion of NO, into HONO, which
was previously observed on various organic condensed films [125-128]. The light-
induced process was able to release more HONO than was obtained under dark
conditions, similar to what was observed for other organic substrates. The amount
of the enhancement is not dramatic: even if the whole organic aerosol was com-
posed of humic acids, for typical aerosol surface concentrations of 100 pm?* cm >
for rural and 1,000 pm? cm > for urban conditions, only1.2 and 17 pptv h™' of
HONO would be formed on aerosol surfaces in rural and urban environments,
respectively. These values represent upper limits as in reality rural and urban
continental aerosol is composed only of 20-50 mass % of organic matter. On the
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other hand, HONO production reported for daytime at ground and over forested or
rural sites is up to 170-500 ppt h~' [127] or in urban environments up to 2 ppb h ™"
Stemmler et al. [124] suggested that photochemical HONO formation on organic
aerosol is unlikely to be an important contributor to the HONO formation observed
in the boundary layer. In exceptionally highly polluted areas, such as in biomass
burning plumes or in mega-cities, environmentally relevant HONO photo forma-
tion rates on organic aerosol may occur.

Similar light-induced production of HONO upon exposure to NO, has been
observed on soot [129]. The source strengths estimated for atmospheric conditions
are comparable to those for humic acids. The process therefore represents only a
small source of HONO in the gas phase. However, Monge et al. demonstrated that
HONO production on soot does not cease quickly due to deactivation of reactive
species under irradiation as it does under dark conditions, and so soot may act as a
photoactive substrate over its entire life cycle in the atmosphere.

The need for investigating the role of organic aerosols as a possible sink for
ozone has been suggested in the past by Jacob et al. [130], since this type of particle
has a sufficient source strength and potentially a high enough reactivity to provide a
significant sink for ozone in the continental boundary layer. The photo-reactivity of
ozone with humic acid aerosol was investigated by D’Anna and co-authors [131].
The authors concluded that the light-induced process is not able to affect gas phase
concentrations of ozone in the troposphere. Nevertheless, the amount of ozone
reacted may be significant for aerosol aging [131] because OH radical is produced
upon electron transfer from the organic substrate to ozone [132].

Because significant differences exist between terrestrial aquatic humic acids
(such as those used in most laboratory experiments on HULIS) and aerosol
humic-like substances (lower aromaticity, lower molecular weight, and better
droplet activation ability) [133], the photo-induced reactivity of genuine atmo-
spheric HULIS extracts with gas phase ozone was investigated by the same group
(Fig. 5) [134]. The authors used HULIS collected from winter filters in Chamonix,
which are strongly influenced by local emission of residential wood burning. The
experimental results indicate a much higher photo-induced uptake of ozone on films
prepared with such HULIS extracts than with films of humic acids. TOC (Total
Organic Carbon) analysis of the extract before and after photo-treatment showed a
reduction of the total amount of carbon; emission of VOCs and CO was interpreted
to be a consequence of ozonation [135], photolysis [136—138], and a combination of
both processes [131]. Functional group analysis suggested the formation of car-
bonyl and carboxylic groups under the combined action of light and ozone [134].

As in the case of NO,, soot particles also exhibit photoenhanced O; uptake, in
both the UVA and the visible wavelength ranges [139]. While under dark conditions
over long times O3 shows only very low reactivity, the study by Zelenay et al. [139]
demonstrates that rates of O3 uptake are orders of magnitude higher under light than
under dark conditions. Surprisingly, this enhanced oxidation was accompanied
by an increase in the contact angle of water, i.e., the surface became less hydrophilic.
X-Ray absorption spectroscopy revealed a reduction in oxygenated organic
components upon irradiation, suggestive of decarboxylation processes and
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Fig. S Evolution of the O3 gas phase mixing ratio (black dots) as a function of time after contact
with a film made of HULIS extracted from organic aerosols collected in the winter season at
Chamonix, France (photo). An ozone reduction of approximately 25 ppbv is observed during UVA
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evaporation of highly oxidized small OVOC and CO,. This demonstrates that
indirect photochemistry affects the subtle feedbacks among oxidation, photochem-
istry, and hydroscopic properties (and thus climatic effects) of particles.

While the experiments related to photosensitized processes reviewed above were
concerned with inorganic oxidants from the gas phase, the question arises as to
whether comparable processes would occur with organic acceptors. Rouviere et al.
[140] noted significant light induced degradation of succinic acid in deliquesced
ammonium sulfate particles in the presence of small amounts of benzophenone.
This effect was also confirmed by experiments in aqueous solution showing effi-
cient triplet quenching by succinic acid. This has led to the idea that photosensitized
processes may play a role in secondary organic aerosol (SOA) formation. Recently,
Monge and co-authors [141] proposed that heterogeneous reactions activated by
light lead to fast uptake of non-condensable VOCs at the surface of particles when
traces of a photosensitizer were in the aerosol seeds. Seed particles containing
succinic acid and only traces of humic acids showed a rapid diameter growth when
irradiated with near-UV light in the presence of a terpene. An enhanced effect was
reported when traces of nitrate were added to the seed particles, while no growth
was observed, under the same experimental conditions, if the seed particles
contained only carboxylic acids. Replacing air by pure N, (containing traces of
O, up to 50 ppmv) drastically reduced the photo-induced particle growth,
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Fig. 6 Experimental results from an aerosol flow tube experiment using humic acid/succinic acid/
NH4NO; (1:10:1 by weight) as seed particles exposed to 320 ppbv of limonene and to UV-A light.
The residence time of the aerosol in the flowtube is 9.7 min. Calculated growth rate values as a
function of the product between limonene concentration and residence time in the flow tube. These
values are calculated by considering the photoenhanced growth (GR = AD,,/At) vs VOCs con-
centration per exposure time. Values are evaluated for solar irradiance. The inset shows growth
rate (GR) values given by the photoinduced process compared to the literature GRs values
(1-20 nm h™"). Ambient conditions are assumed to vary from 0.2 ppbv to 2 ppbv of limonene
and exposure to solar irradiance for 10 h, in the 300420 nm (near-UV) wavelength range

suggesting that O, is involved in the reaction mechanism, a role well known from
previous studies on DOM- and humic-containing waters [142—144]. Figure 6 shows
how the particle growth rate depends upon the product between limonene concen-
tration and residence time in the aerosol flow tube for typical solar irradiance.
Ambient conditions are assumed to vary from 0.2 to 2 ppbv of limonene; the
exposure to solar irradiance is approximated to 10 h per day in the 300-420 nm
(near-UV) wavelength range. Therefore the experimentally determined growth rate
values matched field observations, suggesting that this photochemical process can
provide a new and unaccounted pathway for atmospheric particle growth and
should be considered by models [141]. These laboratory results represent a radical
change from the traditional view of gas phase oxidation of VOCs by atmospheric
oxidants leading to SOA formation.

3.2 Mineral Dust

Estimates of emissions of mineral dust into the atmosphere presently lie around
1,500-2,000 Tg per annum [145] making mineral dust an important component of
the coarse fraction of atmospheric aerosol and explaining its significant impact on
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several atmospheric processes including radiative forcing and the modification of
photochemical cycles. The direct radiative forcing effect (due to scattering and
absorption of incoming solar radiation) is accompanied by an indirect effect as clay
and silica particles are effective condensation and ice nuclei [146, 147], which can
ultimately affect cloud structure and precipitation patterns [148]. The indirect effect
will be modified by the physical state of the mineral dust particles, which will be
influenced by chemical ageing during atmospheric transport.

Uptake of several trace gases (such as N,Os, NO,, HNOj3, SO,, O3) on mineral
dust particles and their surrogates has recently received attention [149-155]. Of
particular importance is the conversion of SO, into sulfates and of NO, and NO,, into
nitrates on dust particles during transport [156, 157]. Model studies have confirmed
that the nitrate content is consistent with the uptake of reactive NO,, trace gases (such
as HNO3) [158]. The overall impact of NO,-mineral aerosol interactions on tropo-
spheric photochemical cycles has been assessed in combined aerosol/gas phase
models [158-161]. They potentially impact mineral dust hydroscopic and optical
properties, they change the gas phase composition (NO,/NO, ratio and ozone
concentrations), and they establish a transport route of nitrate and sulfate to regions
far from the sources (i.e., nitrogen fertilization of oceans) [162, 163]. The accuracy
of the simulations is severely impacted by a lack of high quality laboratory data
describing trace gas/dust interactions. As this section is focussing on dust photo-
chemistry, the reader is referred to recent reviews on dust heterogeneous chemistry
[164] for more information about the uptake of various gases on dust surfaces.

As dust particles are mobilised by strong winds and therefore eroded from the
ground, their composition reflects the chemical composition of crustal materials
from which they are produced. As the Earth’s crust is dominated by silicon and
aluminum oxides, the latter are also dominantly present in uplifted particles.
Indeed, several studies focusing on the chemical (elemental) composition of dust
originating from various locations around the world have demonstrated that mineral
dust is approximately 60% SiO, and 10-15% Al,O5 (by weight) [165]. Beside these
major elements, some other oxides are found. The percentages of these other
oxides, namely Fe,0;, MgO, CaO, and TiO,, are slightly more variable and
dependent on source location. For instance, titanium dioxide is found in dust
particles at mass mixing ratios ranging from 0.1% to 10% depending on the exact
location from where the particles were uplifted [166].

Both titanium and iron oxides are known semiconductors used as photochemical
sources of radicals (see Sect. 1). In aqueous solutions, iron oxides are used to induce
the so-called Fenton or photo-Fenton reactions [167] (see section on bulk phase
chemistry). Pure TiO, is used in a variety of remediation processes due to its
photocatalytic properties. The exposure of TiO, to light with wavelengths below
400 nm leads to an electron hole pair. Each of these can reach the surface and react
with adsorbed species to form OH, O, ™, or singlet oxygen. These free-radicals are
very efficient oxidizers of organic and inorganic matter. For instance, pure TiO, has
been demonstrated in a number of studies to be an effective photocatalyst for NO,
reduction [168—170]. Similar reactions also occur with other inorganic compounds
such as ozone and sulfur oxides with synergistic effects being active if these
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compounds are present in combination [171]. Accordingly, the TiO, contained in
mineral dust could induce photochemical reactions that were not considered so far.
In turn, this could drastically modify the chemistry of the dust particles and their
potential impact on the tropospheric composition. As a consequence, there is a
recent but growing interest in studies focussing on photochemical transformation
at the air-dust interface. Several surface photochemical mechanisms are currently
being discussed in the literature, i.e., surface photolysis and photo-assisted reactions.

The photolysis of nitrate on surfaces is especially important as it could lead to the
renoxification of the atmosphere, whereby nitrate (or nitric acid) becomes a source of
NO, and thus mineral dust would not be a permanent sink for gaseous nitrogen
oxides. uptake of several gases, i.e., NO, [126, 172, 173], O5 [174], and HCHO [175],
while [176] presented similar conclusion for the surface photooxidation of SO,.

The striking features in all cases are that under illumination (1) the uptake of
these gases is enhanced by more than one order of magnitude as compared to data
obtained in the dark and (2) the reaction is sustained as long as light is available
(while in the dark most surfaces are passivated in short time scales).

Let us focus on the case of nitrogen dioxide (NO,) [126, 172, 173, 177], which is
generally thought to be only very poorly reactive on a large variety of solid surfaces
at room temperature and low gas phase concentrations. (We note that high
concentrations may lead to the formation of N,O,4 which, in turn, is known to be
quite reactive on various surfaces [178].) However, once a dust surface is irradiated,
in the range 300—400 nm and under conditions where gas phase photochemistry was
shown to be minor (typically by the use of short reaction times), a very rapid
chemical conversion of NO, is observed. Not only is the uptake rate drastically
accelerated but it also appears that the uptake rate is catalytic in the sense that the
uptake rate does not depend on time, i.e., no surface saturation has been observed on
these synthetic samples over hours (even at NO, concentrations as large as
300 ppb). The uptake coefficients (normalized to the BET surface area) were
observed to be close to 107, up to two orders of magnitude larger than without
light. Gustafsson et al. [179, 180] derived the uptake rate of NO, onto pure TiO, to
be ca. 8 x 107> Such photoenhancements were observed over a large range of dust
surfaces including synthetic surrogates and samples originating from Mauritania,
Algeria, Morocco, Tunisia, and Arizona (Arizona Test Dust, ATD); see Fig. 7.
While the uptake in the dark was always very small, a photoenhanced uptake of
NO, was observed on all samples with an enhancement factor ranging from 8 to 15.

The photocatalytic action of TiO, (and other semiconductors) is initiated by the
photo-production of excess electrons in the conduction band (e ;) and holes in the
valence band (h*,;,). The electron reduces the oxygen or the nitrogen dioxide while
the hole oxidizes water vapor. The associated reactions mechanism could be [5]

Dust(TiOy) + hv — h*y, + e~ ™)
h*, + H,0 — OH + H" ®)

e p+0y— 0" 9
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Fig. 7 Schematic representation of the conversion of NO, into HONO on UV-A (300420 nm)
irradiated mineral dust, illustrating the chemistry initiated by the photoinduced electron and hole,
respectively. Dependence of the uptake coefficient (based on the BET surface) as a function of the
TiO, content of synthetic dust

where OH and the electrons or O, ", respectively, can react with nitrogen dioxide
according to

NO, + OH — HNO; (10)
NO,; + 027(01‘ Cicb) — NO;,” +0, (11D

It must be emphasized that these reactions are just a subset of a large number of
possible reactions changing the final yield of each product. Depending on the
acidity of the surface, the production of nitrite anions is linked to that of gaseous
nitrous acid (HONO), known to be a very important source of hydroxyl radicals.
HONO was observed from irradiated samples, but with varying yields. On synthetic
dust surfaces (i.e., 1 wt% TiO, in SiO,) HONO was produced with an average yield
of 33% while, for an authentic Saharan sample, the yield was about 80%. This
indicates that surface acidity, microstructure, and other factors finally control
surface chemistry and the release of HONO.

It is well known that nitrate anions are formed as a consequence of the
photocatalytic oxidation of NO, on UV-illuminated TiO, surfaces [181-186].
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In addition, on the dust surface, nitrate anions were observed to be the only product
formed during the photoconversion of NO,. The formation of nitrate on dust
particles is typically considered as a sink for atmospheric NO, (such as HNO3).
However, if dust is photochemically or photocatalytically active, surface nitrate
will photoreact according to

NO;~ +hty, — NO;s (12)
NO; + hv — NO + O, (13)
NO; + hv — NO, + O (14)

The photocatalytic action of TiO, is again initiated by the photo-production of
excess electrons in its conduction band (e ") and holes in its valence band (h*,).
The nitrate ion adsorbed at the oxide surface can react with the holes in the valence
band to form a nitrate radical. The nitrate radical (NO3), which absorbs strongly in
the visible, can subsequently be photolyzed (occurring at longer wavelength com-
pared to the anion) and form NO, and NO through reactions (13) and (14),
respectively, as observed by Ndour et al., leading to a potential renoxification
process of the atmosphere [177]. These processes are then in competition with
surface photolysis as described by Grassian and co-workers [176, 187-189].

The latter two reactions above produce atomic and molecular oxygen that may
lead to the formation of ozone at the surface. Monge et al. [129] investigated this
chemical route by exposing a mix of TiO,/KNOj; 50 wt% to near-UV irradiation
(300—420 nm) using synthetic air or pure N, as carrier gases with 30% RH under
atmospheric pressure and room temperature. The formation of ozone was indeed
observed and explained by reactions (7) to (14) followed by a surface
recombination:

O*+0,+M—03;+M (15)

Although O; has recently been proved to decompose on illuminated TiO, surfaces
[174], its formation is observed when TiO, treated surfaces are exposed to NO, under
illumination. Charge transfer reactions take place at the surface of TiO,, producing
nitrate radicals from the corresponding anions. The photochemistry of the NO;
radical leads to Oz formation, enhancing the oxidizing power of these surfaces.

Recent laboratory work has shown that the uptake and photooxidation of
organics on TiO,-containing mineral dust proxies can be an efficient process
[190]. n-Propyl and isopropyl alcohols were efficiently oxidized to propionalde-
hyde and acetone, respectively, after uptake to photoactive dust in a Knudsen cell
reactor when the dust substrate was exposed to actinic radiation. The presence
of trace amounts of O, in the reactor enhanced the production of oxidized
product. These observations are consistent with the general mechanism for TiO,
photoactivity, as shown below for isopropanol:
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Fig. 8 Photoenhanced uptake of propanol and the corresponding production of acetone on an
illuminated TiO, dust sample in the presence of 0.7 Pa of O,(g)

h*,, + (CH3),CHOH —— (CH3),CO (16)
{>TiOH*}" + (CH;),CHOH —— (CH;3),CO (17
0, * + (CH3),CHOH —— (CH3),CO (18)

Figure 8 displays the photoenhanced uptake of propanol and the corresponding
production of acetone on an illuminated TiO, dust sample in the presence of 0.7 Pa
of Os(g).

4 Tropospheric Aqueous Phase Bulk Photochemistry

4.1 Introduction

Atmospheric particles very often contain water when they occur as deliquesced
aerosol particles, haze, fog, cloud droplets, or even rain droplets (hydrometeors). It
has been suggested before that the atmospheric aqueous bulk phase in these systems
might also host a lively and important photochemistry which, up to now, has mostly
been described insofar as hydroxyl (OH) radicals are generated by the photolysis of
nitrate, nitrite, hydrogen peroxide [191-198], and iron-hydroxyl complexes [199].
These processes have been treated in recent overviews such as [200, 201].



Emerging Areas in Atmospheric Photochemistry 21

Photosensitization has been studied not only in connection with interfaces but also
for bulk phase aqueous environmental systems [202].

Iron is the most abundant metal in the Earth’s crust and is always identified as a
component in tropospheric particle systems, either aqueous or dry [167]. It has been
known for a long time that iron forms chelate complexes very efficiently and that
oxalate forms complexes with Fe(III). These can be regarded as being very stable
from their complex stability constants but they also exhibit a considerable potential
for light absorption in the actinic range of the spectrum. Iron-oxalato-complexes
have been characterized with regard to their photochemical activity by the measure-
ment of their effective quantum yields for the formation of Fe(II) [203, 204]. As a
consequence of this chemistry the formation of iron-oxalate complexes is included
in the series of CAPRAM (Chemical Aqueous Phase Radical Mechanism) schemes
for atmospheric aqueous phase chemistry [205]. Leaving these very important
photochemical sink processes out of any description of tropospheric aqueous
phase chemistry results in a dramatic overestimation of aqueous phase oxalate
formation and, as a consequence, gives rise to misleading interpretations. Below,
we discuss the molecular mechanisms underlying bulk aqueous phase photochemis-
try of the iron-oxalato-complexes and present an introduction to the study of other
Fe(III) complex systems. There are strong interactions among the photochemically
generated radical species formed in complex photolysis reactions. We further
discuss the possible impacts of extending the iron complex photochemistry treat-
ment in tropospheric chemistry simulations. Such impacts include, for example, the
formation of Fe(Il) in aqueous phase photochemical redox-cycling and the degrada-
tion of dissolved organics which may be “activated” by complexation to iron centers.

4.2 Ferrioxalate Photochemistry

Ferrioxalate complexes are thought to hold a major portion of Fe(Ill) in atmo-
spheric waters [167]. Although such complexes are widely used as chemical
actinometers [206] and have been the subject of numerous experimental
investigations [207-218], the exact primary step in ferrioxalate photochemistry is
still controversial. Two different versions of the ferrioxalate reaction mechanism
have been proposed following the excitation of the complex [219]. One possibility
is an intramolecular electron transfer from the oxalate ligand to the center ion
Fe(III) and the formation of a long lived radical complex (19) or the formation of a
C,0, " radical (20) [213, 215]:

Fe(C204),]" +hv — [Fe(C04)(C20),] or  (19)
— [Fe™(Cy04),]" + C,04°" (20)

The C,0, ™ radical will then decarboxylate instantly and form CO, and CO, ™
[220]:
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Fig. 9 Photolysis of Fe(IIl)- hv
oxalato complex in the
atmospheric aqueous phase,
including subsequent
reactions and possible
interactions with the gas
phase [Fe"(C,0,),I** — [Fe"(C,0,)] +2CO,"

[Fe"(C,0,),]* + hv — [Fe"(C,0,),**
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Another option is the sequential cleavage of the Fe(III)-O bond between iron
and one oxalate ligand and its C—C bond which produces a biradical complex or two
CO,"" radicals [211, 216, 221]:

[Fe™ (C04);]" +hv — [FeM(CO.*),(C200),] or  (22)

— [Fe™(C,0,),] +2C0O,*~ (23)

The different proposed mechanisms were presented by two research groups;
[219, 222, 223], both groups presenting experimental evidence for their findings.
Thus, it might be possible that both reaction mechanisms take place simultaneously
depending on parameters such as mono-, bis-, or tris-oxalato coordination, excita-
tion wavelength, or excitation energy. In atmospheric aqueous phases chemistry it
is of importance which mechanism holds; that is, whether one Fe(II) and one CO," ™~
or two CO,"™ radicals are produced. CO,’~ is capable of producing Fe(Il) via
secondary reactions with parent Fe(IlI)-oxalato complexes but can also react with
other electron acceptors such as O, which are likely to compete in more or less
dilute atmospheric aqueous media (Fig. 9). Regardless of the exact reaction mech-
anism, the ferrioxalate system can produce Fe(II) quantum yields larger than unity
because of the secondary Fe-reduction by the CO,"™ radical formed.

Figure 9 illustrates the complicated interactions of iron-oxalato complex photo-
chemistry with radical chemistry and the chemistry of organic substances. The
main impacts of iron complex photochemistry are ultimately (1) breaking of C-C
bonds and thus degradation of the ligand (oxalate) and (2) formation of radicals
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Fig. 10 Overview of Fe?* quantum yield measurements in argon saturated solutions for the
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which can lead to turnover of substances present in the droplets or deliquesced
particles.

A prerequisite to simulate the impact of iron complex photochemistry in atmo-
spheric aqueous systems is the characterization of its efficiency. Figure 10 presents
an overview of quantum yield measurements in the ferrioxalate system as a function
of wavelength.

At first glance, the results appear quite scattered. The values obtained under
conditions of chemical ferrioxalate actinometry represent the upper boundary of the
reported values, which mostly agree with each other. Between 250 and 350 nm the
quantum Yyields are fairly constant around @ ~ 1.25. Ferrioxalate actinometry is
performed under standardized conditions using millimolar concentrations of
ferrioxalate (and above millimolar at 4 > 436 nm) and an acidic pH (0.05 M
H,SO,) of about 1.2 [206]. Other measurements have been carried out at lower
initial Fe(III) concentrations as well as different Fe(Ill) to oxalate ratios and
different pH values; these mostly result in lower Fe(II)-quantum yields. Some
investigations discriminating between individual complexes of Fe(IIl) and oxalate
have been performed, while others did not provide an analysis of the individual
complexes and are thus valid only for their respective complex-mixtures. However,
all measurements with initial Fe(III) concentrations below millimolar result in
lower quantum yields. It is therefore desirable to characterize systemically any
possible effects of initial Fe(Ill) complex concentration, speciation, and other
experimental conditions on the ferrioxalate quantum yield to be able to interpret
reported differences.

At initial Fe(Il) concentrations higher than 2 x 10~* M, quantum yields of
@ ~ 1.25 are obtained using 308-nm laser flash photolysis, in agreement with the
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values measured under actinometry conditions [204]. At lower initial Fe(IIl)
concentrations the measured quantum yields begin to decrease down to approxi-
mately half of the maximum value. This phenomenon can be explained by a kinetic
effect of the concentration decrease on the secondary reactions involved in Fe(II)
formation. The recombination of CO, ™ radicals to form oxalate becomes more
favored at more dilute conditions whereas the secondary reduction of unphotolyzed
Fe(II) species by CO,"~ becomes less effective at lower Fe(Ill) concentrations.
These findings can explain the discrepancies between measured ferrioxalate quan-
tum yields (Fig. 10) and should be considered when ferrioxalate photochemistry
takes place at sub-millimolar initial concentrations.

4.3 Photochemistry of Fe(Ill) Polycarboxylate Complexes

As discussed above, the first step in photochemical reactions of Fe(Ill) carboxylate
complexes has been thought to involve ligand to metal charge transfer [224, 225] as
a concerted inner sphere electron transfer, and the subsequent separation of the
photofragments into the bulk solution. It can be written in simplified form as

[Fe™(00OC-R)]” — Fe** 4+ R-COO* (24)

where R-COO™ is the carboxylate ligand and R-COO" is the primary organic
radical formed. Recently, investigations of the primary photochemical steps in
polycarboxylate complex photochemistry have been carried out using time resolved
transient spectroscopy. These investigations report the formation of long lived
radical complexes (25) with lifetimes in the millisecond range as the main
reaction path (90-98% of photoactivated complexes) whereas (24) only accounts
for 2-10% decay of photoactivated complexes [226-230]:

[Fe™ (00C-R)]" — [Fe™ (*COO-R)] (25)
[Fe™ (*00C-R)] — Fe**+*00C-R (26)

However, it could be argued that, despite the discovery of the new transient, the
net chemical products are identical with those in (24). Possible reactions of the long
lived radical complex are poorly characterized but they will most likely influence
the quantum yield and product formation depending on the reaction conditions and
available reaction partners. In laboratory systems such reactions could involve
dissolved O,, other Fe(IIl) species, or back-electron transfer; reaction paths in the
atmospheric aqueous phase would be less restricted.

After the radical complex decays, R-COO" will decarboxylate instantaneously
(kra7 ~ 10°=10"% s71) [231-233]:
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R-COO® — R* + CO, 27)

followed by the rapid reaction of the alkyl radical R® with dissolved oxygen,
forming a peroxyl radical with kgog ~ 2 x 10° M~' s7! [234]:

R* + 0, — RO,* (28)

Subsequent reactions of R” and RO;’ can be specific depending on the type of
ligand and its substitution. The scheme in Fig. 11 presents a critical evaluation of
possible reactions following complex photolysis proposed by Faust and Zepp
(1993). The main channels are electron transfer reactions of the alkyl radical R
with Fe(III) species and the formation of peroxyl radicals RO,".

It should be noted that the formation of peroxyl radicals seems to be the most
favourable path, because dissolved O, is present in concentrations of around
3x 107 M at atmospheric pressure and (28) is usually fast (krog ~ 2 X 10°
Mgt [234]). Furthermore, an electron transfer reaction of the alkyl radical R
with Fe(IIl) or O, seems to be feasible only if there is a hydroxyl, amino, diol, or
keto substitution on the radical bearing C atom [235, 236]. Unfortunately, the
pathway of an electron transfer reaction of the alkyl radical R” with O, forming
0O, has been postulated as a general pathway following Fe(III)-organic complex
photolysis by a number of authors [167, 224, 237-241]. This is overly simplified
and can be misleading, since a mechanism can only be explained in the case of
hydroxyl-, amino-, diol-, or keto-substitution. It has to be emphasized that the
peroxyl radical formation is expected to be a major reaction route after Fe(IIl)
organic complex photolysis other than oxalate for the above-mentioned reasons.
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Peroxyl radical formation has been suggested, for example, in the photolysis of Fe
(IIT) acetate [242] and Fe(II) malate [243]. According to the known pathways of
peroxyl radical chemistry in solution [234], formation of H,0,, HO,’, and stable
organic end products will occur. Consequently, O," can be produced indirectly via
HO," elimination in some cases.

Fe?* quantum yield measurements of several other atmospherically relevant Fe(III)
carboxylate complexes have been performed for excimer laser flash photolysis
[204, 227] and Hg(Xe) lamp photolysis [203, 235, 244, 245]. Different experimen-
tal types of quantum yield determinations have been listed. Quantum yields labelled
with ®Fe(II) Ar are Fe(Il) quantum yield measurements in argon saturated solution,
while those labeled ®Fe(Il) O, pertain to Fe(Il) quantum yield measurement
in solutions saturated with atmospheric oxygen. For ®OFe(Ill) the initial Fe(III)
complex disappearance upon photolysis was measured. In the case of ®malonate
the amount of the malonate ligand that was photochemically decomposed was
measured, leading to a ligand disappearance quantum yield. The range of measured
quantum yields among the different carboxylate ligand complexes with Fe** shows
a large variability with measured Fe** quantum yields from 0.021 to 1.21 at the
chosen reference wavelength 308 nm (Fig. 12).

Obviously, the choice of ligand seems to affect the measured quantum yields.
A trend of increasing overall Fe(Ill) quantum yields of Fe(Ill) complexes with
increasing oxygen to carbon ratio of the ligands is seen among the investigated
complexes (Fig. 12).

Oxygen can be present in three different binding modes in the carboxylates
considered here: the carboxylate, hydroxyl, and keto groups. Additionally, the
keto-form can be hydrated, forming a gem-diol with two hydroxyl groups at one
carbon atom. Oxygen substitution is thought to affect the photoreactivity in
two ways. The first is via inductive effects causing better ligand-to-metal charge
transfer (LMCT) in the primary reaction step, as explained for glyoxalate and
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pyruvate above. It is presumed that the increased electron density through the
oxygen lone electron pairs of the -OH, -C(O)-, or -CH(OH), groups can be
inductively propagated to the neighboring -COO™ group, thus facilitating the
LMCT. Second, the influence can occur via the presence of an oxygen containing
group on the C-atom next to the LMCT-involved carboxylate group, which enables
a two electron oxidation product of the ligand. Ligand fragments, which are able to
undergo a two electron oxidation after decarboxylation, are those of tartronate and
tartrate (both “CHOH-R), pyruvate ("C(O)-R), and glyoxalate ("CH(OH),). The
unpaired electron can be transferred to parent Fe(III) complexes and thus increase
the Fe(Il) yield. Additionally, the peroxyl radicals formed from ligand fragments of
tartronate, tartrate, and glyoxalate can undergo an HO,  elimination, which can
further cause secondary Fe(II) production.

Fe(IIT) complexes having a primary organic fragment after decarboxylation with
‘CH,-R structure (such as complexes of malonate, succinate, and glutarate) all
display significantly lower quantum yields compared to the more oxygenated
compounds discussed above (Fig. 12). With the “CH,-R structure, a second electron
oxidation step of the ligand is not possible; instead the fragments can only decay
through peroxyl radical formation and subsequent recombination. Thus no relevant
secondary Fe(Il) production occurs in systems with "CH,-R structure, and observed
quantum yields are accordingly low. An additional factor causing low Fe(II) quantum
yields in the case of malonate is the reported quenching mechanism with a free ligand
that causes reoxidation of Fe(Il) [245]. Quenching was also reported for Cu(Il)
malonate photolysis, but not for Cu(Il) complexes with succinate and glutarate [246].

In the presence of dissolved O,, peroxyl radicals RO," can form in the reaction of
photochemically produced alkyl radicals R*. Generally, oxygen has the effect of
decreasing the quantum yield (Table 1). This is usually attributed to the secondary
production of oxidants such as H,O,, O," /HO,", and RO," [203, 230]. The radical
species O,  /HO," can act as both oxidizing and reducing agents. According to a
kinetic reaction simulation of the Fe(III) glyoxalate system, the measured effects of
lower quantum yields in the presence of dissolved O, could not be reproduced with
the simulation, despite using sensitivity test runs focusing on reaction paths that are
sensitive to O, [204]. Consequently, the O, effect cannot be kinetically simulated
and thus our knowledge about Fe(III) photochemical processes is not complete in
this respect. The causes of a quantum yield decrease seem to be complex and
therefore the O, effect has to be considered separately for each system.

4.4 Atmospheric Chemistry Simulation with Extended Fe(III)
Complex Photochemistry in CAPRAM

The binding of Fe in different complex species is determined by the amount of
potential ligands present, their respective stability constants and the pH. Due to the
high stability constants and being a major fraction of organic compounds in the
atmospheric liquid phase, mono- and dicarboxylic acids are among the most
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important ligands for Fe to be considered [167, 247]. Realistic speciation
calculations have been performed using a set of iron complex reactions based on
kinetics implemented in the CAPRAM [248], which contains organic chemistry up
to C4 compounds.

The major fraction of Fe(Il) is bound in carboxylate complexes, mainly with
oxalate, and a smaller fraction in inorganic complexes with hydroxide and sulfate in
both scenarios, cloud and deliquesced particles (Fig. 13). After oxalate, complexes
with tartronate, pyruvate, malonate, and glyoxalate altogether constitute a signifi-
cant portion of the total soluble Fe(IIl). It is important to distinguish cloud and
particle periods because the differences in pH (pHcioua = 3.2, PHparticie = 1.2) and
liquid water content (LWC) lead to a largely different Fe(III) species distribution.
Other calculations with an equilibrium speciation model show that complexes with
tartrate, lactate, and malate may also be able to compete with the aforementioned
carboxylates when their concentrations approach the upper limit that has been
reported for cloud water or ambient particles. Since oxalate complexes constitute
the largest fraction of bound Fe(III), their photochemistry is especially interesting.

Iron complex photolysis is one of the processes that produce reduced iron
(Fe(II)) in a highly oxidizing environment like the atmospheric aqueous phase.
There are numerous other processes such as reactions with HO, species or Cu(I)/
Cu(II) which can reduce or oxidize iron in the troposphere. These reactions can take
place simultaneously and cause iron to undergo a so-called redox-cycling [167].
Because of the large number of complex interactions in the atmospheric chemistry
of the transition metal iron, it is useful to utilize models to assess the impact of the
complex iron photochemistry.
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Photolysis reactions of Fe(IIl) complexes with malonate, tartronate, succinate,
tartrate, and glyoxalate were implemented in CAPRAM; Tilgner and Herrmann
[248]) as “extended Fe-carboxylate photochemistry.” The former version of
CAPRAM contained only Fe-sulfato, Fe-hydroxyl, and Fe-oxalato complex photo-
chemistry. CAPRAM as part of the SPectral Aerosol Cloud Chemistry Interaction
Model (SPACCIM [249]) has been applied in a 4.5-day non-permanent cloud
simulation including 8 cloud passages between deliquescent particle periods. Fe
(IIT) complex photolysis represented a small contribution to oxidant formation,
where 1.3% of the total O," /HO," aqueous phase daytime sources in the model
could be directly attributed to complex photolysis. Because Fe(III) complex pho-
tolysis can only occur during the daytime, only the daytime source fluxes have been
considered. For this comparison, the daytime flux values of each reaction channel
contributing to O," /HO," production were averaged over the entire simulation
time of 108 h and added to give the 100% reference. O," /HO,  contributing
channels for the aqueous phase are in situ decay reactions of peroxyl radicals
formed via oxidation processes, but the largest source is phase transfer from the
gas phase. The contribution of Fe(III) complex photoreduction to the average Fe(II)
formation flux over the total simulation time was 7% from Fe(III) oxalato complex
photolysis, and 1% from additionally implemented other Fe(III) carboxylato pho-
tolysis reactions. Additional sources of reduced iron were reactions with O,” /HO,"
and reactions with copper. The Fe(III) complex photolysis reactions can be a major
sink for the carboxylate species besides radical reactions of OH, NOs, or SO4.
Almost the entire oxalate in the simulation is depleted through Fe(Ill) complex
photolysis, whereas 40% of the simulated pyruvate was degraded via complex
photolysis and the remaining 60% via radical reactions. Percentage values here
refer to averaged sink fluxes over the total simulation time.

Figure 14 shows simulated concentration time profiles for the Fe(IIl) ligands
pyruvate and oxalate, which have mostly lower concentrations during the daytime,
when the photochemistry as described here is active. Thus, it has to be emphasized
that Fe(III) complex photolysis reactions can be a major sink for the carboxylate
species besides radical reactions, and it is crucial not to neglect these reactions
when the fate of carboxylic acids in the atmospheric aqueous phase is considered.
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5 Photochemistry Associated with Ice

Ice is an abundant material found in the environment in the form of ice particles in
the atmosphere, sea ice on oceans, and snow and glaciers on the continents. The
surface of ice in each of these compartments is more or less continuously exposed to
the atmosphere. Thus potentially a continuous exchange in both directions of
atmospheric trace gases with these ice surfaces exists. The general role of environ-
mental and atmospheric ices in affecting the oxidative capacity of the atmosphere,
the biogeochemistry of short and long-lived organic pollutants, the cycling of
halogen gases, and the nitrogen oxide cycle has been reviewed recently
[250-253]. Those parts of environmental ice that are in direct contact with the
atmosphere and thus the most relevant parts also experience irradiation by the sun.
The illuminated, or photic, zone in snow packs in alpine or polar environments
constitutes a significant fraction of those parts of snow or firn that exchange with the
overlying air [254-256]. Similar arguments may hold for sea ice. The vanishingly
small absorption cross section for water in the visible and near UV regions of the
spectrum means that photochemistry in ice is governed by the presence of
chromophoric material there. One example of processes induced by chromophoric
material in snow is illustrated in Fig. 15 showing the emission of HONO from snow
containing humic material exposed to NO, and UVA light, which will be discussed
further below.

Ice itself is a high temperature material in the sense that under environmental
conditions it is close to its melting point. The relatively weak hydrogen bonds
which are the basis for the crystalline solid (hexagonal Ih ice) allow the surface to
become disordered in response to the broken symmetry near the surface [258]. This
disordered layer is a general surface phenomenon of solid matter and also referred
to as surface premelting or quasi-liquid layer (QLL) [259] and involves the top few
nanometers near the surface. This layer may present a particular environment for
adsorbing trace gases, which may exist there with a local environment different
from that in a liquid or solid solution. Atmospheric ice particles nucleate from
solution droplets or on refractory material so that most of them remain with some
solutes left as solution pockets in equilibrium with ice or attached dust or carbona-
ceous material [260]. Those solution pockets must not be confused with the QLL as
they are considered a thermodynamically stable phase [261]. This microstructure
determines the specific environment for photochemical processes with ice in the
atmosphere, but also with snow derived from this ice. Once precipitated, snow
continuously changes its microstructure through metamorphosis [262-264] that
may lead again to relocation of associated material. The snow structure is also
crucial to determine the depths to which radiation reaches in the actinic wavelength
region [265]. Sea ice presents a polycrystalline structure with the solutes present
within a brine solution in cracks, veins, and triple junctions, or also on the surface
[266-269], out of which frost flowers may grow [270].

In the following paragraphs we will summarize the recent developments in
understanding direct and indirect photochemical processes in the “light” of this
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Fig. 15 Evolution of the HONO gas phase mixing ratio (solid line) with time after contact of NO,
with humic acid doped ice. Two consecutive irradiation periods in the visible range (orange
arrows) in the presence of NO, in the gas phase are shown. The shaded area illustrates the
accuracy of the HONO measurement. Time zero denotes the beginning of the (first) irradiation
period [257]

structural picture of ice in the environment [367]. The examples include organic
and inorganic chromophores as far as they are implicated in the chemistry of
atmospherically relevant gases.

The general significance of photochemical processes in snowpacks has been
reviewed by Grannas et al. [251]. Evidence has emerged that many insoluble and
soluble organic compounds are associated with ice in snow that may be responsible
for a wealth of direct and indirect photochemical processes [271]. While many
direct photolytic processes have been considered in the past [251], indirect pro-
cesses, especially those involving organic chromophores, have only been
recognized in this context recently. As an example, Rowland et al. [255] demon-
strate that organic and inorganic chromophores induce photochemical degradation
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of aldrin and dieldrin in frozen aqueous solutions. They also argue that the specific
arrangement of soluble chromophores and the hydrophobic target leads to distinctly
different degradation behavior compared to that in solution.

Almost all laboratory studies of ice photochemistry have used illuminated bulk
ice samples, with reagents frozen in solution. Often it is assumed that the reagents
are excluded together and uniformly to the ice surface region in contact with the
overlying atmosphere. Various thermodynamic formulations have been used to
estimate the concentrations of the excluded reagents [272, 273], but such
approaches seem to be deficient in some cases [274]. Nevertheless, photolytic
kinetics experiments have generally, but not always, found similar loss rates for
species frozen from solution as in the liquid phase [192, 251, 275-277].

Recently it has become possible to test the assumption that photochemistry of
compounds present at the air-ice interface, whether through exclusion during
freezing or following deposition from the gas phase, is well described by the
corresponding solution-phase process. Donaldson and co-workers have used
glancing-angle laser fluorescence and Raman spectroscopy to probe chemical
processes at the condensed phase-air interface of water and ice surfaces [93,
278-280]. They report that at least in the case of aromatic organic compounds,
photolysis on “pure” ice surfaces is significantly faster than on liquid surfaces or
that occurring within the ice matrix. This is a true surface effect, as demonstrated by
experiments in which the photolysis rate is seen to be directly related to the surface/
volume ratio of the ice [281]. Another study altered the surface properties of the air-
ice interface, by freezing salt solutions such that an increasing amount of a “quasi-
brine-layer” was present at the interface [281]. The photolysis rate of an aromatic
test molecule at the air interface became slower as that interface became more
“liquid-like” on a microscopic level, until it became identical with the rate seen on a
liquid surface. This result also showed that increased light scattering at the ice vs
liquid surfaces (or within the ice matrix) is not responsible for the enhanced
photolysis rates.

One possible reason for this rate enhancement, at least in some instances, is a
change in absorption cross sections and/or photolysis quantum yields due to self-
association at the interface. This effect has been documented for aromatic
compounds both spectroscopically and by simulations [278, 282, 283], and is a
consequence of the different hydrogen bonding environment present at the air-ice
interface compared to the liquid surface. In the case of benzene in particular, the
self association gives rise to a significant red-shift in the absorption spectrum [279],
such that benzene present at the air-ice interface may absorb available solar radia-
tion in the lower atmosphere. This opens the possibility of a previously unconsid-
ered fate for several aromatic pollutants present in snow- and ice-covered regions.

The majority of the examples mentioned above are concerned with oxidative
degradation processes. Bartels-Rausch et al. [257] have shown that organic
chromophores in ice can also reduce atmospheric gases. Humic acid was
demonstrated to reduce nitrogen dioxide to gaseous nitrous acid, and this reaction
was further found to be significantly enhanced by visible light. It was argued that
organic sensitizers, such as benzophenone, receive an electron from a donor, such
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as phenols, upon irradiation and pass this electron to NO, [127, 128, 202]. Both
benzophenone and phenols represent typical building blocks of humic matter and
have also been identified in polar surface snow [251]. Recent HONO emission
measurements at Barrow, Alaska indeed indicated that this process is responsible
for light induced HONO production during the day [284]. Bartels-Rausch et al.
[257] further showed that the rate of HONO production scales linearly with
increasing humic acid content in the ice and that extrapolations of the rate meet
rates previously found for pure humic acid films and in aqueous aerosol particles.
From this they concluded that the general chemistry in ice and in water is identical.
Interestingly, this correlation was found to be valid only for small concentrations of
humic acid in ice; at higher concentrations the rate of HONO production stagnated.
It was concluded that at high concentrations part of the organic material in the ice
matrix is no longer accessible to the gaseous NO, due to specific agglomeration or
displacements in the ice matrix.

Another example of an environmentally relevant species that is strongly
involved in redox-cycling is mercury. Mercury is a globally distributed pollutant,
and as such is also found in snow and sea ice. Input to the surface snow comes
preliminarily from atmospheric deposition [253, 285]. Ocean currents transport
most mercury found in sea ice [286]. What makes mercury especially interesting
from a chemical point of view is that its environmental fate is largely given by its
oxidation state [253, 285]. Elemental mercury, Hg(0), is highly volatile and has a
negligible affinity to surfaces such as snow or ice [287]. Divalent mercury, Hg(II),
is highly water-soluble and the main oxidation state present in snow and ice. The
precise balance between Hg(0) in the gas phase and Hg(II) in the surface snow is not
static. For example, during spring episodes so-called Mercury Depletion Events
(MDE) occur where Hg(0) is almost completely removed from the air. These events
are driven through gas phase chemistry, which converts Hg(0) to Hg(Il) that
subsequently becomes bound to particles and/or ground snow. Halogen emissions
from surface snow are currently thought to trigger those gas phase chemical cycles.
Snow may thus act as a reservoir in which mercury is accumulated during winter. In
spring this sequestered mercury may be released to the aquatic environment during
snowmelt [288] from which it may enter the food chain [289]. Field studies have,
however, shown that the Hg(Il) initially trapped in the surface snow can be
reemitted as Hg(0) to the atmosphere and that this emission is enhanced by solar
radiation [290]. This light-driven emission of mercury from the snow thus lowers
the overall net transfer of atmospheric mercury to the aquatic environment. Only
the fraction of mercury that is buried in the snow below the photolytic zone is inert
to photochemistry and can be permanently stored.

The detailed mechanisms and rates of the underlying redox chemistry in ice and
snow are still open. In a recent laboratory study, Bartels-Rausch et al. [291] could
show that the light-driven emission of Hg(0) from an ice matrix is significantly
enhanced in the presence of organic chromophores (Fig. 16). That the photolytic
reduction of mercury is enhanced in the presence of organics is well established for
the aqueous phase [292]. There, two mechanisms seem to operate simultaneously
[293]. Organics easily form complexes with mercuric ions and light absorption of
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Fig. 16 The effect of organic chromophores, halogens, and oxygen on the light-driven release of
elemental mercury from ice films. Results are given relative to the initial concentration of mercuric
ions in the ice after 30 min irradiation at 258 K. The solution to freeze the ice films was always
doped with Hg(II) (6 x 107® M) and additionally contained the following compounds as
indicated: “no OC” denotes experiments of pure HgO solutions; “BPh” 6 x 107 M benzophe-
none in unbuffered solutions at pH 7 (of the molten ice film); “BPh/Br~—" 6 x 10~" M benzophe-
none and 5 x 1078 M bromide; “BPh/C1™” 7 x 1078 M chloride; “BPh/sea” 0.5 M chloride,
1 mM bromide; “BPh/air” 6 x 10~7 M benzophenone in the ice — 20% oxygen was present in the
carrier gas stream. In each box, the central mark is the median, the edges of the boxes are the 25th
and 75th percentiles, and the whiskers extend to the most extreme data points [291]

these complexes can lead to intramolecular redox reactions [294]. Also, the
organics can adsorb light and transfer electrons, or energy, intermolecularly, similar
to the chemistry described above for nitrogen oxides. In either case, Bartels-Rausch
et al. [291] argued that the reduction of Hg(II) to Hg(0) in ice most likely proceeds
via Hg(I) as intermediate. They observed that the presence of chloride and of
oxygen significantly lowers the photoreactivity of the mercury-organics mixtures
in ice, whereas the presence of bromide had little influence. This observation is in
line with the oxidation capacity of oxygen and of the halogens in irradiated aqueous
solutions [292, 295]. This preservation of mercury in the snow might partially
explain the higher mercury concentrations in halogen-rich snow on sea ice as
compared to more off-shore samples [253].

Turning our attention to inorganic chromophores, one of the most relevant is
certainly H,O,. H,O, is ubiquitously present in environmental snow and ice and is
an important photolytic OH source [179]. While estimates based on photochemistry
in solution indicate a relatively short photolytic lifetime [195], Beine and Anastasio
[254] suggest that when H,O, is dissolved in crystalline ice the apparent lifetime
becomes significantly longer because cage recombination may occur, while when
adsorbed in a QLL or dissolved in a brine, OH may escape as in solution. This is
therefore an example where a trace gas may become a solute in crystalline ice,
leading to an extended photolytic lifetime.

Of similar photochemical importance as H,O, is nitrate, which absorbs light
above 290 nm. The ubiquitous presence of nitrate in environmental ices is well
documented for cirrus ice particles [296, 297] as well as permanent and perennial
snow packs [298-301]. In aqueous solution, photolysis of nitrate ion leads to either
OH and NO, or OCP) and nitrite ion, with typically significantly higher quantum
yields for the first pathway [197, 200]. In the upper troposphere, it is currently
thought that uptake of HNOj; to ice makes it ineffective as a photolytic source of
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NOy as it is in the gas phase, in spite of the fact that the nature of nitrate at the ice
surface is not well established. Recent spectroscopic experiments indicate that
nitrate exists at the ice surface in solvated form with a local environment similar
to that in concentrated solution [302]. Still, this does not rule out a reduced solvent
cage compared to dilute nitrate solution that would allow NO, to escape, more
likely due to recombination being suppressed, as has been suggested based on
quantum yield measurements for frozen nitrate solutions [192]. Since in snow the
nitrate anion is often co-located with other ions, e.g., halogenide ions, in a brine
solution, ion specific effects may lead to enhancement of nitrate ions at the aqueous
brine-air interface. Such effects have been shown to lead to enhanced nitrate
photolysis rates in aqueous solution [303, 304]. In some contrast to the case of
H,0,, the particular environment in snow or ice makes photolysis of nitrate more
efficient than in solution. Such effects would help to explain the significant cycling
of NOx mediated by nitrate photolysis in polar snow [276, 298, 305-308].

Halogens have not been discussed so far. Halogens are important atmospheric
players in stratospheric and tropospheric ozone depletion. In the stratosphere direct
photolysis leads to ozone depletion. In surface ice, snow halogens can be activated
and released to overlying air, where they foster ozone depletion. In snow or ice the
most prevalent condensed phase halogen compounds do not absorb the available
light of the solar spectrum. Potentially, interhalogen complexes such as Br,I™ and
Brl, might absorb in the visible wavelengths [309] yet their existence at the low
halogen concentrations in typical snow samples is questionable. It might be pro-
posed that the light-induced reaction with excited organic chromophores might be
of higher relevance, similar to the chemistry observed in aqueous solutions [295].
This chemistry can interfere with light-driven redox reactions, as discussed above
for mercury where halogens can foster the back-reaction of the photochemistry.
Additionally, halogens might form complexes with metallic ions such as mercury.
Those complexes typically absorb at longer wavelength than the isolated species;
mercury-iodine complexes for example absorb at wavelengths above 300 nm [310].
Indirect photochemical processes involving halogen compounds associated with ice
have the potential to release Br,, BrCl or halogenated VOCs that are in turn strongly
implicated in gas phase photochemical cycles of the air mass in contact with ice or
Snow.

In summary, atmospherically relevant photochemistry with environmental ices
is initiated by a range of organic and inorganic chromophores. In a wealth of
secondary energy transfer and redox processes species of atmospheric relevance
may be reduced or oxidized. Recent developments in the field have indicated the
role of the specific arrangement of chromophores and reaction partners as well as
their molecular level local environment in ice cloud particles, sea ice, or snow packs
that will require further attention in the future. Photochemical processes in ice
continue to be an important issue in the cycling of major and trace constituents as
highlighted in this chapter. They are also linked to albedo changes of the frozen
parts of the Earth’s surface and thus to the radiative budget of the atmosphere [311].
Furthermore, photochemical processes are important ingredients in the way trace
constituents are incorporated into ice archives from which past climates are
reconstructed [308].
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6 Photochemical processes on natural and built ground surfaces

In the preceding sections we addressed long-wavelength photoassisted reactions as
overtone processes and heterogeneous reactions on aerosols (photosensitized and
photocatalyzed) or on ice. However, the condensed material initiating these reactions
can also (and maybe even predominately) be found on the continental natural or
affected ground surface, such as soil, vegetation covered by plant degradation
products, and within films coating urban surfaces (such as roads and buildings).

Of special interest are the films on the ground in densely populated and urban
areas, also called ‘urban grime’, whose chemical composition partly resembles that
of urban atmospheric aerosols [312-314] but whose chemistry is still almost
unknown. In this section, we first turn our attention to urban grime and soil surfaces.

In the past decade or so, extensive work by Diamond and co-workers [312-317]
has shown that exposed outdoor surfaces in urban areas rapidly become coated with
a complex mixture of chemical compounds (‘“urban surface film”), most readily
encountered as “window grime.” This film grows via accretion from the atmosphere
and is removed by rain wash-off, or revolatilization processes, yielding an
(estimated) steady-state thickness of several tens to hundreds of nanometers. Chem-
ical analysis of these films has been carried out both in a “broad brush” approach
[312, 313], which identified the compound classes present, and by more detailed
studies [315-317] that determined the specific compounds within these classes.

Interestingly, organics make up only 5-10 mass % of the films; most of the
identified mass is nitrate (~7%), sulfate (~8%), and various metals (18%). The
organic fraction contains a wide array of natural and anthropogenic chemicals
including carbohydrates and aliphatic and aromatic compounds [313-321]. PAHs
account for approximately 20% of the organic mass of “urban grime” [313, 314].
Sources of PAHs are incomplete fossil fuel combustion [322], wood burning [323],
and industrial processes [324]. Some of these PAHs are reported to have carcino-
genic and mutagenic properties [312, 325, 326]; those bearing five aromatic rings or
more are predominantly adsorbed onto particulate matter [1] and therefore their
lifetime and fate are strongly influenced by heterogeneous oxidative processes [73,
76, 78, 80, 81, 84, 85, 328-341]. Raja and Valsaraj showed that particle bound
naphthalene and phenanthrene degrade much faster than in the gas phase [338].

Inorganic compounds represent the major mass fraction of “urban grime.”
Metals, sulfates and nitrates have been identified as the main components [314,
342]. Deposited nitrate ions can further undergo direct photolysis affecting the
atmosphere through the release of volatile and reactive nitrogen compounds to the
gas phase [276, 298, 305-308, 342, 343]. However, as shown above, the heteroge-
neous loss of gas phase molecules at surfaces containing photoreactive compounds
may be significantly enhanced under illumination [344-346]. Soot, pyrene, and
humic acids promote the photoenhanced heterogeneous removal of NO, producing
both NO and HONO [124, 347, 348].

In one study [349] nitric acid was deposited from the gas phase onto films
prepared to mimic the organic fraction of urban grime [73]. Using acridine,
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a pH-sensitive fluorescent probe, acidification of the film upon exposure to
HNO;(g) was observed, indicating that the acid was taken up by the organic film
and remained there in (at least partially) dissociated form. Illumination of this
acidified film using the output of a Xe lamp, filtered optically to simulate actinic
radiation on the Earth’s surface, caused the pH to increase, eventually returning to
its original value (i.e., that which it displayed before acidification). Figure 17
displays these changes in the emission spectrum. At the same time, the concentra-
tion of nitrate anion also diminished, as measured by ion chromatography. Given
the known photochemistry of nitrate anion in water and ice [192, 197, 350-352],
and other arguments presented in Handley et al. [349], we proposed that these
observations indicate that the nitrate anion in organic films could photochemically
generate NO, and HONO, which are then released to the gas phase.

This could have important atmospheric consequences. Because the primary
pathway for removal of inorganic nitrate (nitric acid or ammonium nitrate) from
the atmosphere is by wet (i.e., uptake by water droplets) or dry deposition, followed
by rainout/wash off to the ground, this photochemical reduction of NO; ™~ provides a
mechanism to recycle nitrate back to the gas phase as “active” nitrogen oxides
(HONO, NO,, or NO). These observations are finally “similar” to the renoxification
processes on dust discussed above.

Ammar et al. [353] studied the heterogeneous reaction between gaseous NO, and
solid pyrene/KNOj films, used as a proxy of “urban grime.” The uptake coefficients
measured under near-UV irradiation (300—420 nm) were between 7- and 15-fold
higher than the uptake under dark conditions, highlighting again a strong photo
enhancement (Fig. 18). The gaseous products that were identified were NO and HONO.
The HONO yield was as high as 36% depending on the composition of the film.

If extrapolated to the solar spectral irradiance at the Earth’s surface under near-
UV irradiation, the uptake coefficient (at 50 ppbv of NO,) becomes y = (8.8

+ 0.5) x 107°. Such data can be used to estimate the HONO source flux from
these urban surfaces as 130 pptv h™' just by assuming that only 1% of a street-
canyon surface with 10 m street width and 20 m building height is covered by
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Fig. 18 Steady-state uptake coefficients for the heterogeneous reaction of NO, with pyrene films
(empty circles) and pyrene/nitrate films (filled circles) under irradiation as a function of the initial
NO, concentration. Errors bar are 1 precision

pyrene/nitrate films (it is important to emphasize that this is potentially a quite
conservative assumption).

To explain the photoenhanced conversion of NO, on pyrene (Py) films into
HONO, NO, NO, ", and traces of 1-nitropyrene, the following mechanism was
suggested:

Py - py* (29

Py* + NO, — [Py* +NO, ] (30)
[Py" +NO, | — Py’ +NO,~ 31)
[Py" 4+ NO, | — PyNO, (32)
NO,” +H" = HONO (33)
NO, ™ NO + 0~ (34)

As discussed previously [347, 348], the heterogeneous reaction may proceed via
electron transfer from electronically excited states of the PAH (in this specific case
pyrene (Py*)) to NO,. As indicated in (5), HONO is formed by the acid-base
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reaction involving NO, ™. Miet et al. [337] have suggested HONO formation in the
mechanism to explain 1-nitropyrene production. The photo-stability of NO,™ on
the film was tested by Ammar et al. and emission of HONO and NO was indeed
observed, implying reactions (5)—(6) [353]. Similar conclusions about the mecha-
nism were also drawn by Sosedova et al. [89], who identified both direct and
indirect pathways of HONO formation from exposure of phenolic and polyphenolic
compounds to NO, and light. HONO was also formed through photolysis of
nitrophenols formed as intermediates.

The main conclusion from these observations is that “dirty” urban surfaces may
contribute to urban air pollution and promote photochemical pollution.

We finally turn our attention to the natural soil. Soil on Earth is considered to be
the layered deposits of parent rock weathering and erosion, which is composed of a
large range of organic and mineral components. The relative abundance of these
two classes of components varies from pure mineral to almost entirely organic soils.
Within the context of atmospheric sciences, soil plays a tremendous role in the
biogeochemical cycles of carbon and nitrogen. Soil covers a large fraction of the
continental ground surfaces on Earth. Soil is composed of a significant fraction of
chromophoric material and is exposed to sunlight for significant periods of time. It
is therefore not surprising that the interaction of UV and visible radiation with the
biogeochemical cycles has received considerable attention [354]. Such interactions
have been investigated mainly in terms of direct and indirect effects of UV radiation
on metabolic and abiotic processes that affect carbon sequestration or nutrient
cycling. Relatively little attention has been given to direct photochemical processes
that would affect deposition to or emission from soil of species implicated in
atmospheric chemistry. A few studies have addressed the impact of UV on the
net efflux of carbon dioxide and methane [355, 356]. Following up on previous
knowledge on the implications of soil processes in the context of the carbon budget,
Derendorp et al. [357] specifically determined C2 to C5 hydrocarbon emission rates
from irradiated leaf litter. Emission of these saturated and unsaturated
hydrocarbons was clearly linked to UV irradiation and the presence of oxygen,
providing some evidence for reactive oxygen species inducing lipid peroxidation
processes. Degradation of vegetation, and especially lignin, a major structural
compound of vegetation, leads to both light absorbing and redox active aromatic
compounds as constituents of humic material [358, 359] that are implicated in the
production of singlet oxygen, superoxide, or phenoxy type radicals [360]. These in
turn are important promoters in the degradation and photobleaching of plant litter
itself. However, the radical induced degradation processes also lead to emission of
volatile products, such as those observed by Derendorp et al. mentioned above, and
also of CO, [361] or CO [362, 363]. Some of these emitted species may be directly
involved in the photooxidation capacity of the troposphere. This is especially true
for the photolytic OH precursors like aldehydes or ketones. Such species have been
known to be emitted from degrading plant material [364]. D’Anna et al. [131]
observed the emission of several small aldehydes and ketones from humic acid as a
result of direct and indirect (sensitized) photochemical processes in the UV and
visible wavelengths. The implication to atmospheric chemistry is twofold: these
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OVOC species contribute to the atmospheric OH budget. On the other hand,
D’Anna et al. also observed a strongly enhanced reaction of humic and fulvic
acids with O3 and suggested that this may be a non-negligible contribution to the
overall O3 deposition to soil. A similar interaction has been discovered by
Stemmler et al. [128]. They observed that soil dust or macroscopic soil layers
emit nitrous acid (HONO) when exposed to nitrogen dioxide and light (both UV
and visible) that showed similar behavior to that observed in similar experiments
with humic acids. They suggested that the reaction is due to photosensitized
electron transfer from the donating humic acid moieties to nitrogen dioxide. Such
a process was suggested before based on similar experiments with mixtures of
aromatic ketones and phenolic species [127], which are considered building blocks
of humic matter. A third example is the mercury cycle in which photoreduction or
photooxidation of Hg(II) and Hg(0), respectively, through radiation induced redox
activity of humic material [365, 366], may play an important role in the bioavail-
ability of this toxic compound.

7 Summary and Outlook

The topics discussed in this chapter demonstrate the existence of a wide range of
photo-assisted processes in the troposphere not considered in atmospheric models
to date. These processes occur through various mechanisms on a wide range of
surfaces (including aerosols, urban grime, soil, liquid water, and ice), in aqueous
bulk solutions, and in the gas phase (through long wavelength overtone processes).

These sunlight driven processes have only recently been recognized as
addressing emerging issues in atmospheric chemistry and so there are still signifi-
cant gaps in our knowledge limiting our ability to quantify and predict their
atmospheric importance. Radical generation may occur in the bulk phase of aque-
ous particles and thus change reactive radical budgets. However, an important
emerging issue is the production of radicals at interfaces; this process may signifi-
cantly change our understanding of tropospheric heterogeneous chemistry because
radicals being formed in such interfacial processes can either increase the gross
reactivity of the surface or desorb and become active in the gas phase. Experiments
to quantify this radical production under a wider range of chemical composition and
conditions are now needed. Excitation of vibrational overtone transitions by red
light, followed by molecular dissociation, represents another example of “non-
classical” atmospheric photochemistry which may exert a significant influence on
radical budgets.

Optical properties of aerosols are currently the focus of many studies aiming to
characterize their potential impact on the Earth’s albedo and therefore on climate
change. However, light-absorbing chemical constituents of aerosols may also
change the physico-chemical properties of the particles. The current conceptual
view is that trace gases are taken up by aerosols depending on their volatility, the
latter being altered by gas phase oxidation processes. If light-absorbing species
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present within (or at the surface of) aerosols also act as photosensitizers (which is
still an open question), then maybe one should consider the aerosols as being
surrounded by reactive oxidizing species or radicals that will certainly alter the
phase partitioning of impinging trace gases. If true, this implies that surface
reactions are a general phenomenon during daytime in the atmosphere. Addition-
ally, the bulk of particles is probably also chemically very active because of
conventional radical chemistry together with species resulting from “new photo-
chemistry.” How important may the overall photo-induced chemistry be in terms of
coupling air pollution and climate change?

The general sense behind the illustrative examples presented here is that photo-
assisted processes are potentially accelerating reactions that would otherwise be too
slow to be of any importance, as shown in the case of NO, and some organics
reacting on dust. But how general is that statement? Do we need to revisit dust
chemistry in the upper troposphere? Does this chemistry have the potential to affect
the budget of long lived species?

The forecasted impact of climate change is huge and naturally attracts attention.
However, air pollution is still an acute issue in the ever growing urban environment,
where little attention has been given to the built environment in terms of sinks of
pollutants. Given that the surface area of the built environment is by far larger than
that exposed by aerosols, we may ask the question whether such surfaces and the
urban grime found upon them may be key players in air pollution that have
previously been ignored.

Clearly, enhanced radical production through the range of photochemical
mechanisms discussed in this chapter could have a significant impact on atmo-
spheric chemistry. Assessing the full extent by which they influence the atmosphere
will certainly require further research. We look forward to a new era of atmospheric
photochemistry; one which recognizes that the full solar spectrum should be
considered as important to the chemistry which affects us all.
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