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ABSTRACT OF DISSERTATION

MECHANISMS OF HETEROGENEOUS OXIDATIONS AT MODEL AEROSOL
INTERFACES BY OZONE AND HYDROXYL RADICALS

Atmospheric aerosols play an important role in climate by scattering and absorbing
radiation and by serving as cloud condensation nuclei. An aerosol’s optical or nucleation
properties are driven by its chemical composition. Chemical aging of aerosols by
atmospheric oxidants, such as ozone, alters the physiochemical properties of aerosol to
become more hygroscopic, light absorbing, and viscous during transport. However the
mechanism of these transformations is poorly understood. While ozone is a protective
and beneficial atmospheric gas in the stratosphere, it is a potent greenhouse gas in the
troposphere that traps heat near the Earth’s surface. It also impacts human heath by
irritating the respiratory tract and exacerbating cardiovascular diseases. Additionally,
ozone can alter the ecosystem through oxidizing plant foliage which can lead to
deforestation and crop losses as well. Both gases and aerosols in the troposphere can
react with ozone directly and indirectly with hydroxyl radicals. While daytime aging is
thought to be primarily driven by photochemical processes and hydroxyl radicals, ozone
is thought to be a key player in nighttime or dark aging processes that can alter the
physicochemical properties of aerosols. Measured concentrations of trace gases and aged
aerosol components in the field are higher than values predicted based on laboratory
studies and computer simulations. Consequently, new experimental approaches are
needed to narrow the gaps between observations and mechanistic understandings.

In this dissertation, a plume of microdroplets was generated by pneumatically assisted
aerosolization and then exposed to a flow of ozone before entering a mass spectrometer.
This surface-specific technique allowed for the real-time analysis of reaction products
and intermediates at the air-water interface. This work explores the in situ oxidation of
iodide, a component of sea spray aerosols, by 0.05 — 13.00 ppmv ozone to explore how
heterogeneous oxidation could enhance the production of reactive iodide species.
Methods to study the reaction channels and intermediates were also established to not
only determine a mechanism of iodide oxidation by ozone, but to enable the study of
more complex systems. The developed approach was then applied to examine the
oxidation of catechol and its substituted cousins, a family of compounds selected to
model biomass burning and combustion emissions, at the air-water interface. While



literature suggested that the primary mechanism of catechol oxidation by ozone would be
the cleavage of the C1-Cz bond, it was determined that this was only a minor pathway. An
indirect oxidation channel dominated heterogeneous processes at the air-water interface,
giving rise to hydroxyl and semiquinone radicals that recombine to produce
polyhydroxylated aromatics and quinones. This new mechanism of aging represents an
overlooked channel by which brown, light-absorbing carbon aerosols are produced in the
atmosphere.

In addition, the work investigates how reactions on solid particulate aerosols proceed
under variable relative humidity. Thin films were developed alongside a novel flow-
through reactor to study of how aerosols are transformed by ozone and hydroxyl radicals
when exposed to 50 ppbv - 800 ppmv of ozone. This system was employed to probe how
catechol reacts with ozone under variable relative humidity. Further work was undertaken
to model the adsorption process at the air-solid interface under variable humidity,
permitting the estimation of the reactive uptake of ozone by the film at concentrations
(50-200 ppbv) seen in rural and urban areas. Together, these results provide an increased
understanding of how heterogeneous oxidation of aerosols contributes to aerosol aging
processes as well as free radical production in the troposphere.

KEYWORDS: Aerosols, Atmospheric Chemistry, Hydroxyl Radical, Mass Spectrometry,
Ozone.
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Chapter 1. Mechanistic Studies of Heterogeneous Reactions on Aerosol Surface

Mimics

1.1 Synopsis

Atmospheric aerosols are important players in the radiative budget, or the interplay
between incoming, absorbed, reflected, and outgoing radiation, of the planet through
direct and indirect means.! Atmospheric components, such as aerosols, can have a net
warming or cooling effect based on how they interact with radiation. Aerosols absorb
radiation warming the planet, or scatter incoming radiation, increasing albedo
(reflectivity) of Earth (cooling effect).? While the cooling properties of pure inorganic
aerosols could be correctly modeled, the impact of organic aerosols on the radiative
budget is unclear.® * Organic aerosols are transformed through chemical reactions during
atmospheric transport.> The complex mixture resulting and their variable physical and
chemical properties contribute to the uncertainty of these species for modulating
incoming and outgoing solar radiation. Correlations between oxidative processing and
increased absorptivity, hydroscopicity, and cloud condensation nuclei (CCN) activity
have been observed but the mechanism behind this phenomenon is not well understood.®
Heterogeneous interfaces are believed to be important in the processing of aerosols by
promoting reaction pathways that might not be feasible in the gas-phase or in the bulk
aerosol.” Thus investigating the mechanisms of heterogeneous oxidation at aerosol
interfaces, is important to better understand how organic aerosols impact the radiative

budget.



1.2 The Earth’s Radiative Balance

The Earth’s radiative balance is the energetic equilibrium between the incoming solar
radiation, and what is absorbed or reflected back to space by the atmosphere or the
surface. Radiative forcing is a measure of how much a particular atmospheric constituent
traps (warms) or reflects (cools) outgoing terrestrial radiation.® The warming effect of
methane, carbon dioxide, chlorofluorocarbons, and other greenhouse gases is widely
understood and documented.! However, there is still a large degree of uncertainty in the
net magnitude and direction of the contribution of aerosols to the radiative forcing
budget, mainly attributable to their diversity in composition, size, optical properties, and

hygroscopicity (Figure 1.1).*
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Figure 1.1. Annual mean top of the atmosphere radiative forcing due to aerosol-radiation
interactions (RFari, in W m~) due to different anthropogenic aerosol types, for the 1750-
2010 period. Hatched whisker boxes show median (line), 5" to 95" percentile ranges
(box) and min/max values (whiskers) from AeroCom Il models® corrected for the 1750-
2010 period. Solid colored boxes show the AR5 best estimates and 90% uncertainty
ranges. BC FF is for black carbon from fossil fuel and biofuel, POA FF is for primary
organic aerosol from fossil fuel and biofuel, BB is for biomass burning aerosols and SOA
is for secondary organic aerosols. Reproduced with permission from reference 1.
Inorganic CCN-active aerosols such as sulfates, nitrates, and sea salt aerosols are
known to be excellent drivers of a net cooling radiative forcing because they promote
enhanced cloud formation and thus heighten atmospheric reflectivity (Figure 1.1).2 Many
CCN are also extremely hydroscopic and increase the amount of water associated with
inorganic aerosols. As water is a potent infrared absorber, the magnitude of cooling
effects exerted on the atmosphere by inorganic aerosols may be diminished.> Mineral
dusts, carried by winds from deserts like the Sahara, have been demonstrated to scatter

incoming radiation to assist in cooling the planet.’® However, particles including

photoactive components such as iron and titanium oxides can increase the absorptive



power of sand and dust particles, resulting in a net neutral or slightly positive radiative
forcing. '

Another important atmospheric aerosol constituent is black carbon (BC), which is
produced from the incomplete combustion of fossil fuels, biofuels, and vegetation. BC is
an efficient absorber of radiation, and thus contributes a net positive effect on aerosol
radiative forcing (Figure 1.1).2 This warming effect also continues once BC is deposited
onto the Earth’s surface, reducing the amount of radiation reflected back to outer space
via absorption. This phenomenon is thought to be contributing to the acceleration of ice

and snow melting in the polar regions through heat trapping in BC deposits.t® 4

1.3 Importance of Atmospheric Aerosols

Atmospheric aerosols, or the liquid and solid particulates suspended in the atmosphere,
have many direct and indirect impacts on the health of the Earth’s inhabitants and
atmosphere.’® The most obvious of these explicit effects are the deleterious health
impacts observed from the inhalation of particulate matter with diameters less than 10
uM (PMyo). As the main component of urban smog, these small, ubiquitous particles pass
into the lungs after being inhaled, leading to respiratory complications. Fine particulate
matter with diameters smaller than 2.5 uM (PMa2s) often enters the bloodstream and
contributes to systemic inflammation that can lead to hypertension even after short
exposure times.'® Long term exposure to PM2s has been linked to cardiovascular disease,
respiratory diseases, asthma, low birth weight, lung cancer, stroke, and even diabetes.!” 18
Additionally, aerosols can directly alter the radiation balance of the Earth via modifying

the ability of the atmosphere to reflect, absorb or scatter solar radiation.® Hydrophilic



aerosols can serve as CCN, permitting the formation of cloud droplets.’® Higher
concentration of CCN also increases the albedo of clouds.?* %

Unlike the extensive knowledge about inorganic and BC aerosols, far less information
is available about the sources, sinks, and fates of organic aerosols (OA) in the
atmosphere.?? Models presently underestimate the OA loading in the troposphere,
particularly from biomass burning sources, by 24% relative to field observations.?® The
OA loading and other key aerosol properties, such as optical absorptivity and
hydroscopicity, seem to be driven by seasonal and regional variabilities.?> 2’ Oxidative
aging of OA is also thought to increase hydroscopicity and improve their capability to act
as CCN. Oxidation also amplifies the ability of OA to absorb radiation in the near
ultraviolet range. These competing factors make assessing the impact of OA on the net
radiative forcing budget complicated.®

Reductions in greenhouse gas emissions have likewise cut the amounts of
anthropogenic aerosols released to the atmosphere.’® In fact, some of the warming
observed by the end of this century might be attributable to smaller magnitudes of
negative radiative forcing from aerosol-cloud and aerosol-radiation effects due to a
reduction in the total atmospheric aerosol loading.?3%° Consequently, it is important to
understand how the dynamic composition of aerosols affects their optical and CCN

properties to better constrain the radiative forcing of aerosols on Earth.

1.4 Formation of Primary versus Secondary Aerosols
Particles emitted directly to the atmosphere are called primary aerosols, and can

originate from either natural or anthropogenic processes.'® Wind-blown mineral dusts,



sea spray ejected from breaking waves, volcanic ash, pollen, and soils, among others are
all examples of natural particulates in the atmosphere.3® The inventories and trends of
these species are generally well understood, allowing for predictions to be made on how
they can shape the future climate.’® Human activities such as fossil fuel burning,
industrial development, and controlled agricultural burns can increase the amounts of
sulfur, black carbon and organic aerosols in the atmosphere.!

Secondary aerosols are generated by conversion of volatile compounds into new
particles or the transformation of existing primary particles in the atmosphere. These
transformations can be carried out by either physical or chemical means. Most new
particles are formed from the condensation or coagulation of gaseous or ultrafine
particulate into larger particles, or the condensation of gases and volatile species onto
pre-existing aerosols, such as black carbon or sea spray aerosols.3? These processes most
frequently occur with volatile organics emitted from plants and a wide host of
anthropogenic sources, nitrogen oxide emissions from fossil fuel combustion, dimethyl
sulfide emissions over the oceans, and sulfur dioxide emissions from fossil fuel
combustion and volcanoes.?? 3234 These physical processes can alter the residence time of
species in the atmosphere or change their optical and CCN properties. However, the
natural aerosol loading of the planet can be modulated directly through anthropogenic
emissions or indirectly by influencing biogeochemical cycles.® 35 %

Anthropogenic changes to the climate system, such as increased temperatures, carbon
dioxide, or ozone levels®” % can cause fluctuations in the natural emissions budget as
well. For instance, rising global temperature and CO concentrations cause an increase in

biogenic volatile organic emissions (BVOCs).>> “0 However, expected emissions of



BVOCs could be diminished because of deforestation, land usage changes, and losses of
viable crop land due to aridification and salinification of soils.*" %> Surface ozone
concentrations are expected to increase with growing BVOC emissions.*® However,
increasing atmospheric moisture driven by climbing global temperatures can partially
counteract this trend by converting ozone into HO".** % Elevated radical concentrations
can facilitate production of highly absorptive brown carbon, and thus increase the
positive radiative forcing component for OA.*® Therefore, accounting for the impact of
feedback loops on total organic loadings and trace gas species is important in predicting
the effect of aerosols in the future climate.

Size is a major contributor to the atmospheric fate of particles because it dictates the
residence time of aerosols against natural removal from the atmosphere through
conversion or deposition. In the atmosphere, particles with diameters from 1 nm to 100
um are observed. These can generally be grouped into four classes and some trends can
be seen based on the source type. In nucleation mode (1-10 nm), aerosol physical
processes, such as gas to particle conversion and the condensation of particles with water
vapor, occur resulting in larger particles. Aitken mode particles are defined in the range
of 10-100 nm in diameter and can undergo further coagulation and condensation to form
accumulation mode particles which range from 0.1 to 1 um in diameter. Windblown
mineral dust, sea spray, pollen, and volcanic ash, as well as cloud-scavenged
accumulation mode particles can range from 1 to 100 um in size and are termed coarse
mode aerosols.3? 4

Nucleation and Aitken particles have short lifetimes, from a few hours to a few days,

because they undergo collisions that generate new particles. Coarse mode particles are



too heavy to persist in the atmosphere and undergo deposition in hours to a few days as
well. This is why the 0.1-1 um particles are given the name accumulation mode, because
they tend to collect and linger in the atmosphere for 1-2 weeks before they are removed
via deposition.® 32 Consequently, it is important to understand the composition,
processing, and properties of these accumulation mode aerosols.

These new particles and some primary organic aerosols are prone to undergo multistep
chemical reactions with trace atmospheric oxidizers (HO*, Oz, NOy) and sunlight that
alter their composition.*®5! Each successive step of oxidation adds polar functional
groups and decreases the volatility of the constituents.?? This process leads to the
partitioning of organics into the aqueous phase, where further processing can occur.%? 5
These secondary organic aerosols along with organic aerosols generated from combustion
or biomass burning events can absorb ultraviolet and visible radiation.>* Studies have also
demonstrated that as organic aerosols undergo subsequent stages of aging, they become
increasingly water soluble and more absorbing.>> 56 This absorptive organic aerosol
fraction is often called brown carbon, after the light brown color of collected samples.®’
Field observations suggest that reactions taking place in clouds are critical for the
secondary formation of brown carbon, which is thought to be an underrepresented source
of positive radiative forcing.* 8

The brown carbon contribution from secondary organic aerosols (SOA) has been
identified to be one of the key uncertainties of the anthropogenic effect of aerosols on
climate.! In order to better constrain the impacts of SOA on aerosol properties, better

understanding needs to be obtained on the heterogeneous processing of aerosols, the



products of these reactions, and how these products will transform the optical and

hydroscopic properties of the SOA.

1.5 Chemical Processing at Atmospheric Interfaces

Much of the chemical processing of aerosols occurs at the air-particle interface. These
regions take three main forms, gas-solid, gas-semisolid and gas-liquid. Different products
may result from reactions on each interface.®® The interaction and uptake of a gas
molecule by an aerosol particle occurs in a similar manner regardless of the phase, but
additional parameters are needed to describe the processes on solid or semisolid

interfaces, which are summarized in Figure 1.2.

Gas Phase
JcoH

Particle Phase

Figure 1.2: lllustration of key processes occurring at the interface between aerosols and
the atmosphere.



An aerosol surface interacts with a number of gas molecules colliding on it. This

collisional flux can be defined as

(Eq. 1.1)

where [X]g is the concentration of the species X in the gas phase and v is the mean
thermal velocity of X.°° As gas molecules collide with the aerosol surface, a portion of
these equilibrate with the surface. This accommodation process is dictated by the
temperature, composition, and pressure of the gas as well as the phase and state of the
surface.®* Experimental observations are often corrected with a thermal accommodation

coefficient, at, which can be described by the relationship

(Eq. 1.2)

where Ein is the incident energy flux, Ere is the reflected energy flux, and Ey is the flux of
emitted molecules if they were in thermal equilibrium with the surface.®*% Molecules
that do not immediately bounce off the surface can be held by van der Waals interactions
or hydrogen bonds. This process, known as adsorption, is often termed physisorption
because it represents the contribution of physical processes to the sticking of gaseous

species to the interface. The adsorption flux can be estimated by the relationship

asv
Jads = T o)1, (Eq. 1.3)
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where os is the surface accommodation coefficient, or the ratio of accommodated
molecules to the number of molecular collisions and @ is the fractional surface coverage
by the species of interest.5% 64

From this point, the adsorbed molecules can have three different fates: 1) absorption, 2)
chemisorption, and 3) desorption. A portion of the adsorbed molecules are taken up and
accommodated into the aerosol. This process is called absorption and this flux can be

defined as

Jabs = b Jcou (Eq 1-4)

where a, is the bulk accommodation coefficient,®® which is determined by the

relationship

Q= a,—sb (Eq. 1.5)

a .
$ kspt Kdes

In equation 1.5, kg, and kg ., are the surface to bulk transfer rate constant and the
desorption rate constants, respectively.% Adsorbed molecules can become chemisorbed
to the aerosol if they undergo chemical reactions with other adsorbed species or with
aerosol constituents. Chemisorptive processes such as these are apparent through a
hyperbolic relationship between the concentration of the gas the and reaction rate. This is
often described by the Langmuir-Hinshelwood adsorption mechanism, which provides

information regarding the partitioning of the reactant gas between the gas phase and the

11



particle phase followed by the reaction between the adsorbed gas and species in and on
the aerosol.®4 %
Finally, a portion of the adsorbed molecules can detach or desorb from the surface back

into the gas-phase. The desorption flux can be expressed as

Jaes = [X]g Tq (Eq. 1.6)

where 7, is the desorption lifetime.®® The net uptake into the aerosols, Jnet, is described as
the difference between the adsorption (Jads) and desorption (Jees) fluxes. However, it is
extremely challenging to isolate and measure any of the individual processes needed to
define the adsorption and desorption fluxes. Therefore, many studies have focused on
determining the reactive uptake of gases by aerosol surfaces (y). This quantity describes
the overall uptake for all surface processes combined, regardless if they are physical or
chemical in nature.®® ¢ While y cannot be measured directly, it can be described using
the experimentally observed reactive uptake of a gas into the interfacial region, y.sf (Eq.

1.7).

1 1 1
Yerr = g ; (Eq 17)
Where Iy is a correction factor defined as
I, =8D,v~'d,™" (Eq. 1.8)
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that includes the gas-phase diffusion coefficient for the compound of interest (Dg) and the
particle diameter (dp).®° Therefore Jnet, or the net flux between a gas and the surface of an

aerosol,®’ can also be defined as

Jnet = ¥ Jeou (Eq 1-9)

In order to better comprehend the oxidative aging processes that aerosols undergo, it is
imperative to understand how oxidants can interact with aerosol surfaces.®” ©8
Competition between chemical reactions during adsorption and absorption can lead to
radical chemistry in both the bulk and the interface.®® This complex interaction between
aerosols and the atmosphere gives rise to many varied pathways of reaction “in”” and “on”
aerosols, leading to the complex compositions observed in field observations.®® With a
deeper understanding of how the processes occur at the surface of aerosols, the resulting

physical and chemical outcomes can reveal optical and chemical transformations.

1.6 Aging of Aerosols in the Atmosphere

The atmospheric processing of aerosols is of great interest to atmospheric chemists
and climate scientists because of its ability to impact aerosol properties.” Gas-phase
reactions between atmospheric oxidizers and volatile organic species have been studied
extensively. In general, common atmospheric oxidants, like ozone, nitric oxide, and
peroxides react with gas-phase organics to generate less volatile and more polar products
that partition to the particle phase, forming SOA.?> % 8 Understanding how SOA

behaves as it is transported through the atmosphere is an important issue to explain how
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urban pollution becomes more oxygenated (higher O/C ratio) during the aging process.®®
Despite the varied sources of organic aerosols, oxalic acid has been identified as a
pervasive component of aged SOA.”® Thus, there must be a common mechanism of
oxidative chemical processing that generates oxalic acid as an end product.*” 07> In
order to elucidate a mechanism of oxidative aging, it is imperative to understand the
major routes atmospheric aerosol processing can take and how they can contribute to
aerosol complexity. Even though physical processing (Section 1.4) drives the formation
of new aerosols from primary emissions of natural and anthropogenic particles, the fate
of these newborn particles during transport can be extremely complex due to the many
forces acting on them.

The chemical processing of SOA to generate aged SOA can proceed through oxidative
pathways, non-oxidative pathways, or photochemistry.® In oxidative processing, trace
gases react with organic species on the surface of the aerosol (Section 1.5) to produce
alkyl radicals (Figure 1.3). Molecular oxygen (O2) then adds to the radical to form the
highly reactive alkylperoxy radical which then can undergo reactions with a host of
atmospheric radicals (NO, NO2, ROz, HO2, NO3).> These reactions result in the addition
of polar functional groups, such as hydroperoxyl (-OOH), nitrate (-NO3), nitro (-NO>),
hydroxyl (-OH), carboxylic acid (-COOH), ketones, among others.”® These added polar
groups, in addition to increasing hygroscopicity, decrease molecule volatility.”” These
oxidatively induced aerosol properties encourage further SOA formation via

condensation and coagulation.
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Figure 1.3. Simplified mechanism for the atmospheric oxidation of a generic VOC.
Thick black arrows denote reactions that can lead to a substantial decrease in volatility;
gray arrows denote reactions that can lead to a substantial volatility increase. Figure
adapted from reference 5.

Semi-volatile species produced from oxidation reactions can undergo accretion
reactions in aerosols to form heavier species after partitioning into the particle phase.> "
This non-oxidative pathway can take many forms, but most if not all accretion reactions
involve polymerization or radical recombination of organic compounds. The resulting
heavier, nonvolatile products are complex oligomeric species unlikely to be formed
oxidatively in the gas phase. Based on field studies, it has been inferred that accretion
reactions are enhanced in acidic aerosols by acid-catalyzed nucleophilic additions to
aldehydes, carbonyls, and alcohols.”® Additionally, alkenes, such as limonene, have also
been show to more readily undergo accretion reactions such as dimerization in the
presence of strong acids.” 8 As many atmospheric aerosols are comprised of acidic

components, these reactions represent a common pathway for the formation of non-

volatile species in aerosols.®

15



In addition to chemical reactions, sunlight can also catalyze oxidative and accretion
chemistry in and on aerosols.**1 72 7 Qrganic and inorganic molecules can act as
chromophores, or light absorbing moieties, that absorb visible and ultraviolet radiation.
These compounds, such as conjugated double bonds or carbonyls, lead to the formation
of excited state molecules that can undergo homolytic bond cleavage, radical
recombination, electron transfer, decomposition, hydrogen abstraction, and
photosensitization.’? ™ 8284 The resulting products, which are similar to what is observed
with particle-phase accretion chemistry, dehydrate or cyclize during the night to form
polymers or supramacromolecular structures. When the sun rises the next day, photons
are absorbed by these complexes, leading to their dissociation. This pattern of diurnal
cycling is commonly seen with a-dicarbonyls, which are prevalent in aged OA, and is a
possible source of positive radiative forcing from OA."%

Sunlight can also accomplish aerosol processing indirectly via the photochemical
production of hydroxyl radical (HO*), which is one of the most abundant tropospheric
oxidizers.® Volatile organics often first undergo gas-phase oxidation by HO", decreasing
volatility and encouraging coagulation to form SOA. Photochemistry can also alter the
balance of available trace oxidizers such as ozone and nitrogen dioxide through the
cycling of halogen radicals.® Therefore, photochemical processes are an important factor
in the direct and indirect production of SOA through oxidative and non-oxidative means.

All these different aerosol processes mentioned above can change the physiochemical
properties of SOA. It has been demonstrated that higher O/C ratios in aerosols enhances
hydroscopicity due to its greater hydrophilic character from a larger amount of polar

functional groups.?? Highly oxygenated SOA can serve as CCN at lower RH whereas

16



more hydrophobic OA can only do this in very moist environments. Diminished
compound volatility has also been observed relative to an elevated O/C ratio. As aging
proceeds, volatility can be altered further via oligomerization and fragmentation.®” All of
these processes can amplify the number of light absorbing functional groups, which
increase the absorbing power of aged SOA.*® Oligomerization is also thought to be a
contributing factor into the creation of light absorbing brown carbon in humic-like
substances (HULIS).® 8 Through understanding the interplay between chemical
processing and aerosol properties, more complete mechanistic models can be developed

to describe the evolution of aerosols, including their composition and absorptivity.* 4°

1.7 Heterogeneous Studies of Relevance to the Atmosphere

While the physical and chemical processes that lead to aerosols formation in the
environment are a current focus of study, it remains very unclear how the compositional
complexity observed in field measurements is generated. Gas and aqueous phase bulk
studies have proven to be useful in predicting the mechanisms and products of interfacial
reactions, but often underestimate the variety of possible products and pathways that
could be important.*® 4 7 Cloud chambers,?°2 Knudsen cells,®* * droplet train flow
reactors, %" flow tube reactors,?®1% and molecular dynamics simulations!®? have been
used to investigate different properties of aerosols and the results of atmospheric
processing. However, these methods do not always provide atmospherically relevant
models reflecting aerosol surface to volume ratios, interfacial diffusion rates and mass

accommodation, organic coatings, water associated with particles, and hydrophobicity.*
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Collected aerosols from field studies have been characterized using aerosol time of
flight mass spectrometers, 1%3-1% electron microscopy, 19107 X-ray diffraction, 1% 1% and
many other methods to determine the outcome of aging. These methods provide insight
into the composition of the aerosol, but do not permit tracking of how the particles
arrived to that state. Therefore, new instrumental methods are demonstrated in this
thesis®® 47 74 110 which provide mechanistic insight into the aging process (Section 1.6).
Two questions explored are what reaction pathways predominate in the interface of air
with water®® 4" ™ or with a solid?’* How do different reactive channels contribute to
changes in optical properties?*® % 72 73 In order to tackle these problems, analytical
systems were developed to probe the heterogeneous oxidative aging of aerosol proxies at
the air-water and air-solid interface.

The oxidation of aqueous aerosols have been investigated using droplet generation
systems paired with in-line detection systems to allow for the observation of
intermediates that might be lost in traditional collection and offline processing methods.
Nebulizers coupled to flow tubes interfaced with mass spectrometers, particle sizers, and
infrared spectrometers have been employed to examine how transformations might occur
in clouds.®® ' However, interfacial reactions often proceed too quickly to capture
reactive intermediates in these systems. To bridge this gap, nebulizing systems have been
interfaced with an electrospray mass spectrometer (ESI MS) to provide a novel
instrumental set up to create aqueous microdroplets that can probe reactions at the air-
water interface with shortened analysis times.*6 4/

Pneumatically assisted electrospray uses a high flow rate of carrier gas to rapidly

desolvate the solvent jet as it leaves the capillary.''? lons and molecules are ejected off
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the droplet surfaces to relieve excess charge as the droplets are sheared and desolvated by
the carrier gas. As a result, this analytical method allows for selective sampling of the
reactants and products in the droplet interface.!'® Further customizing the instrument
allows for the delivery of oxidant gases to examine the in situ oxidation of inorganic and
organic species on the surface of aqueous microdroplets under atmospherically relevant

conditions (Figure 1.4).46-47
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Figure 1.4. Schematic of pneumatically assisted electrospray ionization mass
spectrometry set-up utilized to probe reactions at the air-water interface. Reproduced with
permission from reference 47.

Studying reactions on solid aerosols in the laboratory have utilized thin films or solid
particles as proxies to investigate the uptake of gases on solid aerosols and how this

transforms their composition. Aerosol chambers and flow tubes''*!'® use gas phase
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reactions to generate SOA in controlled environments. The resulting aerosols are
analyzed by different techniques, such as optical spectroscopy, before they are collected
for further characterization by chromatography and mass spectrometry.!!® Variations in
the physical state of the aerosol, reaction time, size, and the procedure for measuring rate
of loss can lead to disparate reaction rates and uptake coefficients between different
groups studying the same molecules.”® These approaches capture the variations in
composition in the early stages of aging but are not representative of the extended aging
periods experienced during transport.’

More recently, thin films have been used to simulate aerosol surface reactions at the air-
particle interface.® 1% 120 Thijs approach has proven quite useful to monitor the
degradation of the proxy materials and evolution of condensed and gas phase products in
gas cells or environmental chambers.'® While ultrafast processes at the air-water
interface were studied in a developed customized set-up described previously,*’ it is
possible that some products that form over longer time scales are missed. Therefore, an
additional system was needed to study oxidative processing on surfaces that could pair
real-time monitoring with offline compositional analysis.”

A flow-through reaction chamber was designed for providing a clear picture of
reactions on solid aerosols (Figure 1.5).*8 110 Stainless steel infrared holders were
designed with chemically inert optical windows and placed into a reaction chamber
designed to allow for easy access to the samples inside. Humid ozone was circulated
through the reactor at a constant rate, and samples were regularly scanned to monitor the
oxidation process. Protocols were also developed to extract the reacted films and analyze

their products by chromatography and mass spectrometry. Not only did this experimental
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design validate findings using the air-water interface technique, but also provides further

details of intermediates and products that escaped detection at the air-water interface.*®

110
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Figure 1.5. Flow-through reactor system with mixing of dry and wet gases. Reproduced
with permission from reference 49.
1.8 Research Objectives

SOA and biomass burning aerosols (BBA) contribute the largest portions of uncertainty
to the aerosol-radiation component of radiative forcing.! Most of previous attempts to
constrain uncertainties from OA have focused on the formation of SOA from biogenic
sources, such as isoprene and several terpenes.’?> To increase the certainty in future
global temperature and climate forecasts made by climate models, knowledge of the fate
of anthropogenically driven organic compounds in the atmosphere is needed.!?® In
addition, better inventories of sources and sinks of atmospheric oxidizers are necessary to
predict how oxidation contributes to aerosol aging.'> ?* through investigating the
transformations of overlooked sources of SOA, such as BBA and polycyclic aromatic
hydrocarbons (PAHSs) under atmospherically relevant conditions, information to diminish

the uncertainties of OA to radiative forcing can be contributed.*” ™ "
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Chapter 2 explains the conversion of iodide to hypoiodous acid and molecular iodine in
aqueous microdroplets exposed to ozone and reveals the role of reactions occurring on
the surface of sea spray aerosols and their importance in tropospheric ozone depletion.*®
Previous studies demonstrated that iodide can be significantly enriched at the air-water
interface, as it happens in sea spray aerosols formed during bubble bursting and wave
breaking processes.'? In turn, tropospheric ozone should react with the surface available
iodide to produce reactive halogen species (RHS), molecular iodine and hypoiodous acid.
This mechanism of RHS production is proposed to help close the gap between RHS
predicted by models and those same species measured during field campaigns.

Chapter 3 studies the oxidation of catechol by ozone and hydroxy radicals at the air-
water interface, applying the technique developed in Chapter 24" Catechol, a
dihydroxybenzene found in biomass burning emissions, was previously thought to
primarily undergo ring-opening reactions when exposed to ozone.*?° However, this work
demonstrates that electron transfers initiates an indirect oxidation pathway. So in addition
to observing the expected catechol ozonolysis products,'?® the indirect oxidation channel
leads to the production of polyhydroxylated aromatic (PHA) compounds and quinones.*’
This mechanism provides an explanation for the production of light absorbing brown
carbon along with how complex mixtures of organic compounds are generated.*” 48 110

In Chapter 4, the heterogeneous oxidation of catechol at the air-solid interface was
investigated. Similar product mixtures as observed at the air-water interface were
characterized using infrared spectroscopy and mass spectrometry.*® The heterogeneous
oxidation of catechol at the air-solid interface gave rise to organic acids from direct

ozonolysis, and PHAs, bi- and terpheynls products via the crosslinking of reactive

22



semiquinone intermediates. Relative humidity was also found to be a key driver in the
reaction rate, suggesting that adsorbed water facilitates ring cleavage and electron
transfer as observed in Chapter 3.

In Chapter 5, a series of substituted catechols is employed to serve as a proxy to explore
how anthropogenically emitted phenols can be oxidized at the air-water interface.” As
seen in Chapter 3, dicarboxylic acids and polyphenols were produced during the
heterogeneous reactions of ozone and these compounds at the air-water interface.”
However, it was noticed that the increased electron density in the aromatic system from
electron donating moieties lead to an increase in product formation.” Chapter 6
(Conclusion) outlines the outcomes of these projects and their potential impact on

research in aerosol and atmospheric science.
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2.1 Synopsis

Halides are incorporated into aerosol sea spray, where they start the catalytic
destruction of ozone (O3) over the oceans and affect the global troposphere. Two
intriguing environmental problems undergoing continuous research are 1) to understand
how reactive gas phase molecular halogens are directly produced from inorganic halides
exposed to O3, and 2) to constrain the environmental factors that control this interfacial
process. This paper presents a laboratory study of the reaction of O3 at variable iodide (I)
concentration (0.010-100 pM) for solutions aerosolized at 25 °C, which reveal
remarkable differences in the reaction intermediates and products expected in sea spray
for low tropospheric [O3]. The ultrafast oxidation of I" by Os at the air-water interface of
microdroplets is evidenced by the appearance of hypoiodous acid (HIO), iodite (I102),
iodate (I103"), triiodide (I57), and molecular iodine (I2). Mass spectrometry measurements
reveal an enhancement (up to 28%) in the dissolution of gaseous O; at the gas-liquid
interface when increasing the concentration of Nal or NaBr from 0.010 to 100 uM. The
production of iodine species such as HIO and I from Nal aerosolized solutions exposed
to 50 ppbv O3 can occur at the air-water interface of sea spray, followed by their transfer

to the gas-phase, where they contribute to the loss of tropospheric ozone.

2.2 Introduction

Increasing levels of greenhouse gases in the atmosphere over the past 160 years have
led to a significant climate perturbation in the present timescale.! Ozone, O3(g), near the
tropopause is an important greenhouse gas. Thus, a better understanding of the

anthropogenic effects on climate requires the full characterization of the pathways of
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production and destruction of tropospheric O3(g). Ozone molecules also play a key role in
tropospheric chemistry, absorb infrared radiation, and have adverse effects in air quality
and public health. The major source of ozone in the lower atmosphere is the oxidation of
organic compounds and carbon monoxide in the presence of nitrogen oxides occurring
over the continents, followed by a minor contribution from stratospheric influx.>* Ozone
is transported from continental regions to the marine boundary layer (MBL), where major
ozone loss occurs, primarily due to photolysis in the presence of water. However, the
ozone loss calculated with all known losses, excluding halogens, accounts for only about
50% of the observed loss.*

Similarly to the stratospheric destruction of ozone by chlorine and bromine, halogen
species emitted from surface waters, can contribute to the global decrease of ozone
levels.* The destruction of tropospheric O3(g)> ® occurs at air-water and air-ice interfaces,
mediated by heterogeneous reactions’"!* catalyzed by organic species.!!"!* The activation
of halogens such as Br, and I, to participate in the photochemical depletion of
tropospheric ozone remains poorly understood.'* It is well known that marine macroalgae
in coastal regions produce I, rather than iodine-containing organic compounds, which is
transferred to the atmosphere and photo-activated to release iodine atoms.'> !¢ However,
measurements over the open ocean cannot be explained by this mechanism of O3 loss.!”
Perhaps, a major contribution to the loss of tropospheric ozone over the open ocean
originates from inert halide ions (e.g. Br, and I)'* ' or oxyanions (e.g., 105"),2° which
are somehow converted into molecular halogens (e.g., Br2 and D), and reactive halogen
species, RHS (e.g., Br", BrO", and 10%). RHS deplete the level of O3(g) (~50 ppbv) during

early spring in the Artic troposphere.> 2" The production of Ix(g) and HOI(g) from
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submicromolar levels of aqueous I reacting with O3(g) in the top micrometer surface
layer of the ocean (pHocean ~ 8)** functions as a source of 10" radicals independent of the
bulk pH.?

The process of sea spray formation generates negatively charged droplets that contain
dissolved halides salts,”> and establishes a negative current into the atmospheric boundary
layer.?® 27 Previously it was shown how the fractionation of halides species occurring at
the air-water interface®® ?° during aerosol formation depends mainly on the concentration
of species present in surface waters that is strongly biased by the size of the ions.!®
However, the remaining question to be answered is: How do those aerosolized inert
halide salts are later oxidized to become RHS in the air?'*3° Thus, it is crucial to identify
the mechanisms of production of halogen oxides in the tropical MBL.! *1-** Electrospray
ionization mass spectrometer (ESI-MS) was recently used at high temperature (350 °C)
to propose that interfacial reactivity patterns exist in microdroplets.’> 3¢ However,
experiments at lower temperature are needed together with a detailed analysis of the
direct reaction products and intermediates for the reaction of iodide at variable ozone
concentration to model the loss of ozone. In this article, we investigate a widespread
effect of halides reactions with ozone to produce I> and reactive species at the air-water
interface at 25 °C to simulate the non-photochemical processes occurring in the MBL.
This study reports the enhanced dissolution of Os; in aerosolized microdroplets with
increasing sodium halide (X™: Br’, I') concentration (10 nM — 100 uM). In addition, this

study examined the cycle of ozone destruction on microdroplets by freshly produced

iodine species such as HIO, HIO,, HIOs;, the effect of polysorbate 20 surfactant to
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enhance or suppress the production of iodine species, and detect for the first time the

reaction intermediate HbO for the production of I».

2.3 Experimental Section

2.3.1 Preparation of Solutions

Sodium salts Nal (99.99%) from Fisher Scientific and NaBr (99.5%) from Acros were
used. A 1.00 mM stock solution of each salt was freshly made and used to prepare 0.040,
0.400, 4.00, 40.0, 200.0, and 400.0 uM solutions. Previous solutions underwent a 4 time
dilution during infusion to a final concentration of 0.010, 0.100, 1.00, 10.0, 50.0, and
100.0 uM of each halide. Solutions were prepared in ultrapure water (18.2 MQ-cm, <5
ppb organics (TOC), <1 CFU/mL, Elga Purelab flex-Veolia), methanol, or acetonitrile
(both 99.9%, Fisher Optima). We use the convention that all species are in the aqueous
state, i.e., ['(aq) = I, unless indicated otherwise. Polysorbate 20 (100%, Sigma Aldrich)

and samples with halides present in surface seawater’’*

were also prepared.

The same normalized ion counts were observed for solutions at pH 6.2, 6.8, and 8.1.
The pH of solutions was adjusted with 0.01 M NaOH and measured with a pH-meter
(Mettler Toledo) calibrated at pH 4.01 and 7.00 or 7.00 and 10.01 with buffer solutions
(Orion). Interfacial reactions 1 and 5 (Table 10.1), under the conditions investigated, may
be the main pathway for the oxidation of iodine species in atmospheric particles (below
pH = 8). The lower pH studied (6.2) belongs to the range where the emissions of HIO(g)
and I>(g) would remain unaffected. At lower pHs also existing in the atmosphere, proton
12, 13

transfer at the interface may occur facilitated by weak acids and fulvic acids

supplying the protons consumed by reactions 1 and 5, which otherwise rise the bulk pH
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of the particles.!® Therefore, an unchanged production of I and HIO for the pH range
studied is expected.

2.3.2 Instrument Description

The process of electrospray-ionization, ESI, has been extensively used to aerosolize
nonvolatile molecules to the gas-phase region of a mass spectrometer.*! In our ESI
system (Scheme 10.2) described in more detail before,'® a solution of electrolytes is
nebulized into an atmospheric-pressure ion source region. Pneumatically assisted
electrospray converts the solution into small microdroplets by the combination of a strong
electric potential (i.e., 2.5 kV) between a stainless steel needle (127 pum internal diameter)
and counter-electrode located at the entrance cone, and a high-flow of N> nebulizing gas
(P = 70 psi, flow = 12 L min!). The larger velocity of the N, nebulizing gas over the
liquid forming the plume of droplets (Vgas / Viiquia = 1.19 x 10°) contributes to the
formation of fine aerosol droplets.

The operation of the ESI probe in the negative-ion mode generates small negatively
charged droplets which subsequently form a plume of solvated molecular ions that travel
to the entrance cone. Neutral solvent molecules undergo evaporation from the surface of
the charged droplets, causing the droplets to shrink in size, shortening the distance of the
negative charges at the surface of the newly formed smaller droplets. Thus, the ions are
sputtered off the surface as the charge builds up, making the experiment surface
sensitive.?? The first generation daughter droplets of smaller size experience charge
crowding on the surface that generates repulsion forces that overcome the surface tension
of the liquid. In consequence, the parent droplets disintegrate into daughter microdroplets

that are 10-times smaller. The ionized species are attracted towards the lower pressure
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orifice of the entrance cone. The ions travel through the entrance capillary at lower
pressure to a quadrupole mass analyzer (accurate to 0.17 amu), for detection at specific

m/z” ratios.

Scheme 2.2. Reactor Diagram
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A spark discharge ozone generator (Ozone Solutions) fed with 0.1-2.0 L min™' Ox(g)
(ultrahigh purity, Scott-Gross) generates O3(g) that is diluted with 1.0-5.0 L min™ dry
Na(g) (ultrahigh purity, Scott-Gross). Ozone is quantified by UV absorption
spectrophotometry (Evolution Array UV-Visible Spectrophotometer, Thermo Scientific)

in a fused silica cuvette (10.00 cm optical path, Starna Cell) using absorption cross

41



sections 6250 nm = 1.1 x 107 cm? molecule™, and 6300 nm = 3.9 x 107" cm? molecule™! at
room temperature.*? After dilution, ozone concentrations are fixed in the range 500 ppbv
- 1000 ppmv. Then, the mixture of gases is transported to a 2 mm internal diameter
stainless steel tube, which exhaust is positioned 32 mm far from the entrance cone with a
60° angle to the needle and at 12 mm distance from its center. The final flow of O3(g) is
fixed at 0.200 L min! with a flow meter before encountering the aerosolized
microdroplets produced from the top. The [O3(g)] registered in the UV (0.2 L min™') is
diluted 61-times while mixing with the N2(g) nebulizing gas (12.0 L min™"), what brings a
typical experimental concentration in the figures to be in the order of atmospheric
relevant conditions. An experimental reading of 3 ppmv O3(g) in the UV-visible
spectrophotometer is actually reported as 49 ppbv after final dilution in the chamber.
Therefore, the experiments at variable ozone concentration yield fundamental
mechanistic information that cover the low [O3(g)] found in the troposphere. The
encounter of O3(g) with the microdroplets containing iodide produces the oxidized
species presented in the next section. The overall time from the formation of original
droplets, transport through the ozone plume, and ion detection is <1 millisecond.
However, the contact time between Os(g) and the plume of microdroplets is t ~I
microsecond.

The nebulizer voltage of the ESI probe was optimized to 2.5 kV for maximum ion
count. The cone voltage, capable of producing collisional induced dissociation (CID) of
the ions, was optimized for each species to obtain the highest ion count possible for all
ions. In summary, the experimental conditions were (unless indicated otherwise in a

figure): Drying gas temperature, 25 °C; nebulizer voltage, —2.5 kV; cone voltage, =70 V;
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and nebulizer pressure, 70 psi. Mass spectra were acquired between 25 and 440 amu, and
the desired peaks were monitored. The solvent background was subtracted from the mass
spectrum of the sample acquired at fixed time intervals (e.g., time > 1 min). The flow of a
solvent pump (Lab Alliance) at 150 pL/min, stabilized with a back pressure regulator,
was mixed through a T connector with a 50 pL/min flow of the sample in a syringe pump
(Harvard Apparatus), and directed to the ESI-MS (Thermo Scientific, MSQ Plus).

A solution composed of 1.3 mM Nal, 0.05 mM KI, and 0.02 mM CslI, in 50:50 water:2-
propanol (100%, Fisher Optima) solvent, was used to calibrate the mass spectrometer
within the mass range m/z" 22.9898-1971.6149 amu. The calibration conditions were:
Drying gas temperature, 350 °C; nebulizer voltage, 3 kV; cone voltage, 75 V; and

nebulizer pressure 70 psi.

2.4 Results and Discussion

2.4.1 Reactions of Ozone with Iodide at the Air-Water Interface

Figure 2.1 shows electrospray mass spectra of aerosolized Nal aqueous solutions
exposed to a flow of 0.2 L min™' (A) Na(g), (B) 50 ppbv, (C) 130 ppbv, (D) 492 ppbv, and
(E) 1.393 ppmv ppmv O3(g) at pH = 6.2. In the absence of ozone (Figure 2.1A) only I’
(m/z =127) 1s detected. Upon addition of 50 ppbv O3(g), significant changes are observed
(Figure 2.1B), the ion count of I' decreases and new peaks appear: 10™ (m/z = 143, the
conjugate base of HIO) and its hydrate HO-10™ (m/z = 161), a trace of 102" (m/z = 159),%
I (detected as I, at m/z = 254) becomes the dominant peak,** HLO™ (m/z = 271) the
short lived reaction intermediate for the production of I», a practically imperceptible trace

of Naly (m/z = 277) cluster,*® and 15~ (m/z = 381).%6 The same products are observed for
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130 ppbv O3(g) (Figure 2.1C). A farther increase to 492 ppbv O3(g) clearly shows (1) the
appearance of additional peaks (Figure 2.1D) for aqueous O3 (detected as O3~ at m/z =
48), 103" (m/z= 175), (2) an enhancement in the ion count of 107, 102", H>O'10, (3) a
decrease of I, I, 137, and (4) the complete loss of HIO". An increase in the production of

105" is detected at 1.393 ppmv O3(g) (Figure 2.1E).
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Figure 2.1. Spectra of ESI-MS of 50 uM solution of Nal at pH = 6.2 exposed to a 0.200
L min™! flow (A) 1 atm Na(g), (B) 50 ppbv, (C) 130 ppbv, (D) 492 ppbv, and (E) 1.393
ppmv O3(g). Ion count values are normalized relative to the most intense peak in the mass
spectrum.
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The fact that neutral species such as O3, and I are detected implies that a mechanism of
charge transfer is operative. Because m/z = 48 is not detected in a control without water,
we propose that (1) Os(g) dissolves in the droplet containing ions in the early stage of
aerosolization, (2) droplet evaporation occurs accompanied by fission in smaller droplets,
and (3) finally the production of O3™ takes place from the latest progeny droplets that are
the direct precursor to form the ions that reach the detector. Solvent and gas molecules
are pumped away in the intermediate vacuum stage between the ESI probe and analyzer.
Charge transfer to Osz(aq) occurs in the last step of ion formation, and a posteriori of the
observed reactions. Therefore, the detected O3™ does not play a role as a reagent in this
system, and the reactions observed are from the direct interaction of I with molecular Os.
Otherwise, different chemistry would have resulted from O3™ that quickly generates HO®
in water, which could neither predict the abundance of I3~ observed nor the formation of
105.%

Figure 2.2 shows how the ion count of I, I», 10, HyO.1O, I3, 102, and 105
exponentially rise to a maximum for increasing initial [I'] at constant [O3(g)]. Note that
although 1, is the largest peak at 130 ppbv Os(g) (Figure 2.2A), this observation cannot
be interpreted as a higher [I>] than [I']o. Simple stoichiometry shows that for a ~20% loss
of [IJo = 100 uM, a theoretical maximum of 10 uM I» could be produced. Indeed, the
production of other iodine species establishes a lower yield for the production of I>. The
large ion count of I can be interpreted as being correlated to the high tendency of this
species to partition into the gas phase and form ions.* Furthermore, the chemical species
are enriched or depleted at the air-water interface depending not only on their relative

concentrations but also on size.'® Under low O3(g) conditions, I» reacts farther to generate
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I;” (Scheme 2.3, reaction 6). An increase to 492 ppbv Os(g) (Figure 2.2B) produces a
dominant I0™ peak and its hydrate, capable of evolving to the gas phase as HIO given its
high pK,. HIO and its hydrate are also unstable and undergo farther processing through
two channels for the production of (1) Iz” and (2) 103". The mechanism is shifted to
produce the 10, intermediate conducting to 103 final product at 1.393 ppmv O3(g)
(Figure 2.2C). While at 50 and 130 ppbv I5” is a final reaction product (Figure 2.1B and
C) the mechanism must shift somehow at 1.393 ppm because this species appears to be
less abundant than 103".

The results in Figures 2.1 and 2.2 are summarized in Scheme 2.3. The experiments at
variable O3(g) concentration may proceed at the interface by the exothermic reaction: I" +
03 — 1000 — IO + 02.2 The progression of the data in Figures 2.1 and 2.2, and the
dependence with ozone partial pressure, Py, indicate that the detection of the unstable
intermediate I0OO™ seems unlikely in these experiments. However, if the intermediate is
present even at very low concentration, its mass spectrum would overlap the major
isomeric 103™ product at m/z = 175, making it undistinguishable for this technique. For
relevant pH values in sea spray aerosols and surface ocean waters (pH + 2 < pK, yjo =
10.4),% the fully undissociated hypoiodous acid, HIO, is practically the only species in
the acid-base equilibrium, and therefore the precursor of I3~ and 103". Thus, the reaction
rate equations for the consumption of the conjugate base IO~ with O3(g) and I" can be

neglected.
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Figure 2.2. Semi-logarithmic plots of normalized ion count for (A) I', (*) I, (O) 107,
(m) H2OeIO, (x) I3, (0) 1027, and (V) 103 in the ESI mass spectra as a function of
increasing [Nal] at pH = 6.2. Aerosolized solutions are exposed to (A) 130 ppbv, (B) 492
ppbv, and (C) 1.393 ppmv O3(g).
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Scheme 2.3. Reactions of iodide in aqueous microdroplets exposed to O3z(g).
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In more detail, at low ozone concentrations (Figures 2.1B, C and 2.2A), the iodide
solution is converted to I3~ through reactions 1, 5, and 6 (see Table 2.1) during
aerosolization. From the viewpoint of an environmentally relevant process, reaction 1
plays a major role to feed the transfer of RHS to the gas-phase, as recently demonstrated
by Carpenter et al., who reported a large emission ratio HIO(g)/I>(g) = 10, using a model
with a reacto-diffusive length of ~ 1 um undergoing processing during hours,?* which
should not be compared to the experimental 6 and t used herein. Alternatively, the fate of
iodide can be the production of iodate (I03”) (Figure 2.1E) at higher ozone levels. For
high Py, HIO undergoes oxidation to IOz in a sequential process described by reactions
2 and 3 (Table 2.1). Because HIO is produced at the interface, its tendency to escape to
the gas-phase should be higher than predicted®® for typical bulk processes. The 105

production pathway, with unknown reaction rate constants, is summarized by overall
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reaction 4 (Scheme 2.3). Although the rate constant for the oxidation of 10,7, reaction 3,
is unknown, it should proceed faster than the preceding reaction 2, and therefore is not

the rate limiting step.

Table 2.1

Chemical reactions, kinetic and equilibrium constants in water at room temperature

Reaction number  Reaction Rate or equilibrium constant Ref.
RI I'+0;+H > HIO + 0, ki=24x10°M"'s! !
R2 HIO + O3 = 10; + O, + H' “

R3 [10; + 03 - 103 +O; “

R4 HIO+20; - 103 +20,+H"  k=3.6 x10*M'g! 43
RS HIO+ I +H" - I, + H,O ks=4.4x 102 M2g! 4
R6 L, +I= I3 Ks=T21 M ks=62 x 10° M1 s, 46

ks=85x10%g!

R7 I, 21,(9) K7;=0.33 atm M 48
RS HIO = HIO(g) Ks=15.34% 103 atm M! 30

All species are aqueous or liquids unless otherwise indicated. # unknown

2.4.2 Ozone Concentration Effect

Figure 2.3A shows the linear dependence for the branching ratio [I037]/[I3"] when 100
UM T reacts with increasing [O3(g)], in agreement with the mechanism in Scheme 2.3.
The branching ratio is directly derived from the data in panels C and D of Figure 2.3. The
loss of [I'] in microdroplets appears to reach steady state conditions for [O3(g)], 1.64
ppmv (Figure 2.3B). The reactions of I" and its follow-up products occur so quickly that

other reactions of I, such as with HO" radicals, can be disregarded.*’
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Figure 2.3 also shows that above 3.28 and 1.20 ppmv O3(g) the respective HIO and 1>
species reach a stationary state production in our continuous flow reactor. Remarkably,
the high abundance of the intermediate HIO for all [O3(g)] range above 130 ppbv, which
has the largest ion count relative to the other species, reaches a maximum at 1.47 ppmv,
while it is further oxidized in the microdroplets or transferred to the gas-phase. However,
the higher counts for the peak at m/z = 254 (Figure 2.3E) than for m/z = 143 (panel F)
below 130 ppbv O3(g) suggests that 1> should be considered in models that describe the
chemistry over surface ocean waters. At low ozone concentration, I reaches a maximum,
when the production of HIO is growing from its minimum, but decays exponentially at
high [O3(g)]. The production of I03™ and I3~ (Table 2.1, Reactions 4 and 6) in thin slabs
occurs simultaneously with the fast replenishment of I" loss from a contiguous internal
layer, resulting in product yields that exceed unity at the interface even at room
temperature. This surprising result agrees with the observations made by Enami and
coworkers at very high temperature (T > 340 °C) in a different instrumental setup.’> 3
Thus, the experiments support the proposal that classical bulk solution models cannot be
applied to explain the kinetics and mechanisms of reactions at the interface of
microdroplets and sea spray aerosols.?? Therefore, these observations need to be taken
into account in future models that describe ozone loss mediated by iodine species emitted

from sea spray aerosol.
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Figure 2.3. (A) Ratio of production of ions 103 and 157, /175//381, as a function of [O3(g)]
for [I'Jo = 100 uM at pH = 6.2. The data is fitted with a linear regression curve through
the origin. lon count, /n/, for the loss of (B) I', and production of (C) 1037, (D) I3, (E) L,
and (F) IO” with increasing [O3(g)].

Diffusion of iodide through an ultrathin interface occurs from the core of the droplet
with diffusion coefficient D > 2 x 10° cm? s in water. In a microsecond contact time (z
~ 1 ps) Os3(g) interacts with the electrolytes on a nanoscopic interface of thickness 6 = 1
nm. The thickness of the interfacial reactive layer assumed (6 = 1 nm) agrees well with
previous related experiments using ESI-MS.?° In more detail, this number was also
constrained during studies that measured the availability of protons at the air-water

interface that assumed the concentration of a gas-phase species reached its bulk value at
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an interfacial depth of 8 = 1.0 nm below the Gibbs dividing surface,”® 3 at which the
interfacial water density is half its bulk value.

The duration of encounters between O3(g) and I, the time that the microdroplets are
effectively exposed to ozone, can be estimated from the concentration of ozone by
assuming it reaches the bulk value at an interface of thickness o as described previously
52 For example, for § = 1 nm, the effective time t that the interfacial layer is exposed to
O3(g) can be estimated from the ratio of the surface density of ozone (Sp,) to the water
surface collision rate (f):>% t = So,/f- For example, at 50 ppbv O3(g), assuming that Sp, is
given by [O3]interface X & = 3.225 x 10'! molecules cm™ x 1 x 107 cm = 3.226 x 10*
molecules cm™, and if f'is given by f'= Y (Y, Vo, 1) = Y (1.10 x 102 3.94 cms™! 1.231
x 10" molecule cm™) = 5.34 x 10" molecules cm™ s, where y < 1 is the uptake
coefficient ?, Vg, 1s the mean molecular speed of the gas at 298 K, and 7 is the number of
ozone molecules per cm® at 50 ppbv mixing ratio. Hence, t < 3.226 x 10* molecules cm
2/5.34 x 10" molecules cm™ s' = 0.6 ps. The same calculation for a thickness range 5-10
nm yields an effective time range of 3-6 ps, what indicates that present reactions occur in
faster time scales than the 1 ms time needed from droplet formation to ion detection.
Therefore, this analysis corroborates that the thickness of the interfacial layers are in the
order of a few nanometers or below, supporting the assumptions that 6 = 1 nm and t = 1
L.

A rigorous mathematical solution to the system under investigation requires working

with differential equations describing the reaction kinetics, including diffusion through a

sharp boundary.>* However, classical methods for fixed volume batch reactors may not
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be valid to model present experiments with microdroplets,” where the transport of
species by diffusion is neither occurring over lengths that are much larger than the mean
free paths, nor homogeneous. '8

Considering that equilibrium is reached for the dissolution of O3(g) = O3, the ion count
for aqueous O3, Isg, is directly proportional to the recorded absorbance of O3(g) in the UV
spectrophotometer. In other words, the concentration of ozone in the liquid phase is
directly proportional to the partial pressure of the gas and can be retrieved from Henry’s
law, [Os] = Ho Py,. The proportionality Henry’s law constant Hy depends on pH,
temperature, composition, and more remarkably on salt concentration. A first
approximation can be applied by modeling the system as a 1-D flow reactor under
equilibrium for the dissolution of Os. In this reactor, reactant loss in a layer is quickly
replenished by mass inflow from a contiguous underlying layer. Therefore, the

instantaneous chemical loss and transport of I" in the localized interfacial layers of the

microdroplets can be approximately described by the equation:

ali] _ 0070o-l1 _ 16 91 (Eq. 2.1)

where [I]o is the initial concentration of iodide, o is the interfacial thickness defined
earlier, and & = 100 cm s™! relates the length over which the intradroplet concentration
gradient per unit of time is established for a local process occurring with rate constant ki
under constant ozone input. The loss of iodide is a complex process that can be described,
at constant contact time, to exponentially decay with increasing ozone levels (Figure

2.3B). The solution to Equation 2.1 is:
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1
“1=11" D+(1+6 & k4 [03]-D) e <5_f+ k1 [03])t
[Im]1=11 ]0( 1+6 € kq [O3] (Eq. 2.2)

The fact that Figure 2.3B levels off indicates the lack of diffusion controlled
limitations. Because I~ diffuses in a few nanoseconds through the 6 = 1 nm layer, a
stationary state (d[I']/dt = 0) is quickly established during our measurements. Assuming
that the final products 103" and I3~ are generated at faster rates than the previous
intermediates 102" and Iz, ko << ks and ks << ks, Scheme 2.3 predicts the linearity
observed in Figure 2.3A between the ion count for both final products and [Os].
Remarkably, due to the contribution of intradroplet diffusion to the detected interfacial
[I], the outer layer of the droplet behaves as an open reactor, in agreement with other
studies.® 5 Therefore, present observations of products with high yields, exceeding unity
values from bulk reagent concentration, occur because iodide is continuously replenished
after interacting with Oz(g) in the flow-through reactor.

Guzman et al. studied how equimolar and seawater mimic solutions of seven different
anions (including CI', Br, I', and 104) are enriched or depleted at the interface of the
microdroplets depending on their concentration with a strong bias given by the inverse
square of the size (7) of the species.'® Therefore, although parallel calibrations are needed
for a quantitative statement to assert which one is the most abundant, the high abundance
of the ion IO™ (» = 250 pm)*’ that is smaller than the product Is* (» = 470 pm)>’ and of
comparable size to the molecule of iodine (with a I-I bond distance of 267 ppm)>*
suggests that IO is generally the most enriched intermediate at the interface in the
timescale of our measurements. However this trend is reverted for environmental relevant

conditions (left hand-side of Figure 2.3E and F), because below 130 ppbv the ion count
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for m/z = 254 is larger than for m/z = 143. For example a comparison of the ion counts
(Imz) in panels E and F below 130 ppmv O3(g) yields the ratio for uncalibrated
intermediates of comparable size ¢ = ls4/l143 to be between 1.6 and 3.2 at 120 and 50

ppbv O3(g), respectively.

2.4.3 Effect of Solvent: Solutions in Acetonitrile and Methanol

Solutions of Nal prepared in pure acetonitrile or methanol were aerosolized to compare
any solvent dependent changes in the reaction mechanism in water. The experiments
provide a better understanding of the interfacial reactivity of I" with O3(g). The unique
properties of each solvent represent possible differences existing in the surface coverage
of marine aerosols. Sum-frequency generation vibrational spectroscopy measurements
showed that the outer layer of the methanol-air interface is covered by methyl groups
instead of the —OH found in water.%® The methanol-air interface has the polar —OH group
pointing into the core of the droplets. In contrast, the configuration of acetonitrile in the
liquid-air interface is composed of single disordered molecules with a significant
tendency to form antiparallel dipole pairs.%® All anions present during the reaction are
oriented to minimize the distortion of both interfaces.®

No evaluation of the species generated during the ozonolysis of iodide in methanol was
reported for the branching ratio [1037/[157.2¢ Therefore, the objective of Figures 2.4-2.6 is
to display the identity of the reaction products in acetonitrile and methanol versus water
for three different [O3(g)]. For example, the key peak at m/z = 143 for hypoiodite is

reported here for the first time in water, methanol, and acetonitrile.
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Figure 2.4. Spectra of ESI-MS of 50 uM solution of Nal at pH = 6.2 in water exposed to
1 atm Na(g), 50 ppbv O3(g), 984 ppbv O3(g), and 1.459 ppmv O3(g). lon count values are
normalized relative to the most intense peak in each mass spectrum.
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Figure 2.5. Spectra of ESI-MS of 50 uM solution of Nal in acetonitrile exposed to 1 atm
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normalized relative to the most intense peak in each mass spectrum.
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Figure 2.6. Spectra of ESI-MS of 50 uM solution of Nal in methanol exposed to 1 atm
N2(g), 50 ppbv O3(g), 984 ppbv Os3(g), and 2.459 ppmv O3(g). lon count values are
normalized relative to the most intense peak in each mass spectrum.

The fact that Os(g) reacts with I" in acetonitrile and methanol to form the same products
observed in water suggests a common oxidation mechanism. When a Nal solution in
acetonitrile reacts with 2.459 ppmv Oz(g), the relative ion count for the production of 10-,

1027, and 10s™ drops 25, 14, and 29 times, respectively, relative to water (Figures 2.4 and
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2.5). Therefore, the anion 10" can undergo direct oxidation even under aprotic conditions.
Furthermore, for 2.459 ppmv Oz(g) reacting with 1" in methanol, the three oxyanions are
111, 85, and 220 times less abundant than in water (Figures 2.4 and 2.6). Remarkably, the
production of H,O«10™ (m/z = 161) and the intermediate HI.O™ (m/z = 271) in methanol
and acetonitrile is not observed in the timescale of our measurements. Therefore, we
propose that hydrated hypoiodous acid is a key intermediate for the production of iodine
oxyanions, while naked HIO is a main precursor of I> and I3".

The different relative abundances for oxyanion products registered in organic solvents
also suggests a shorter droplet lifetime together with a more favorable liquid-to-gas
transfer for species that do not contain oxygen atoms (Figures 2.4-2.6). The gradual
volatility increase accompanying the simultaneous decrease in boiling temperatures
Th,water > Thacetonitrile > Tb,methanol (100 > 82 > 65 °C) and surface tension ywater > Yacetonitrile >
Ymethanol (72 > 29 > 22 dyn cm™),%! results in a shorter contact time between Oz, I, and
their products in the droplets.®? Possibly, the shorter lifetime of the organic droplets
favors the reaction of first generation oxidation product HIO with nearby and more
abundant I to generate I, and later enhance the intradroplet concentration of Is". The
unfavorable channel of 103™ production presumably requires a longer contact time for the
reaction with O3z and/or the presence of H2O0«10".

2.4.4 Enhanced Dissolution of Ozone by Electrolytes

The dissolution of O3(g) in microdroplets for increasing [Nal] and [NaBr] is quantified
from the single ion monitoring (SIM) MS at m/z = 48, background subtracted from the
ion count registered in pure water, and finally converted to aqueous solubility by Henry’s

law (Figure 2.7). The Henry’s law constant Hy = 0.011 M atm™ ¢, the vapor pressure of
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water Py,o = 0.0312 atm®! at 298 K, and Py, = 2.459 ppmv are used in the conversion.
The Henry’s law constant A remains practically equal to its value in pure water Hy in the
presence of dilute electrolytes. Figure 2.7 also represents the percentage increase of O3

dissolution by aqueous microdroplets containing electrolytes.
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Figure 2.7. Solubility of ozone, [O3], in microdroplets for increasing concentration of (m)
NaBr and (A) Nal relative to ultrapure water. Data processed using Henry’s law
constant,% single ion monitoring MS of peak m/z = 48, and Os3(g) absorption at 250 nm.

Po,= 2.459 ppmv. The scale to the right hand-side of the plot shows the percentage of
[Os] enhancement in the presence of individual electrolytes.

Since the Sechenov equation®* %

at constant temperature and pH fails to explain the
behavior of O3 observed in Figure 2.7, a modified equation is introduced for simple dilute

electrolytes ([NaX] — 0). Equation 2.3 predicts the solubility increment of the gas in

short lived micrometer size water droplets:

[03] = [03]o + [03]100 um (1 — exp~ (KeINaXDy (Eq. 2.3)
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where [O3]100 v indicates the amplitude in Figure 2.7, K¢ is a constant, and [Os]o is the
offset from zero. Indeed, the experimental results reflect the uptake of O3 at the air-water

interface in T = 1 ps. The best fitting parameters describing Figure 10.7 with Equation 2.3
for each halide are [O3]g,~ = 2.78 x 102 + 6.16 x 10" (1 — exp =543 X107*[NaBrly 4pnq

[05]1- = 2.76 x 102 + 527 x 107" (1 — exp~385*107*INally " poth with coefficient of
correlation 72 > 0.990.

Present measurements represent a steady state (d[O3]/dt = 0) at the interface because no
accumulation occurs over time. The mass transfer of gaseous ozone below 1 uM sodium
halide is practically constant for both species, and suddenly increases above this
concentration indicated by a perpendicular dashed line in Figure 2.7. Therefore, the mass
transfer of O3(g) into the aqueous phase is the most important phenomena affecting the
experiment in Figure 2.7, followed by the reactivity of Os; with I', because other
individual halides remain inert. A simple comparison of the amplitude in Figure 2.7
shows that [O3]100 um in I" is only a 14% lower than in Br'.

The measured [O3] depends on time, the liquid film mass transfer coefficient, and the
interfacial area of the microdroplets.® The rate of autodecomposition of ozone in the
interfacial layer can be neglected in the ultrafast contact time of our measurements.
Therefore, the observable [O3] cannot be related to the solubility concentration in a bulk
solution that is typically less than the equilibrium concentration due to
autodecomposition. Instead, the enhanced change in [O3], expressed as a percentage,
represents the actual solubility concentration in the interfacial region where mass transfer

takes place. In other words, since the MS monitors the process occurring on the outer
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layers of the microdroplets,'® the interfacial concentration [Os]interface is assumed equal to
the equilibrium concentration [O3].

The uptake of ozone by water implies several steps related to properties of the interface,
gas- and condensed-phases. The uptake process starts with the diffusion of O3(g)
molecules toward the water interface, followed by the mass transfer across the interface
(accommodation process), diffusion and reaction with iodide in the condensed phase, and
desorption of the gas-phase reaction products. The surface density of ozone molecules in
the interface, So, (molecules cm), can be estimated from the concentration of dissolved
ozone [O3] (molecules cm™) in the thin slab of thickness 6 = 1 x 10”7 c¢cm from the

equation

So, =6 [05] = Vo, T Yw [05(g)]/4 (Eq. 2.4)

where vy, = 3.94 cm s™1is the mean thermal velocity of gaseous ozone at 298 K,
[O3(g)] is the concentration of ozone molecules striking the liquid microdroplets with a
contact time =1 x 10 s, and y,, is the uptake coefficient of ozone in water. Considering
the uptake in Figure 2.7, for dilute 100 pM NaBr aerosolized solution for microdroplets
exposed to Po, = 2.459 ppmv yields py = 4.45 x 1077, a low limit that is comparable to the
value obtained at interfaces for bromide® or anthracene.®’

2.4.5 Effect of Surfactant

Many organic compounds present in surface ocean water are surfactant agents also
emitted to the atmosphere as part of sea spray aerosol. Therefore, it is important to

explore the effect of surfactants on the oxidation of iodide. Figure 2.8 shows that the
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nonionic surfactant polysorbate 20 has a minor effect during the ozonolysis of iodide
below [polysorbate 20] = 10 mol L!. The addition of the surfactant below the critical
micelle concentration (CMC)® to the Nal solution exposed to 2.705 ppmv Os(g)
decreases the total ion count and alters the interface. The surfactant forms micelles at the
CMC,®® 8.0 x 10° M of polysorbate 20.°° For low surfactant concentration the
normalized ion count in the presence of surfactant, are close to their values in water as
indicated by the proximity of the experimental points to the horizontal dashed line. The
highest ion count corresponds always to HIO for the whole [polysorbate 20] interval. At
this [O3(g)], the ion 10™ covers the majority of the interfacial layer for surfactant and

surfactant-free solutions.
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Figure 2.8. Ratios of normalized ion count in the presence and absence of surfactant for
[[]o =50 uM at pH = 6.2 and 2.705 ppmv O3(g), at variable concentration of polysorbate
20: (A) I, (O) 107, (x) Is7, (0) IO, and (V) 105" The red dashed vertical line indicates
the critical micelle concentration,®® and the blue dashed horizontal line represents no
change in the presence of surfactant relative to pure water microdroplets.
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The results for low [polysorbate 20] indicate the fast bulk accommodation of O3(g)’ is
still the controlling factor for reaction 1. Under these conditions, polysorbate 20 behaves
as a nonreactive amphiphile,!® with a behavior similar to a short chained permeable
surfactant such as undissociated nonanoic acid (Cs),'® which minimally affects the uptake
coefficient of O3 (yw = 1.1 x 107 for deliquesced KI particles).'® However, a different
behavior may occur in the presence of reactive organic species that can compete with I" to
react with O3(g), such as amphiphilic fulvic acids that can transfer Hjj,erqce through

weak carboxylic acids moieties, and enhance the emission of I>(g) from submicrometer
particles.'> 12

Significant changes occur above the CMC (vertical red dashed line in Figure 2.8). For
[polysorbate 20] = 10~* M, there is an abrupt interfacial depletion of I' < I3 < 102", and a
minor enrichment in the production of 103™ in the reactive surface layers. In the presence
of 1 mM surfactant, I37, I, and 103™ become approximately 50, 20, and 7% more enriched
than in water. At high surfactant loading, the ions compete for the surface sites based on
their relative concentration in a process strongly influenced by their size, polarizability,
and geometry.'® The surfactant produces a salting out or salting in of the ions relative to
the hydrophobic groups of polysorbate 20.% At 1 mM, the hydrophobic groups of the
surfactant are not in contact with the aqueous phase in the micellar form, favoring the
salting out of the largest I3™ ion. The strong salt out of even low amounts of I3” reflects its

ability to highly alter interfacial water structure.%® However, the presence of surfactant

does not prevent the loss of ozone and the production of I, and HIO.
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2.4.6 Atmospheric Implications

The mechanism investigated here indicates that inorganic processes in sea salt spray
could also be an important source of halogens, particularly gaseous I> and HIO, in the
MBL. Both photoactive species HIO and I produce iodine atoms in the gas-phase,
capable of forming the iodine monoxide radical (IO"), and regenerate I" by different
pathways of ozone loss.”® This was pointed out using processes at the air-sea interface as
a source,”* and here we expand the potential sources to sea spray. This process occurs
throughout the ocean, and thus impacts the global tropospheric ozone budget. The
interaction of O3(g) with nano- and micromolar solutions of I" in the presence of CI', Br’,
and surfactants generate reactive iodine species even at nighttime.”! In sea spray at low
[T], considerable [HIO] can be produced in situ in interfacial reactions that facilitate its
transfer to the gas-phase.

One-dimensional models of the MBL?* have been used to estimate the source from the
sea for a given set of average conditions. However, the actual source will vary
geographically. Production of sea spray will be very sensitive to local conditions,
particularly surface winds. The production of iodine (Scheme 2.3) will depend on
temperature, humidity, pH, the concentration of halogen species in the liquid phase, and
droplet size. Finally, the balance between transport of ozone from the continents to the
ocean, and its loss in the MBL is best simulated by global three-dimensional models
which include complete gas phase chemistry and long-range transport.

Future modeling efforts should apply first a chemistry-diffusion-evaporation model of
the droplet to derive pseudo first order rates for the “net” source processes described in

reactions 1 and 5 (Scheme 2.3 and Table 2.1). Reaction 1 constitutes a direct loss of
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ozone on the gas-phase surface, in addition to contributing to iodine production, which
also leads to ozone destruction. Scheme 2.3 also suggests another heterogeneous loss of
O; through (net) reaction 4 (Table 2.1). We expect that all the above parameterizations
will include a dependence on temperature, humidity, pH and possibly droplet size,
resulting from such dependencies of the relevant Henry’s law constant, evaporation rates,
and aqueous reactions. Such parameterizations exist for some of the chlorine and bromine
reactions* that take place in polar stratospheric clouds and which contribute to the

formation of the ozone hole.
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Explanation of Latimer Diagrams in Context of this Work

The magnitude and sign of the electromotive forces (E) participating in a redox reaction
can indicate a great deal about its thermodynamic properties.! Reactions with a positive £
result in a spontaneous reaction, as the solution to the relationship between E and Gibbs

free energy (4G) will be negative, described by the equation
AG = —nFE (Eq. 2.5)

where n represents the number of electrons transferred, and F is Faraday’s constant. A
Latimer diagram is used to concisely display the £ values for a series of transitions between
oxidation states for a species of interest.! These values can be utilized to determine which
oxidation states are stable or unstable. If the value to the left of the oxidation state is larger
than the value to the right, it will be thermodynamically stable. If the value on the right is

larger, the species will tend to disproportionate into the species on either side.!

7 143V 7
H.I0, —————> [0;" —————> HOI —-> [, —=27 5

121V T

Figure S1. Latimer diagram for iodide illustrating the standard reduction potential for
conversion between oxidation states under acidic conditions ([H*] =1 M, pH 0).?
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Figure S2. Latimer diagram for iodide illustrating the standard reduction potential for
conversion between oxidation states under basic conditions ((OH] =1 M, pH 14).2

While examining the scenario under acidic conditions (Figure S1), the only unstable
species is HIO. This would disproportionate into 103™ and I.. However, under basic
conditions (Figure S2), IO is stable and would likely diminish the rate of HIO
disproportionation. In contrast, 103 and I; are unstable in basic conditions and stable in

acidic media.
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3.1 Synopsis

Anthropogenic emissions of aromatic hydrocarbons promptly react with hydroxyl
radicals undergoing oxidation to form phenols and polyphenols (e.g., catechol) typically
identified in the complex mixture of humic-like substances (HULIS). Because further
processing of polyphenols in secondary organic aerosols (SOA) can continue mediated
by a mechanism of ozonolysis at interfaces, a better understanding about how these
reactions proceed at the air-water interface is needed. This work shows how catechol —a
molecular probe of the oxygenated aromatic hydrocarbons present in SOA— can
contribute interfacial reactive species that enhance the production of HULIS under
atmospheric conditions. Reactive semiquinone radicals are quickly produced upon the
encounter of 40 ppbv — 6.0 ppmv O3(g) with microdroplets containing [catechol] = 1-150
pM. While the previous pathway results in the instantaneous formation of mono- and
poly-hydroxylated aromatic rings (PHA) and chromophoric mono- and poly-
hydroxylated quinones (PHQ), a different channel produces oxo- and di-carboxylic acids
of low molecular weight (LMW). The cleavage of catechol occurs at the 1,2-carbon-
carbon bond at the air-water interface through the formation of 1) an ozonide
intermediate, 2) a hydroperoxide, and 3) cis,cis-muconic acid. However, variable
[catechol] and [O3(g)] can affect the ratio of the primary products (cis,cis-muconic acid
and trihydroxybenzenes) and higher-order products observed (PHA, PHQ, and LMW
oxo- and di-carboxylic acids). Secondary processing is confirmed by mass spectrometry
showing the production of crotonic, maleinaldehydic, maleic, glyoxylic, and oxalic acids.

The proposed pathway can contribute precursors to aqueous SOA (AqSOA) formation
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converting aromatic hydrocarbons into polyfunctional species widely found in

tropospheric aerosols with light-absorbing brown carbon.

3.2 Introduction

Aerosol particles play a key role in climate by scattering and absorbing sunlight and to
a lesser extent by absorbing, scattering and re-emitting terrestrial radiation.! In addition,
aerosols can serve as cloud condensation nuclei and ice nuclei upon which cloud droplets
and ice crystals form.! The mechanisms of production and the properties of secondary
organic aerosols (SOA) from laboratory and field studies have been reviewed.*?
Atmospheric transport and in situ photo-oxidative surface processing of the species found
in aerosols contribute to the large complexity of these systems, making the quantification
of photo-oxidative aging complicated.® In this context, recent field measurements of the
concentration of water soluble organic compounds (WSOC) including dicarbonyls (e.g.,
glyoxal), oxocarboxylic acids (e.g., glyoxylic and 3-oxopropoanoic acids), dicarboxylic
acids (e.g., oxalic acid), and unsaturated carboxylic acids (e.g., fumaric and maleic acids)
suggested common natural sources and/or similar formation pathways.’ Similarly,
measurements of the distribution ratio of oxalic acid to levoglucosan over the open ocean
suggested that photo-oxidative mechanisms control the chemical composition of marine
SOA.%7 The high levels of dicarbonyls, oxo- and di-carboxylic acids quantified in
aerosols at dissimilar locations such as the Brazilian Amazon, Singapore, and the summit
(1534 m a.s.l.) of Mount Tai in central East China far exceeded those reported in Chinese
megacities at ground levels,* ! demanding an explanation to the origin of these important

SOA species.
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Correlations between the content of WSOC and the transport of biomass burning
products as well as with photooxidative processing during atmospheric transport were
established at different sites.®!® The photooxidation of species such as glyoxylic acid
results in the final production of oxalic acid in the aerosol aqueous phase.® Catechol,
hydroquinone, and resorcinol are typically the major gas-phase organic constituents (~50
ppbv) resulting from biomass burning.!! Interestingly, cloud water rich in light absorbing
compounds was also collected at Mount Tai and characterized to contain aromatic species
such as phenol and catechol with -CHs, -NO», and -C=0 substituents.'? These ubiquitous
surface active species are enriched in interfacial regions'® of atmospheric aerosols and
susceptible to photo-oxidation,'* as they reside at the air-water interface.

The heterogeneous ozonolysis of catechol has been the subject of recent studies
focused on monitoring the reaction products by FTIR on the surface of 1) thin solid films
under high relative humidity (RH),'> and 2) reactant adsorbed over NaCl and ALO;
particles that produce cis,cis-muconic acid and traces of oxalic acid.'® The ring-opening
of catechol and the formation of unsaturated carboxylic acid was observed in an aerosol
flow reactor.!” A maximum uptake coefficient of 5.6 x 10 was measured at RH = 81 %
for [03(g)] = 4 ppmv at 298 K.!> The theoretical rate constant for the ozonolysis of
catechol, ko, icat = 3.4 x 107 cm® molecules™ s, and associated lifetimes of 4.3 h on
NaCl and 18 h in Al,O3; were estimated for typical unpolluted tropospheric conditions
([O3(g)] = 40 ppbv).'* However, the typical methods employed for studying
heterogeneous reactions (DRIFTS- and ATR-FTIR) require several minutes resulting in
the oversight of structural information at the early stages of ozonolysis.!” The ozonolysis

of thin films of catechol at high relative humidity monitored by FTIR is discussed further
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in the Supporting Information. However, the importance of ozonolysis remains uncertain,
and no mechanistic comparison with OH-initiated chemistry was considered. Therefore,
further in situ studies providing fast mechanistic information (~10 < timescale < 1073 s)
of the interfacial oxidation of catechol are needed to comprehend better the fate of
biomass burning emissions.

In this article, catechol is used as a molecular probe to study the ozonolysis of surface
active organic matter present in atmospheric aerosols. A customized electrospray (ESI)
mass spectrometry (MS) system is used to study reactions at the air-water interface with
ultrafast contact (zc ~ 1 ps) and detection (za ~ 1 ms) times.!®!® Spectroscopic features
reveal the interfacial production of short lived species that agree with observations in
bulk water’® but escaped detection in experiments at the air-water interface.'
Experiments reveal two reactive channels are operative at the air-water interface, 1)
hydroxylation and 2) oxidative cleavage of the aromatic ring.?! The first channel operates
through semiquinone radicals that are instantaneously converted to mono- and poly-
hydroxylated aromatic rings (PHA) and mono- and poly-hydroxylated quinones (PHQ).
The second channel is the ultrafast cleavage of the 1,2-carbon-carbon bond of catechol,
which proceeds through the consecutive formation of 1) a moloozonide, 2) a
hydroperoxide, and 3) cis,cis-muconic acid (MA). Furthermore, experiments with
variable [catechol] and [O3(g)] modify the ratio of primary products (MA, and mono-
hydroxylated-catechol). Additional evidence of secondary processing is registered by MS
measurements that confirm the production of methacrylic acid, maleinaldehydic acid,
maleic acid, glyoxylic acid, oxalic acid, PHA, and PHQ. This work shows that

tropospheric humic-like substances (HULIS)?? precursors can be produced by interfacial

80



reactions of hydroxylated aromatics that contribute reactive chemical species in situ

produced in atmospheric particles.?!

3.3 Experimental Section

Solutions of catechol (Sigma-Aldrich, 99.9%) were prepared daily in ultrapure water
(18.2 MQ cm, Elga Purelab flex, Veolia) and infused into a calibrated ESI-MS (Thermo
Scientific, MSQ Plus). Experiments were performed between pH 5 and 10. Figures report
the ion count (/,-) at specific mass-to-charge (m/z) ratios for experiments at pH 8.0,
unless otherwise indicated. The pH of solutions was adjusted with 0.01 M NaOH (Fisher,
99.3%) and measured with a calibrated pH-meter (Mettler Toledo). In selected
experiment, KOH (Acros, ACS grade) or LiOH (LiOH*H>O, Fisher, laboratory grade)
were used to adjust the pH and verify that the species reported are not clusters that could
include alkali metals. All species are in the aqueous state, unless indicated otherwise.

The ESI-MS experimental setup to study the instantaneous formation of short-lived
intermediates at the liquid-gas interface was previously described in detail.'*!* In order to
prepare solutions of catechol to be tested, a typical mixing ratio range of Pcatechol = 9-50
ppbv from biomass burning emissions is considered,!! together with the vapor pressure of
water Py, o = 0.0312 atm (at 298 K),?* and Henry’s law constant HS3tehol = 4600 M atm™
! (at 298 K). Therefore, a broad range of 22 < [catechol] < 223 uM is obtained as an
estimate for atmospheric waters in contact with pollution from biomass burning. In
present experiments, a solution of 1-150 uM catechol is pneumatically aerosolized into
fine micrometer size droplets at atmospheric pressure and encounters a 0.2 L min™ flow

of 40 ppbv < [O3(g)] < 6.0 ppmv, both interacting during a contact time of the few
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microseconds.'®1” A spark discharge ozone generator (Ozone Solutions) fed with Ox(g)
(Scott-Gross, UHP) is used for O3(g) production. O3(g) is diluted with Na(g) (Scott Gross,
UHP) and monitored in a 10-cm path length cuvette (Starna cell) by UV absorption
spectrophotometry.2* Gaseous ozone is transported to a stainless steel tube, where a final
61-times dilution with the Nx(g) nebulizing gas (12.0 L min™") occurs to yield information
that covers the low [O3(g)] found in the troposphere.

The encounter of O3(g) with the microdroplets containing catechol produces oxidized
species reported as anions for specific m/z values. The overall time from the formation of
droplets, transport through the O3(g) plume, and ion detection is z¢ <1 ms. However, the
contact time (zc) between O3(g) and the plume of microdroplets was previously described
to be in the order of a few microseconds.!” In summary, the experimental conditions
were: Drying gas temperature, 250 °C; nebulizer voltage, -1.9 kV; cone voltage, -50 V;
and nebulizer pressure, 70 psi. Ion counts reported correspond to processed data after
solvent background subtraction from the raw sample mass spectral data acquired at fixed
time intervals (e.g., time > 30 s). All identified species are indicated by their m/z values in
the text and schemes. Reported data are the average of duplicate experiments with error

bars corresponding to one standard deviation.

3.4 Results and Discussion

3.4.1 Reactions of Catechol at the Air-Water Interface

The ozonolysis of micromolar concentrations of catechol at the air-water interface was
monitored under variable [O3(g)]. Figure 3.1 shows ESI mass spectra of aerosolized

solutions of catechol in water at pH = 8.0 exposed to a flow of 0.2 L min! (A) 1 atm
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Na(g) (bottom purple trace), (B) 40 ppbv O3(g) (center blue trace), and (C) 3.08 ppmv
0s3(g) (top yellow trace). The control measurement in the absence of ozone (bottom trace
in Figure 3.1) only displays the detectable monoanion of catechol C¢H4(OH)O™ (m/z 109)
and a minor accompanying peak corresponding to the cluster of catechol anion with two
water molecules (m/z 145). Major changes are observed upon addition of 40 ppbv O3(g)
(central trace) that results in the appearance of several small peaks due to the immediate
oxidation of catechol that does not require an induction period longer than the contact
time. The ion count of these new peaks generally increases as the ozone level rises to

3.08 ppmv O3(g) (top trace), and a few additional peaks appear.

\

Normalized ion count

Figure 3.1. Spectra of ESI-MS of 100 uM solution of catechol in H,O at pH = 8.0
exposed to a 0.200 L min™! flow of (A) 1 atm Nax(g) (bottom purple trace), (B) 40 ppbv
03(g) (center blue trace), and (C) 3.08 ppmv O3(g) in H2O (top yellow trace). Ion count
values are normalized percentages relative to /109, the most intense peak in the mass
spectrum, and the scale only shows signals up to 18%.
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Previous studies of the ozonolysis of catechol in bulk water did not address all the
uncertainties existing in the mechanism,?* 2° but are helpful to assign the products in
Figure 3.1. These products correspond to: glyoxylic acid detected as its anion (m/z 73),
crotonic acid (m/z 85) or an isomer such as 4-hydroxycrotonaldehyde, 3-oxopropanoic
acid (m/z 87), oxalic acid (m/z 89), maleinaldehydic acid (m/z 99), 4-hydroxy-2-butenoic
acid (m/z 101), 5-oxo-3-pentenoic acid (m/z 113), maleic acid (m/z 115), 3-hydroxy-o-
quinone or 4-hydroxy-o-quinone (m/z 123), 1,2,3- and 1,2,4-tryhydroxybenzene (m/z
125), glutaconic acid (m/z 129), 3,4-dihydroxy-o-quinone or 3,6-dihydroxy-o-quinone
(m/z 139), cis,cis-muconic acid, 1,2,3,4- and 1,2,4,5-tetrahydroxybenzene (m/z 141),
3,4,5-tridihydroxy-o-quinone and 3,4,6-tridihydroxy-o-quinone (m/z 155),
pentahydroxybenzene (m/z 157), and hexahydroxybenzene (m/z 173). Scheme 3.2 shows

the proposed routes starting from catechol to form the identified PHA and PHQ products.
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Scheme 3.2. Proposed Mechanism for the Direct Ozonolysis for the Direct Ozonolysis of
Catechol at the Air-Water Interface. Reaction numbers and observed m/z values are given
in red and blue font, respectively.
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Figure 3.2 shows how the relative ion count of catechol to its initial value (Z109/7109,0)
exponentially drops for increasing [O3(g)] in experiments with 1 < [catechol] < 150 uM.
The behavior observed in Figure 3.2 agrees with the first order reaction on both [O3] and
[catechol] in bulk water.?® O3(g) molecules diffuse toward the interface and after the
accommodation process they react with catechol available in the external layer. Catechol
loss at the interface is quickly replenished by diffusion of the molecule from its internal
reservoir in the core of the microdroplets. The heterogeneous reactions take place within
the contact time 1. # 1 us on a nanoscopic interface of thickness 6 = 1 nm, as observed
also for the reaction of O3 with iodide.!” The surface density of O3 molecules in the
interface, So,, can be estimated from the dissolved [O3] in the thin interfacial slab using

the equation 3.1:

So, = 6 [03] = v9,7c v0,[03(9)]/4 (Eq. 3.1)

where vy, = 3.94 X 10* cm s™1 is the mean thermal velocity of O3(g) at 298 K, [O3(g)]
is the concentration of ozone molecules striking the liquid microdroplets of diameter D =
10 um with 7o = 1 x 10% s, and Yo, 1s the uptake coefficient of Os3(g) in water. The
dimensionless Henry’s law constant Hy o, = 0.269 (at 298 K),?” can be used to evaluate
the reactive uptake coefficient of the gas, yo, = (4 8 Hy)/(vp,Tc) = 2.73 % 10, This
Yo, value is 20-times smaller than the maximum measured for solid films of catechol

exposed to O3(g) at 81% relative humidity.!> Complete Os(g) dissolution occurs on the
thin interfacial slab faster than z. for all [O3(g)] employed. Diffusion controlled

limitations can be neglected because /i09//1000 in Figure 3.2 levels off due to the few
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nanoseconds needed by the solute to diffuse through the 6 = 1 nm interface and to
establish stationary conditions (d[catechol]/dt = 0) in the open reactor that continuously

replenishes the reagent after it reacts with O3.1% 2%
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Figure 3.2. Relative ion count of catechol (m/z = 109) to its initial value, 7109//109,0, in the
ESI mass spectra for aerosolized solutions of [catechol]o = 1 (open black circle), 10 (blue
square), 25 (pink triangle), 50 (brown cross), 100 (teal blue star), 125 (red open
diamond), and 150 uM (gray inverted triangle) as a function of increasing [O3(g)] at pH =
7.8. The overall nonlinear regression (dashed blue trace) with a 95% confidence interval
(dashed green traces) decays exponentially as Ijp9/l1990 = 0.267 + 0.690 X
e—0.94-8 [catechol] with 2= 0.971.

3.4.2 Reactivity Driven by Hydroxyl Radicals

The thermodynamically favorable (AE = +0.48 V) electron transfer reaction R1
(Scheme 3.2) between catecholate and dissolved Os, with redox potentials E. techol =
0.53V and Eg, = 1.01V (at pH = 7), produces a semiquinone radical (pK. = 5)*°
directly.3! The same reaction can proceed indirectly from molecular catechol through

reaction R2 after the very acidic radical cation (pK, = -1.62)*? formed deprotonates in

picoseconds. The ozonide radical O3~ coexists in equilibrium R3 (Keq = 5.5 x 107 M at
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20 °C)** with the strong base O~ (pKa = 11.8).3* Therefore, at pH < 10.8, O~ will be
present as its fully associated conjugated acid (equilibrium R4) HO'. Accordingly, it is
important to consider how this in situ generated HO" can contribute to the initial
degradation of catechol and other phenols/polyphenols in aerosols and at other
environmental interfaces such as the sea surface microlayer of the ocean.

Experiments with catechol at pH = 10 provide important information to rationalize the
two mechanisms of formation of o-semiquinone radicals: 1) from reactions R1 and R2
and 2) from the resonance-stabilized 1,2,3- or 1,2,4-trihydroxycyclohexadienyl radical
formed by RS after fast base-catalyzed water elimination via reactions R6 and R7. The
dehydration reaction of related dihydroxycyclohexadienyl radicals (k” ~ 10° M s7) can
only compete with the fast addition of O to the dihydroxycyclohexadienyl radicals under
acid or base catalysis.’* Therefore, the base catalyzed dehydration of
trihydroxycyclohexadienyl radicals by reactions R6 and R7% competes with the
production of trihydroxycyclohexadienyl peroxy radicals by reactions R8 and R9 (also &
~10° M s71)* at pH = 10 (Figure S1, Supporting Information). Considering the partial
pressure of oxygen in the system, Py, = 0.01639 atm (Hyo, = 0.0013 M atm™1 at 25
°C),?” there is [O2] = 21.3 puM under equilibrium conditions to compete for the
intermediate.

Under pH = 5 (Figure S1, Supporting Information), catechol appears to be relatively
stable during the microsecond contact time. However, for the pH interval from 6 to 9, the
formation of products at m/z, 123 (hydroxyquinones), 125 (trihydroxybenzenes), 139
(dihydroxyquinones), and 141 (trihydroxybenzenes) is observed. The results of this study

show that the complexity of the heterogeneous ozonolysis of catechol at neutral and even
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slightly basic or acidic pH is higher than previously considered.’® Figure 3.3 displays
how the main products observed for the loss of catechol (pKai = 9.34 and pKa» = 12.60 at
298 K)* change with [Os(g)]. The fast production of HO" is evidenced by the quick
appearance of 1,2,3- and/or 1,2,4-trihydroxybenzene ([/i125) during the interfacial
ozonolysis of 1 < [catechol] < 150 uM (Figure 3A). The maximum value of /125 is
reached at 626 ppbv O3(g) for the electrophilic addition of HO" to the ortho- and para-
positions of catechol via R5 + R8 + R10 + R12 and R5 + R9 + R11 + R13, respectively.
For higher [O3(g)], /125 decays smoothly due to its conversion into other products.

Figure 3.3 also shows that trihydroxybenzene signals grow faster than for all other
species and dominate the products at the low [O3(g)] for the pH range in which HO" is
quickly produced. Even under acidic conditions of pH 6 the production of
trihydroxybenzenes is observed and starts vanishing for pH < 5 (Figure S1, Supporting
Information). Acid and base catalysis should promote reactions R6 and R7, but at pH 7,
the addition of superoxide radicals (introduced below), 02", to the
trihydroxycyclohexadienyl radicals would stop the production of trihydroxybenzenes.
The reactivity of 1,2,3- or 1,2,4-trihydroxycyclohexadienyl radicals towards abundant
02(g) to produce 1,2,3-trihydroxybenzene and 1,2,4-trihydroxybenzene simultaneously
results in the release of hydroperoxyl radicals HO>" during R10 and R11. The equilibrium
between conjugated HO," acid (pKa = 4.8)*® and superoxide radical O>" is shifted towards

the formation of the dissociated species in these experiment.
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Figure 3.3. Ion count, /,:, of (A) 1,2,3- and 1,2,4-trihydroxybenzene (m/z = 125), (B)
cis,cis-muconic acid, 1,2,3,4- and 1,2,4,5-tetrahydroxybenzene (m/z = 141), (C)
pentahydroxybenzene (m/z = 157), (D) 3-hydroxy- and 4-hydroxy-o-quinone (m/z = 123),
and (E) 3,4-dihydroxy- and 3,6-dihydroxy-o-quinone (m/z = 139) produced from
exposing aerosolized catechol solutions in Figure 2A to increasing [O3(g)]. Dashed lines
connecting points are meant to guide the eye and do not represent curve fittings.

In principle, the reaction 02" + O3 & O3™ + 02 (ko34 0, = 1.5 x 10° M™* 57)*" can
produce Os™, which regenerates HO" through reactions R3 + R4.3’ Nevertheless, the
recycling of O™ should be unimportant at high pH, as explained next. Although the rate
constant for the reaction of catecholate with O3 is unknown, it should be in the order of
typical diffusion controlled reactions under present conditions: ko, catecholate =
101°M~1 s~ Therefore, considering that [catecholate] > [O2"], the rate of reaction R1

is orders of magnitude larger than the rate of reaction of O™ with O3:%®
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Rate Ry > Rate Roy-+0, (Eq. 3.2)

k03+catecholate [catecholate][O3] > k05_+ 03 [02._] [03] (Eq 33)

~101°M 1571 [catecholate] [O3] > 1.5 x 10° Mt s [0,] [O3] (Eq. 3.4)

For example, for [catechol] = 25 uM at pH = 10 (ac u,0mo- = 81.9%), catecholate
scavenges the interfacial O3' by reaction R1 more efficiently than the much less
abundant O,", making the superoxide radical pathway for indirect HO® production
negligible. In addition to the indirect oxidation of catechol with HO" described above,
Scheme 3.2 includes other channels for the production of 1,2,3- and 1,24-
trihydroxybenzene (m/z 125) presented in Figure 3.3A. The direct attack of O3 to
positions 3 and 6 of catechol to produce 1,2,3- and 1,2,4-trihydroxybenzene should
proceed with the release of O2('A,) through reactions R14 + R16 + R18 and R15 + R17 +
R19, respectively.®® Chemiluminescent emissions of the hydroxytrioxide anion
intermediates by R16 and R17 were observed during the ozonolysis of catechol.*

The net increase of /141 in Figure 3B remains lower than /125 and reaches a maximum at
1.88 ppmv O3(g). Because /125 > l141, the results at low [O3(g)] strongly suggest that
1,2,3- and 1,2,4-trihydroxybenzene are produced earlier than the species at m/z 141. In
addition, the tetrahydroxybenzene products should decay faster than the
trihydroxybenzenes precursors because they are more prone to undergo further oxidation.
However, the sequential conversion of the ozonide of catechol into a hydroperoxide

intermediate results in the generation of cis,cis-muconic acid as reported in bulk water.?
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Cis,cis-muconic acid also contributes to the signal at m/z 141, a product discussed below
in terms of the direct cleavage of catechol. The same mechanistic steps producing
trihydroxybenzenes from catechol are invoked at the bottom of Scheme 3.2 to explain the
generation of  tetrahydroxybenzenes (m/z 141) from trihydroxybenzenes,
pentahydroxybenzene (m/z 157, Figure 11.3C) from tetrahydroxybenzenes, and
hexahydroxybenzene from pentahydroxybenzene. In Figure 3.3C, [157 reaches a plateau
for [O3(g)] = 880 ppbv, indicating steady state conditions for these species assigned to
1,2,3,4-, 1,2,3,5, and 1,2,4,5-tetrahydroxybenzene in Scheme 3.2.

Figure 3.3D shows the production of 3-hydroxy-o-quinone and/or 2-hydroxy-p-quinone
(1123). These species can be easily produced from 1) the action of semiquinone radicals
and 2) the elimination of H20» after O3 attack to positions 3 and 4 of catechol. In the first
case, the corresponding 1,2,3- and 1,2,4-trihydroxybenzenes generated from 1,3- and 1,4-
addition of ozone to catechol react directly with the in situ formed o-semiquinone radical
to generate 3-hydroxy-o-quinone and 2-hydroxy-p-quinone, respectively. Because the
participation of the o-semiquinone radical that regenerates catechol seems less likely to
contribute to the formation of quinones than the pathways from H>O» elimination, the
former reactions are only depicted in Scheme S1 (Supporting Information). These
reactions could proceed through a cyclic ozonide intermediate. Although the reaction was
studied for phenol, the several steps involved are complex, and no complete mechanistic
understanding was reached yet.*® In the second case, the production of 3-hydroxy-o-
quinone and/or 2-hydroxy-p-quinone is given by the sequences R14 + R20 + R22 and

R15 + R21 + R23, respectively.
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Theoretically, the disproportionation of two semiquinone radicals of the
hydroxyquinones may interconvert the species with m/z 125 and 123 via R24 and R25
(Scheme 3.2), although its probability seems low as it depends on the encounter of two
such radicals at the interface of short lived droplets. The pH dependence for R25, the fast
redox conversion of 1,2,4-trihydroxybenzene to 2-hydroxy-p-quinone in bulk water, is
provided in Figure S2 (Supporting Information) and has also been observed during
studies of denitrifying bacteria.*!

Figure 3.3E presents the production of isomers such as 3,6-dihydroxy-o-quinone and
2,5-dihydroxy-p-quinone with m/z 139, which may be produced in reactions R26 and R27
by hydroxylation of 3-hydroxy-o-quinone and 2-hydroxy-p-quinone, respectively. The
interconversion of quinone (m/z 123) and hydroquinone (m/z 125) redox pair 123:125
described above by R24 and R25 could be considered also for the pairs 139:141 and
155:157, which under typical oxidizing conditions are shifted toward the quinone form.
The related production of trihydroxyquinones by R28 and R29 is included in Scheme 3.2.

In summary, because some catechol is dissociated into catecholate (ac u,0mo- =
4.4% and ac u,0n), = 95.6%) at pH 8, a reactive channel with in situ generated HO'
radicals enhances the loss of total catechol.>! While at low pH the electrophilic attack of
O3 to catechol dominates the mechanism, radical-radical reactions are also observed at
neutral and basic pHs. At slightly basic and even at pH = 7, hydroxyl radicals become a
considerable oxidizing agent that simultaneously attacks the ring of catechol. The rate
constant for the reaction of aqueous catechol with HO® (measured at pH = 9),
kuo +catechol = 1.1 X 1010 M~1s71 42 js 2 x 10* times larger than for its reaction with

03, ko, +catechol = 5.2 X 10> M~1s~1 (available only at pH = 7).*® Because the rate of
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HO® production increases for higher pHs, the loss of catechol (Figure 3.2) and the
generation of products (Figure 3.3) includes contributions from both O; and HO’
oxidizing agents. However, the rate of catechol loss should not be described with typical
bulk kinetics,”® but by a Langmuir-Hinshelwood mechanism* that considers the

adsorption isotherms of the oxidizers.!® The reactive uptake coefficients of O3(g) (Yo,=

2.73 x 10 estimated herein) and OH radical (yon is unavailable) on catechol at the air-
water interface should be considered to account for the number of collisions leading to
reaction. Because for species such as 4-methyl-5-nitrocatechol and levoglucosan yon >

102,* it is expected that yoy > Yo, for catechol.

3.4.3 Direct Oxidation Reaction Driven by Ozone

In the previous discussion of Figure 3.1 several multifunctional carboxylic acids were
listed, but the mechanism to account for their generation differs from that presented in
Scheme 3.2. The generation of glyoxylic acid (m/z 73), crotonic acid (m/z 85), 3-
oxopropanoic acid (m/z 87), oxalic acid (m/z 89), maleinaldehydic acid (m/z 99), 4-
hydroxy-2-butenoic acid (m/z 101), 5-oxo-2-pentenoic acid (m/z 113), maleic acid (m/z
115), glutaconic acid (m/z 129), and cis,cis-muconic acid (m/z 141) must result from the
direct electrophilic attack of ozone to the 1,2 carbon-carbon bond of catechol. The
production pathways and m/z values for all species detected are respectively given in red
and blue font in Scheme 3.3. Ring cleavage was proposed to proceed through a
phenoxide anion for the related molecule of phenol in water,* or through the phenoxide
radical produced from the first order reaction of ozone with the phenoxide anion.*® The

lower levels of direct ozonolysis products clearly distinguished in Figure 3.1 are due to
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the microseconds contact time in the setup,!” which does not allow to accumulate
secondary oxidation products.

Scheme 3.3 implies that catechol undergoes the electrophilic attack of O3 to the bond
between carbons 1 and 2 through a primary ozonide by reaction R30 forming
consecutively the first Criegee intermediate (CI) by R31, a hydroperoxide intermediate
by R32, and cis, cis-muconic acid (m/z 141) after a loss of H>O> by R33.2° The production
of cis,cis-muconic acid in Scheme 3.3 should be favored at lower pH, because at higher
pH the channel of O('A) elimination by R16 and R17 (Scheme 11.2) is preferred from
the stabilized hydroxytrioxide anions generating 1,2,3- and 1,2,4-trihydroxybenzene at
m/z = 125. In Scheme 3.3 the unsaturated species cis,cis-muconic acid, the primary
product of catechol direct ozonolysis, is further processed to form other organic acids.*’
The ozonide resulting from R34 can decompose in two different sets of products, 1)
maleinaldehydic acid (m/z 99) and a second Criegee intermediate (CI II) by R35, and 2)
glyoxylic acid (m/z 73) and a third Criegee intermediate (CI III) by R43. The aldehyde
group in maleinaldehydic acid is susceptible to ozone attack by R36 and further oxidation
to maleic acid (m/z 115). The oxidation of the unsaturated bond of maleic acid also

results in the production of glyoxylic acid and CI IT by R37 + R38.
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Scheme 3.3. Proposed mechanism for the direct ozonolysis of catechol at the air-water
interface. Reaction numbers and observed m/z values are given in red and blue font,
respectively.
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The common oxidative fate of glyoxylic acid (from R38 and R43 in Scheme 3.3) is
oxalic acid (m/z 89) by R39. A hydroperoxide is formed after hydration of CI II by R40,
which can yield HO> to the medium generating also glyoxylic acid by R4l1, or
decarboxylate into formic acid by R42. A different pathway for the formation of
maleinaldehydic acid from CI III by R44 + R45 merges with the production of maleic
acid by R36, and glyoxylic acid by R37 + R38. Scheme 3.3 accounts for the formation of
4-hydroxy-2-butenoic acid (m/z 101), 5-oxo-3-penteneoic acid (m/z 113), and glutaconic
acid (m/z 129), by the Baeyer-Villiger (BV) oxidation of cis,cis-muconic acid reaction
R46.*® Similarly, Scheme 3.3 also shows the BV oxidation of maleinaldehydic acid to 3-
oxopropanoic acid (m/z 87) by R47 and of glutaconic acid to crotonic acid (m/z 87) or an
isomer after decarboxylation via R48.

The results of spiked analysis with standards and the deconvolution of a 45 % of /141
arising from 25 uM cis,cis-muconic acid exposed to 3.18 ppmv O3(g) at pH = 8 (Figure
S1) is provided in the Supporting Information. Based on this specific case, the
predominant products of interfacial ozonolysis depicted in Scheme 11.3 are [glyoxylic
acid] = 200 nM > [oxalic acid] = 174 nM > [cis,cis-muconic acid] = 129 nM > [3-
oxopropanoic acid] = 109 nM. Some reaction products (e.g., the dicarbonyl species
glyoxal, CO2, and H20,)* remain undetected by this technique. In this regard, the
support for Baeyer-Villiger promoted reactions*® from the generated H,O0>* arises from
the in situ oxidation of products that results in glyoxylic acid by R49.%° The latter reaction
resulting in formic acid involves ozone attack to a double bond conjugated to a carbonyl.
Considering that glyoxylic acid generates CO; and formic acid, it is reasonable to

propose that maleinaldehydic, glutaconic, and cis,cis-muconic acids could be the
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precursor of peaks at m/z 85, 87, 101, 113 and 129 in Figure 3.1 as indicated in Scheme
3.3.

3.4.4 Atmospheric Implications

Catechol undergoes fast oxidation at the air-water interface by several competing
pathways. Hydroxylation and cleavage of the aromatic ring of catechol occur at the air-
water interface. The initial oxidation reaction of polyphenols is governed by HO" radicals
formed at high yields under atmospheric conditions. The rate constant for the reaction of
catechol with HO' in the gas-phase under dry conditions is Kcatechol+no = 1.04 x 1071°
cm® molecules s71.5! For an average tropospheric [HO'] = 1.6 x 10° radicals cm?,> the
residence time (7; = k™ [oxidizer]™1) of catechol against HO is T¢atechol+no = 1.7 h.
The rate constant of catechol reacting with O3(g) on the surface of NaCl at RH =2 % is

ktschol+0,= 6.3 x 1077 cm® molecule™ s™.'® Assuming standard pressure and 40 ppbv

03(g) = [03(2)] = 9.85 x 10'! molecules cm™, the residence time against loss by ozone is
Tcatechol+0; = 4.5 h, which is 6.9-times shorter than in the gas-phase.”’ A 27 % of the
total loss of catechol can be contributed by heterogeneous ozonolysis to a mechanism that
is largely dominated by gas-phase HO" during daytime.

A simple analysis can assess the importance of gaseous O3 and ‘OH interfacial driven
chemistry under timescales shorter than the residence time of catechol against both
oxidizers. This analysis considers the same particle, i.e., the same surface (4) of a 100-
nm diameter particle covered by catechol molecules, reacts with O3(g) or OH(g). The
ratio for the rate of loss of molecules by [O3(g)] = 9.85 x 10'' molecules cm™ and
[OH(g)] = 1.6 x 10° molecules cm™ can be bracketed in the particle using the kinetic

theory of gases:™

98



1 < (¥0,[03(9)] vo,A4/4)/ (You[OH(g)] voud/4) < 100 (Eq.3.5)
where room temperature is assumed, yo,= 2.73 x 10, 0.01 < you < 1, and the mean

thermal velocity of OH radicals is voy = 6.61 X 10*cm s~1. Therefore, this comparison
suggests that the loss of catechol by O3z may be up to 100-times faster than for OH
radicals during interfacial reactions. However, because this analysis did not consider the
interfacial production of OH radicals reported in this work, future research should try to
assess the contribution from in situ produced radicals to the loss of catechol.
Hydroxylation contributes to enhance the reactivity of biomass burning emissions

toward atmospheric oxidants as well as the absorptivity>*¢

of airborne species. After the
initial processing of aromatic species by abundant HO®, direct ozonolysis becomes a
competitive mechanism for the loss of produced PHA and chromophoric PHQ
compounds at the air-water interface. Considering the shorter Tcatechol+no and
Tcatechol+0, than the residence time of biomass burning plumes and tropospheric aerosols
against deposition (~1 week),’? the mechanisms described contribute to the aging of
particles during transport. Moreover, the chain of oxidation reactions generates LMW
oxo- and unsaturated di-carboxylic acids, precursors to tropospheric HULIS.?? This work
provides a plausible explanation to the mechanisms by which high levels of dicarbonyls,
oxo- and di-carboxylic acids are produced in aerosols’!'® from biomass burning

products.!’"'? The mechanisms have direct global implication because they provide new

pathways for AqSOA formation of brown carbon species with low volatility.’
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This material presents the Supporting Information explaining how catechol undergoes
fast oxidation at the air-water interface by two competing pathways in the presence of Os.
Hydroxylation and cleavage of the 1,2 position of the aromatic ring of catechol occurs at
the air-water interface in agreement with observations made in bulk water for phenol.!
The previously observed formation of HO" (~22% yield )? in the reaction of phenol (pK,
= 9.99)® with ozone* in the presence of ter-butanol and dimethyl sulfoxide (DMSO)
scavengers*> supports this work. The chain of oxidation reactions from direct O3 action
generates cis,cis-muconic acid and low molecular weight (LMW) oxocarboxylic acids
and unsaturated dicarboxylic acids under tropospheric conditions. Under atmospheric
conditions, the initial oxidation reaction of polyphenols is governed by HO® radicals
formed at high yields. For polluted conditions of high [O3(g)], the production of mono-
and poly-hydroxylated aromatic hydrocarbons (PHA), and mono- and poly-hydroxylated
quinones (PHQ) from the hydroxylation channel should contribute to enhance the
reactivity of biomass burning emissions toward atmospheric oxidants. The ozonolysis of
catechol at variable pH described in the main text of the article is presented below in

Figure S1.

106



100

139 141
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Figure S1. ESI-MS spectra of aerosolized solutions of 25 uM catechol exposed to 3.18
ppmv O3(g) at variable pH.
Predominant products in the direct ozonolysis of catechol at the air-water interface
Under acidic conditions OH-initiated chemistry does not contribute considerably to the
production of polyhydroxylated aromatic hydrocarbons such as tetrahydroxybenzenes.
Therefore, experiments at pH 5 and 6 (Figure S1, Supporting Information) are useful to
quantify the maximum contribution of cis,cis-muconic acid to the peak at m/z 141. The
mean normalized ion count at m/z 141 at pH 5 and 6 is [1410, = 2.32 + 0.03 nM! of
cis,cis-muconic acid. In contrast, experiments at pH 8 and 9 display contributions from
both O3(g) and HO® competing reactions, and the mean normalized ion count is
I141,0,410 = 1.83 % I 41,0,. Therefore, the ion count at high pH corresponding to the
presence of tetrahydroxybenzene is given by the difference Al141 = 1.83 — 1.00 = 0.83. In

other words, a 55 % of the observed peak at pH 8 and 9 corresponds to cis,cis-muconic

107



acid. Therefore, spiked addition of cis,cis-muconic acid standard during experiments
under the same conditions indicate that only a 55 % of /141 = 55 % x 236 nM (the total
measured from spiked samples) = 129 nM cis,cis-muconic arises from the experiment at

pH = 8 in Figure S1.

The pseudo-quantification of tetrahydroxybenzene is performed taking into account the
response of the MS detector. A detector response factor linking the ratio of
concentrations per normalized ion counts at pH = 8 in the presence of 25 uM catechol
was established for cis,cis-muconic acid and 1,2,3-trihydroxybenzene (Acros, 99.7 %). In
this case, 1,2,3-trihydroxybenzene was used as a representative analyte for the
(commercially unavailable) tetrahydroxybenzenes produced in sifu during the interfacial
reaction. The previous assumption was based on measurements confirming that the MS
detector gives a similar linear response for /109 and /125 with increasing catechol and

1,2,3-trihydroxybenzene concentration, respectively. The response factor § was:

,B _ I141,standard ~ 0.25 nM cis,cis-muconic acid (Eq 3 5)

I125 standard nM tetrahydroxybenzenes

The equivalent concentration of cis,cis-muconic acid to tetrahydroxybenzenes can be

retrieved from the experimental 45 % /141 signal remaining at pH = 8:
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236 nM X 45 % =

106 nM equivalent cis,cis-muconic acid to tetrahydroxybenzenes (Eq. 3.6)

after converting the concentration of 106 nM equivalent cis,cis-muconic acid to the actual

concentration of tetrahydroxybenzenes using the response factor f:

106 nM cis,cis-muconic acid

[tetrahydroxybenzenes] = (Eq. 3.7)

nM cis,cis-muconic acid

0.25 nM tetrahydroxybenzenes

to obtain [tetrahydroxybenzenes] = 424 nM tetrahydroxybenzenes. Similarly, from the
high total [trihydroxybenzenes] = 2260 nM is evident that OH radicals quickly favor a

mechanism of production of polyhydroxylated aromatic compounds.

The quantification of the predominant products of direct ozonolysis was performed by
spiked addition of standards during ozonolysis. Aerosolized solutions of 25 uM catechol
at pH 8.0 were exposed to 3.18 ppmv O3(g). The standards were prepared from oxalic
acid dihydrate (Mallinckrodt, 99.1 %), maleic acid (Sigma-Aldrich, 99.9%), glyoxylic
acid (Sigma-Aldrich, 50 wt. % in H>O), pyruvic acid (Sigma-Aldrich, 99.1 %) as a
pseudo-standard to quantify 3-oxopropanoic acid, and cis,cis-muconic acid (Aldrich, 98.7
%). All analyses corresponded to experiments in which the normalized ion count of
products increased only by 1 to 3 times the intensity registered in the absence of the

spiked. Concentration of standards after spiked addition bracket the range from 50 nM to
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2500 nM. The results indicate the presence of [glyoxylic acid] = 200 nM > [oxalic acid] =
174 nM > [cis,cis-muconic acid = 129 nM > 3-oxopropanoic acid] = 109 nM. Because
[maleic acid] < 10 nM, it can be assumed that this species is quickly converted in

glyoxylic acid.

Conversion of 1,2,4-trihydroxybenzene (THB) to 2-hydroxy-1,4-benzoquinone at
variable pH

100 uM solutions of THB (Alfa Aesar, 99.2 %) were freshly prepared in degassed
ultra-pure water (18.2 MQ cm). An aliquot of 50 mL of the solution was adjusted to
initial pH 5.06 (Thermo Scientific pH-meter) with 0.01 M HCI in an amber bottle.
Solutions of 0.001-0.09 M NaOH were used to adjust the pH of the solution to the values
reported in Figure S2. An aliquot of 3.5 mL of this pH-adjusted solution was transferred
to a 10 mm path length fused silica cuvette (Starna Cells) to register the absorption
spectra with an Evolution 220 UV-visible spectrophotometer equipped with a linear 8-
cell changer (Thermo Scientific) cuvette holder.

Figure S2 shows that at pH 5.06 (black line) the UV-visible spectrum of the colorless
solution of THB presents two peaks A and B with maximum wavelengths Amax,a = 194
nm and Amaxs = 287 nm, respectively. Small increments in pH were accompanied by a
decrease in the intensity of peak B, representing the loss of THB. Simultaneously, as the
pH increased and the solution turned pinkish orange (from the production of the quinone
form in equilibrium), peaks C, D, and E appeared at Amaxc = 211 nm, Amaxp = 261 nM,
and Amaxe = 486 nm, respectively. The inset in Figure S2 shows how the absorption

maxima for peaks B and E can be can be used to monitor the inter-conversion of both
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species at variable pH, as it has been observed in similar studies with denitrifying

bacteria.®

— 030
2.5 'A = _— pH =5.06
w Sl | Bl S Peak B —— pH=535
£ Tlm pH=5.53
£ 0.20 )
204 < = ‘g pH=5.82
S S 015 —— pH=6.18
= o
o 8 o — pH=636
- c £ 0.0 o Ho650
. p .
] 1.5 < e} w
e G 0.05 4 0 pH = 6.74
3 2 Peak E —— pH=7.03
8 - 00 =
C 1.0 4 < o004 -~ 7] ——PH=T732
@ 50 55 60 65 70 75
<
0.5 4
0.0 - T T T T T T T T ™7
200 300 400 500 600 700

A (nm)

Figure S2. Conversion of 100 uM 1,2,4-trihydroxybenzene in 2-hydroxy-p-quinone at
variable pH.
Ozonolysis of thin films of catechol studied by Fourier transform infrared (FTIR)
spectroscopy

A Thermo Scientific FTIR spectrometer interfacing a Nicolet 1210 module to an iN10
MX Infrared Imaging Microscope was used to study the heterogeneous ozonolysis of thin
solid films of catechol. A fresh solution of catechol in acetone (British Drug Houses
99.97%) was freshly prepared before the experiment at a concentration of 2.0 mg mL™!. A
total of 500.0 uL of the solution was slowly deposited onto the circular ZnSe crystal (15
mm in diameter) of the 45° single-reflectance attenuated total reflectance (ATR)
accessory (SpectraTech) by drop-wise addition, forming a stable film after two hours. A

macro-loop program was used to collect spectra (64 scans, 4 cm™ resolution) over time.
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The loss of catechol O-H bands during ozonolysis was monitored in the absorbance mode
at 3458 cm!. Spectra of thin films of cis,cis-muconic acid (Sigma-Aldrich > 97.0%) were
also registered for comparison purposes.

Experiments at high relative humidity RH > 80% were conducted by mixing 0.8 L min
! Na(g) bubbled through ultrapure water with 0.2 L min™! O3(g) generated as described in
the main text. Humidity measurements were registered in a mixing chamber with a
relative humidity sensor (Fisher Scientific). A flow of 20 mL min™' of this diluted O3(g)
was circulated through a homemade borosilicate glass cell covering the ATR crystal. A
correction to the loss of catechol was applied by subtracting the loss of absorbance at
3458 cm™! when humid UHP Na(g) serving as zero air (control with no Os(g)) was
circulated under the same conditions.

The heterogeneous oxidation of catechol thin films proceeded promptly after addition
of gaseous ozone at high relative humidity (RH). However, cis,cis-muconic acid, the
previously unique identified product’ appears to be embeded with other species and
cannot explain the overall complexity of the spectrum after 2 hr of reaction with 4 ppmv
O3(g) at 81% RH. Herein, we suggest that the broadening of the O-H vibration bands at
high RH levels previously suggested to indicate hydrogen bonding between catechol and
adsorbed water molecules,” may actually correspond to the formation of the
polyhydroxylated catechol products also observed by ESI-MS (see main text).

The spectra below for catechol and cis, cis-muconic acid thin films in Figure S3 agree

with their crystalline structure features listed in Tables S1 and S2, respectively.
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Figure S3. ATR-FTIR spectra of (red and top) catechol and (blue and bottom) cis, cis-

muconic acid.
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Table S1. Vibrational assignment of Catechol in the IR spectrum

Wavenumber (cm™) Strength Assignment
3458 (v1) S O-H

3322 (v2) S O-H

3053 (v3) " =C-H

1619 (vs,) and 1513,1469 (vs) Y C=C

1365 (ve) M C=C in aromatics
1256 (v7) S C-H

1094 (vs) W C-H

Key: S = Strong, M = Medium, and W = Weak

Table S2. Vibrational assignment of cis, cis-muconic acid in the IR spectrum
Wavenumber (cm™') ~ Strength ~ Assignment

2936 (v9) Y O-H
1675 (vi0) S C=0
1590 (vi1) M C=C
1259 (v12) W C-H
1198 (v13) 4 C-O
909 (v14) Y C-H

Key: S = Strong, M = Medium, and W = Weak

The decrease of the characteristic O-H stretching (vi) peak at 3458 cm™ was used to
monitor the loss of catechol in Figure S4. Several short experiments at high [O3(g)] were
performed at RH > 80 %. For example, Figure S4 displays the loss of catechol exposed to
[05(g)] = 2.12 x 10" molecules cm™ at 80% RH, and Figure S5 shows the relative
reaction rate measured by extracting the CD-line (corrected absorbance) at 3458 cm’!
versus time. The corrected absorbance was measured using Omnic software (Thermo
Scientific) from the A-B local baseline, to the left- and right-hand side of the peak, up to

the maximum absorbance value or C-D line indicating the peak height depicted in Figure

S4.
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Figure S4. ATR-FTIR spectra of thin films of catechol exposed to [O3(g)] = 2.12 x 10"
molecules cm™ at 80 % RH.

Ln (CD/CD,) = -2.689 x 10™ time - 3.573 x 10°
0.00 1 rz =0.9946

-0.05

-0.10

Ln (CD/CD,)

-0.15

-0.20 4

-0.25

-0.30

0 200 400 600 800 1000

time (s)

Figure S5. First-order decay of the CD-line of catechol at 3458 cm! relative to its initial
value. Conditions: [O3(g)] = 2.12 x 10" molecules cm™ and 80 % RH.

For high [O3(g)], the loss of catechol follows first order kinetics on the reactants’ with

rate constant k:
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-d[catechol]/dt = k [catechol] [O3(g)] (Eq. 3.8)

Considering that for [O3(g)] = 2.12 x 10" molecules cm™, the level of this reactant

remains constant in Figure S5, the equation simplifies to:

-d[catechol]/dt = k’ [catechol] (Eq. 3.9)

where k' is the pseudo-first order rate constant resulting from k x [O3(g)]. The film of
catechol disappeared in Figure S5 with a pseudo-first order rate constant &’ = 2.689 x 10
s'. Therefore, for this high [O3(g)], it only takes 43 min for a half of the catechol film to

quickly disappear in the ATR setup.
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Scheme S1. Proposed recycling of o-semiquinone radical into catechol at the air-water
interface showing observed m/z values in blue font.
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4.1 Synopsis

Natural and anthropogenic emissions of aromatic hydrocarbons from biomass burning,
agro-industrial settings, and fossil fuel combustion contribute precursors to secondary
aerosol formation (SOA). How these compounds are processed under humid tropospheric
conditions is the focus of current attention to understand their environmental fate. This
work shows how catechol thin films, a model for oxygenated aromatic hydrocarbons
present in biomass burning and combustion aerosols, undergo heterogeneous oxidation at
the air-solid interface under variable relative humidity (RH = 0-90%). The maximum
reactive uptake coefficient of O3(g) by catechol yo,= (7.49 + 0.35) x 106 occurs for 90 %
RH. Upon exposure of ca. 104-um thick catechol films to O3(g) mixing ratios between
230 ppbv and 25 ppmv, three main reaction pathways are observed. 1) The cleavage of
the 1,2 carbon-carbon bond at the air-solid interface resulting in the formation of cis, cis-
muconic acid via primary ozonide and hydroperoxide intermediates. Further direct
ozonolysis of cis,cis-muconic yields glyoxylic, oxalic, crotonic, and maleic acids. 2) A
second pathway is evidenced by the presence of Baeyer-Villiger oxidation products
including glutaconic 4-hydroxy-2-butenoic, and 5-oxo-2-pentenoic acids during
electrospray ionization (ESI) mass spectrometry (MS) and ion chromatography MS
analyses. 3) Finally, indirect oxidation by in situ produced hydroxyl radical (HO") results
in the generation of semiquinone radical intermediates toward the synthesis of
polyhydoxylated aromatic rings such as tri-, tetra-, and penta-hydroxybenzene.
Remarkably, heavier polyhydroxylated biphenyl and terphenyl products present in the
extracted oxidized films result from coupling reactions of semiquinones of catechol and

its polyhydroxylated rings. The direct ozonolysis of 1,2,3- and 1,2,4-trihydroxybenezene
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yields 2- and 3-hydroxy-cis,cis-muconic acid, respectively. The production of 2,4- or 3,4-
dihdroxyhex-2-enedioic acid is proposed to result from the sequential processing of
cis,cis-muconic acid, 2- and 3-hydroxy-cis,cis-muconic acid. Overall, these reactions
contribute precursors to form aqueous SOA from aromatics in atmospheric aerosols and

brown clouds.

4.2 Introduction

Aerosol particles absorb and scatter sunlight and act as condensation nuclei for clouds
playing a key role in climate.! The production mechanisms and associated properties of
secondary organic aerosols (SOA) from laboratory and field studies have been recently
reviewed.>? In situ aging of the species found in aerosols during atmospheric transport
contributes to the chemical complexity that makes difficult to quantify organic species in
aerosols.* The concentration of water soluble organic compounds (WSOC) in field
measurements, e.g., glyoxylic, 3-oxopropoanoic, oxalic, and fumaric acids, suggests
common natural formation mechanisms.’> Because the high levels of WSOC quantified at
dissimilar geographical locations can exceed typical urban pollution sources,’® the
identification of new chemical production mechanisms acting over emissions from
natural processes is needed.

The composition of WSOC, atmospheric transport of biomass burning products, and
photooxidation (e.g., of glyoxylic acid to generate oxalic acid) have been correlated at
different sites.®® Dihydroxybenzenes such as catechol are the most common gas-phase
organic constituents (~50 ppbv) resulting from biomass burning,’ pyrolysis and

combustion.'® Cloud water collected from brown clouds also contains aromatics such as
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catechol rings substituted with methyl, carbonyl, and nitro groups.!! The surfactant
properties of these species favor their accommodation at interfaces of aerosols,'? where
they are prone to undergo photooxidation.'®

A recent study has demanded the identification and quantification of products from
catechol ozonolysis both in gas and particle phases.'* In fact, the heterogeneous

ozonolysis of catechol under ultrafast contact times'>1®

was examined in a previous study
at the air-water interface of microdroplets.!” Mass spectrometry (MS) analysis of the
reaction products has revealed that different reaction channels are operative at the air-
water interface, 1) oxidative cleavage of the aromatic ring, and 2) hydroxylation.!”!® The
cleavage of C(OH)-C(OH) bond of catechol yields cis,cis-muconic acid (MA)!°2? and its
lower molecular weight (LMW) carboxylic acid oxidation products.!” 2! Attenuated total
reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy has been used to study

the reaction of solid films under high relative humidity (RH) that yielded an uptake
coefficient of ozone by catechol yo, = 5.6 x 10° (RH = 81 %) that is about 20-times
larger than the value estimated at the air-water interface (yo, = 2.73 X 10©).'7 Indeed, an
explanation to this discrepancy justifies a new independent study to explore the values of
Yo,at variable RH. The hydroxylation channel conducting to the production of
semiquinone radicals explains the in situ interfacial formation of polyhydroxylated
aromatic rings and chromophoric quinones in tropospheric particles.!” However, the
production of semiquinone radicals should also result in the formation of coupling
aromatic products such as biphenyls during ozonolysis. Therefore, this work is focused
on the identification of coupling products from catechol and in situ produced

polyhydroxylated benzene rings during the heterogeneous ozonolysis of thin catechol
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films. The results below provide new insights to understand the evolution of biomass

burning and combustions emissions during atmospheric transport.

4.3 Experimental

4.3.1 Thin Film Preparation

Solutions of ca. 3.0 mg mL™! catechol (Sigma-Aldrich, 99.9%) were prepared daily in
isopropanol (Fisher Optima, 99.9%). A glass syringe with stainless steel plunger and
needle (Hamilton, 705) was used for dropwise addition of 50 uL solution onto an infrared
transparent optical window. Polished ZnSe or amorphous material transmitting infrared
radiation (AMTIR) 2.0-mm thick optical windows with a diameter of 13.0 mm (PIKE)
were used. After 3 h of solvent evaporation, dry films were confirmed to be stable by
FTIR spectroscopy. The resulting film thickness measured by reflectance spectroscopy
was ca. 104.5 (= 12.8) um and contained ca. 150 pg of catechol deposited. Thin films of
some candidate products were similarly prepared using cis,cis-muconic acid (Aldrich,
98.7%), maleic acid (Sigma-Aldrich, 99.9%), glyoxylic acid (Aldrich, 51.7 wt. % in
water), oxalic acid (Sigma-Aldrich, 99.9%), 1,2,3-trihydroxybenzene (Acros, 99.7%),
and 1,2,4-trihydroxybenzene (Alfa Aesar, 99.2%).

4.3.2 Ozonolysis of Thin Films

A customized ozone generation and monitoring system was used in all experiments.'®
17 Humid nitrogen was produced by passing Na(g) (Scott Gross, UHP) through a wash
bottle containing ultra-pure water (18.2 MQ cm, ELGA PURELAB flex, Veolia). The
mixing ratio of dry O3(g) and humid Nx(g) was controlled with flow meters (Aalborg).

The relative humidity (RH) of the mixed gas (1.0 L min™') was monitored in a mixing
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chamber with a remote hygrometer (Traceable) before flowing into a borosilicate glass
flow-through reactor (3.785 L capacity) provided with a Teflon coated lid (Scheme 4.1).
The gas was allowed to equilibrate for 1 h before introducing any samples into the
reactor. UV-visible absorption measurements at wavelengths A1 = 250 nm and A, = 300
nm were performed for a 1.0 L min' gas flow entering the chamber in a 10.00 cm
pathlength fused silica cuvette (Starna Cell) before, during, and after the reaction and
converted to [O3(g)] using absorption cross sections 6250 nm = 1.1 X 10717 cm? molecule™!
and 6300 nm = 3.9 X 10" cm? molecule™!, respectively.?? The standard deviation associated

to measured [O3(g)] during the reactions was below 2.50 %.

Scheme 4.2. Flow-through reactor system with mixing of dry and wet gases.

Hygrometer | 72% Humid O4(g)

||03(g) | /\ _Inflow‘
0,(9) |

l— Mixing of gases +  Reactor
=4 B8

O;(9) generator Wash bottle N,(9)

Outflow

4.3.3 FTIR and UV-visible Monitoring

The spectroscopic changes associated to the oxidation of thin films were studied by
FTIR spectroscopy. Optical windows with prepared films were mounted on stainless steel
plates, placed in the reactor, and withdrawn for FTIR analysis at 20 min intervals of
exposure to Os(g), unless indicated otherwise. FTIR analysis was performed with a

Nicolet iN10 infrared microscope (Thermo Scientific). A total of 64 scans were collected
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and averaged in 1.5 min over the range 500-4000 cm™ with 4 cm™ resolution using an
1210 FT-IR module connected to the infrared microscope. All samples were background
subtracted using an empty optical window. Control experiments ensured that films
exposed to humid air in the absence of O3(g) were chemically stable and that their loss by
sublimation remained below 5.0 % during the timescale of experiments designed to
gather kinetic information. Reported data are the average of duplicate experiments with
error bars corresponding to one standard deviation. OMNIC software (Thermo Scientific)
was utilized for FTIR spectroscopy, and for data processing. The CD line, or corrected
peak heights after baseline correction as previously described,!” is reported in all plots.
Data analysis and fitting of rate constants was performed using SigmaPlot Software
(Systat). UV-visible absorption measurements of films deposited on quartz optical
windows followed the same procedure described above.

4.3.4 Film Extraction and Analysis

Each window with a film was extracted with 2.0 mL of selected solvents under
sonication (Branson Ultrasonics) for 15 min. Extractions were performed using four
different solvents: chloroform (Mallinckrodt, 99.8%), isopropanol, acetone (Fisher
Scientific, 99.5%), or acetonitrile (Fisher Optima, 99.9%). After sonication, the samples
were quantitatively transferred to 7.5 mL amber vials (Fisher Scientific) and dried by
gently sparging Na(g). All samples were finally reconstituted with 1.0 mL methanol
(Fisher Optima, 99.99%) unless stated otherwise. Control experiments showed that
unreacted dry and humid catechol films extracts remain stable during the timescale of the

reaction.
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The analysis of reconstituted film extracts was performed by ESI MS in a MSQ Plus
instrument (Thermo Scientific) operating in negative ion mode. Samples were injected
into the calibrated ESI MS at a flow rate of 100 uL min"! by mixing equal flows of the
reconstituted sample in methanol and ultrapure water (18.2 MQ-cm, Elga Purelab flex -
Veolia). The ESI MS conditions were: drying gas temperature, 250 °C; nebulizer voltage,
-1.9 kV; cone voltage, -50 V, and nebulizer pressure, 70 psi. Reported ion counts were
background subtracted from the solvent and acquired over fixed intervals (> 30 s).

Confirmation of the generation of carboxylic acids was obtained by ion
chromatography (IC) MS analysis as described before.?® For these analyses, dried film
extracts were reconstituted in 1.5 mL water and injected with a Dionex AS autosampler
into a Dionex ICS-2000 IC system. The IC was equipped with an IonPac AS11-HC
column (2 x 250 mm), an AG11-HC guard column (2 x 50 mm), an ASRS-300
suppression module (2-mm), an eluent generator (EGC III) with KOH cartridge, and a
CR-ATC anion trap column. The separation gradient applied a flow of 0.38 mL min’
with an initial mobile phase of 1 mM KOH for 8§ minutes followed by three linear
increases of (1) 1.4 mM min™! up to 15 mM, (2) 1.5 mM min™!' up to 30 mM, and (3) 3
mM min"! up to 60 mM. After IC separation, the eluent was mixed with 0.12 mL min’!
methanol for identification of the mass to charge ratio (m/z) of separated components in
the ESI MS (drying gas temperature, 450 °C; nebulizer voltage, -1.9 kV; cone voltage, -
50 V, and nebulizer pressure, 70 psi). Chromeleon and Excalibur software were used to

control and process data.
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4.4 Results and Discussion

4.4.1 Oxidation of Catechol Films
Figure 4.1 shows FTIR spectra of catechol thin films (A) under ambient conditions and
(B) after exposure to 230 ppbv O3(g) at 68 % RH for 24 h. All infrared spectroscopic
features for pure catechol in Figure 4.1A are assigned to vibrational modes in Table S1
(Supporting Information). After exposure to O3(g) the features in Figure 4.1A for O-H
stretching, C-C stretching, and C-H bending peaks of catechol at 3450 cm™ (peak 1),
1365 cm™ (peak 2), and 1095 cm™! (peak 3), respectively, are lost in Figure 4.1B. Instead,
new signals for C=0O stretching at 1680 cm™ (peak 4), C=C asymmetric stretching at
1585 cm! (peak 5), O-H stretching for carboxylic acid at 2400-3100 cm™ (peak 6), and
hydrogen bonded O-H stretching at ~3400 cm™' (peak 7) become prominent in the
ozonolysis products spectrum (Figure 12.1B).

Figure 4.1C displays the IR spectra, from top to bottom, of (blue trace) 1,2,4-
trihydroxybenzene, (pink trace) 1,2,3-trihydroxybenzene, (green trace) cis,cis-muconic
acid, (grey trace) maleic acid, (dark blue trace) oxalic acid, and (purple trace) glyoxylic
acid, which represent candidate products from the previous ozonolysis study at the air-
water interface.!” The main features observed in Figure 4.1B, peaks 4-6, partially
resemble those of cis,cis-muconic acid.’® However, there is an additional level of
complexity associated to peaks 4, 5 and 7, which cannot be explained by cis,cis-muconic
acid alone. For example, maleic acid and both trihydroxybenzene species have features
that might contribute significantly to peak 5, which is not observed in cis,cis-muconic
acid,? to be as intense as peak 4. These species, combined with glyoxylic and oxalic

acids may also explain the appearance of additional hydrogen bonded O-H stretching
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modes giving rise to the broad peak centered at about 3400 cm'. Tables with the
vibrational assignments for the oxidized film, cis, cis-muconic acid, maleic acid, glyoxylic
acid, oxalic acid, 1,2,3- and 1,2,4-trihydroxybenzene are available in the Supporting

Information (Tables S2-S8).

Too1 6

cis,cis-muconic acid

oxalic acid

glyoxylic acid

Absorbance {A.U.)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)
Figure 4.1. FTIR spectra of thin films of catechol (A) before and (B) after 24 h exposure

to 230 ppbv O3(g) at 68 % relative humidity (RH). (C) Spectra for standards with features
observed in oxidized films.
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Detailed qualitative information of the products of catechol oxidation at the air-solid
interface is gleaned from long lasting experiments (24 h exposure) at ozone levels
approaching those typical of highly polluted urban environments (Figure 4.1).2*
However, this experiment is slow and yield kinetics results that may be biased due to the
loss of catechol by sublimation occurring at long timescales. For example, a control
experiment with pure Na(g) flow at 68 % RH shows a catechol loss by sublimation of 80
% after 24 h. Therefore, the experiments below are designed to constrain the sublimation
loss of catechol during the reaction to be < 5.0 % by increasing [O3(g)] to shorten their
duration and provide valuable reaction rate constants.

Figure 4.2 shows the FTIR spectra of thin films with 150 pg catechol deposited, which
are exposed to 23.6 ppmv Os3(g) at 72 % RH for 3 hr. Ongoing work suggests a
Langmuir-Hinshelwood mechanism is followed during the ozonolysis of catechol films.?
The data in Figures 4.1 and 4.2 lays in the linear region of the hyperbola describing the
dependence of the rate of reaction on [O3(g)]. Monitoring the loss of peaks 1-3 and the
appearance of peaks 4-6 allow us to register the corresponding oxidation of catechol and
the development of organic acids and polyhydroxylated aromatics products, respectively.
The similar product distribution to that obtained for 230 ppbv O3(g) (Figure 4.1) confirms
that the information gathered for larger [O3(g)] does not affect the oxidation mechanism
at the air-solid interface. Clearly, features of the primary product cis,cis-muconic acid are
evident in Figure 4.2, as well as O-H (1410 cm™) and =C-H bending modes (1360 and
1320 cm™). Moreover, a defined peak centered at 3400 cm™ is visible together with

distinct broadening stretches for C=0 and C=C at 1680 and 1590 cm™!, respectively.?®
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Figure 4.2. FTIR spectra showing the time series of catechol thin films exposed to 23.6
ppmv O3(g) at 72% RH. Peak labels 1-6 indicate characteristic peaks used to monitor
reaction progress (see text).

The sharp peak clearly appearing at 1198 cm™ in the FTIR spectra of Figures 4.1 and
4.2 for final oxidation times also corresponds to cis,cis-muconic acid vibrational modes.
This peak is 8 cm™ above the closest peak for catechol and cannot be confused with a
reactant signal. In general, the common spectroscopic features of several candidate
products in the infrared region prevent from assigning all products conclusively based on
FTIR results. The critical need to resolve further the chemical composition of oxidized
catechol conducted us to extract the films and analyze them by different techniques as
described below.

4.4.2 Proposed Reaction Pathways Based on the Analysis of Extracted Films

Figure 4.3 shows ESI MS analyses of catechol films at 71% RH (blue) before and (red)
after 3 h exposure to 29.3 ppmv Os(g), which were extracted in 1) acetonitrile, 2)
acetone, 3) isopropanol, and 4) chloroform. The selection of these solvents with different

properties ensures that peak identification of products is not affected by any artifacts
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resulting from the extraction procedure itself. In addition, the possibility of methanol
clustering of parent anions during infusion of all samples in 50:50 methanol:water solvent
is discarded because the corresponding adducts would have an excess mass of +32 Da,
which are absent in the MS spectra of Figure 4.3.

In the absence of ozone, (blue trace in Figure 4.3) only catechol (m/z 109) is detected as
its monovalent ion corresponding to a general formula CsHs(OH)O". Numerous new
product peaks are registered during the analysis of the oxidized film. Some of these
products are the same observed during the ozonolysis of catechol at the air-water
interface: glyoxylic acid (detected as glyoxylate ion with m/z 73), crotonic acid (m/z 85)
or an isomer (e.g., 4-hydroxycrotonaldehyde), oxalic acid (m/z 89), maleinaldehydic acid
(m/z 99), 4-hydroxy-2-butenoic acid (m/z 101), 5-oxo0-3-pentenoic acid (m/z 113), maleic
acid (m/z 115), glutaconic acid (m/z 129), and cis,cis-muconic acid (m/z 141). Because
the origin of these species has been explained in detail previously,!” the discussion below
first summarizes those reactions (see Scheme 4.3) and then is focused on elucidating the
pathways for the production of new molecules observed as anions at m/z 157, 175, 217,

249,297, 311, and 325 amu (Figure 4.3).
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Figure 4.3. ESI MS of catechol thin films (blue trace) before and (red trace) after 3 hr

exposure to 29.3 ppmv O3(g) at 71% RH extracted in (A) chloroform, (B) isopropanol,
(C) acetone, and (D) acetonitrile.

A direct electrophilic attack of Os3(g) to catechol?’ breaks the aromaticity between
carbons 1 and 2. The sequential process starts with the formation of a primary ozonide
precursor to a Criegee intermediate, which yields a hydroperoxide that is converted in

cis,cis-muconic acid (m/z 141) and H202.2® The primary direct ozonolysis product in
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Scheme 4.3, cis, cis-muconic acid, is oxidized?’ to form maleinaldehydic acid (m/z 99),
glyoxylic acid (m/z 73), maleic acid (m/z 115), and oxalic acid (m/z 89). Scheme 12.2
also summarizes the formation of 4-hydroxy-2-butenoic acid (m/z 101), 5-oxo0-3-
penteneoic acid (m/z 113), and glutaconic acid (m/z 129), resulting from Baeyer-Villiger

(BV) oxidation of cis, cis-muconic acid.!”3°
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Scheme 4.3. Products from catechol oxidation by Os(g) and HO" radical from Ref. !

The m/z values of species observed during ozonolysis at the air-solid interface are given
in blue font.
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However, the appearance of new products with m/z 157 and 175 in Figure 4.3 has
escaped detection in experiment at the air-water interface, !” and requires new pathways
describing their production. Thermodynamically favorable electron transfer between 1,2-
dihydroxy-aromatics such as catechol and dissolved Oz yields o-semiquinone and
ozonide (Os™) radicals directly.3! In the presence of water, the ozonide radical Os™ is
quickly converted into HO",}” which contributes to the degradation of catechol with a rate
constant Kyo 4catechol = 1.1 X 101° M~1s71 32 Similarly, produced polyhydroxylated
species undergo reactions with HO". In addition to electron transfer, the production of o-
semiquinone radicals is also possible after HO® attacks catechol forming
trihydroxycyclohexadienyl radicals that undergo dehydration.!”

Two channels for the production of the primary products from hydroxylation, 1,2,3-
and 1,2,4-trihydroxybenzene, are possible.!” The first channel results from the reaction of
Oz with 1,2,3- or 1,2,4-trihydroxycyclohexadienyl radicals intermediates that also release
hydroperoxyl radicals (HO").!” The second reaction channel at the air-solid interface is
the direct attack of O3 to C3 or Cs of catechol that release O2('Ag) en route to produce
1,2,3- and 1,2,4-trihydroxybenzene.>*** Once produced, trihydroxybenzenes can undergo
similar reactions to those described above to sequentially form tetrahydroxybenzene and

pentahydroxybenzene products (Scheme 4.3).!7
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Figure 4.4. Extracted ion chromatograms during IC MS analysis of catechol film

exposed to 29.3 ppmv O3(g) at 71% RH for 3 h. Peaks marked with an asterisk are scaled
down 2-times.

The confirmation that several dicarboxylic acids are reaction products is obtained by
IC MS analysis showing in Figure 4.4 the extracted ion chromatograms for the most
abundant species with m/z 89, 113, 115, 141, 157, and 175. These species remained
undetected during control experiments without ozone. The previously proposed
mechanism of direct ozonolysis of catechol at the air-water interface is useful to guide the
assignment of previously identified anionic products in Figures 4.3 and 4.4 as displayed
in Scheme 4.3 and summarized above.!’

Among the new molecules in Figures 4.3 and 4.4 are 2-hydroxyhexa-2,4-dienedioic
acid and/or 3-hydroxyhexa-2,4-dienedioic acid (both m/z 157), and 2,4- or 3.4-

dihydroxyhex-2-enedioic acid (m/z 175). These species can be explained based on the
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indirect oxidation of catechol and its primary oxidation products. Direct ozonolysis of
previously produced trihydroxybenzene precursors forms aliphatic species with neutral
mass 158 Da such as 2-hydroxyhexa-2,4-dienedioic acid and 3-hydroxyhexa-2,4-
dienedioic acid (Scheme 4.4). The hydration of a double bond from 2- or 3- hydroxy-
muconic acids occurs in the presence of oxidants, freshly formed carboxylic acids, and
water on the reactive surface. The mechanism of hydration of 2- and 3-hydroxy-cis, cis-
muconic acid in Scheme 4.4 is acid catalyzed by the carboxylic acids formed during
direct ozonolysis (Scheme 4.3), which facilitates the production of the species with m/z
175, such as 2,4- or 3,4-dihdroxyhex-2-enedioic acid. Alternatively, the two step addition
of HO' to cis,cis-muconic acid (not included in Scheme 4.3) may result in the production
of species with mass 176 Da. The proposed mechanism of indirect oxidation by in situ
produced HO" at the air water interface'’ rationalizes the generation of o-semiquinone
radicals precursor needed in several reactions conducting to the species in Figure 4.3.
Radical coupling of semiquinone functionalities is involved in the production of
condensed polyphenol rings. The o-semiquinone radicals have been shown to exist at the
air-water interface!” and should be able to undergo coupling reactions.
Dihydroxy-biphenyl isomeric species with m/z 217 in Figure 4.3 formed by coupling
reactions can by represented by molecules such as [1,1'-biphenyl]-2,2',3,3'-tetraol, [1,1'-
biphenyl]-3,3',4,4'-tetraol, [1,1'-biphenyl]-2,3,3',4'-tetraol (Scheme 4.5). The low
intensity of this peak with m/z 217 indicates that reactive biphenyls are quickly consumed
in the production of heavier coupling products. The related generation of crosslinks
among two catechol rings in aqueous solutions has been identified during the catalytic

oxidation with biomimetic iron-porphyrin by NMR spectroscopy.®®> In agreement with

137



previous studies,®® the coupling reaction is proposed to preferentially form C-C bonds

over the alternative aryloxy products with C-O-C groups.

Scheme 4.4. Proposed reactions producing species with m/z 157 and 175. The m/z values
of species observed during ozonolysis at the air-solid interface are given in blue font.
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Figure 4.5 shows the UV-visible spectrum of -catechol, 1,2,3- and 1,2,-4-
trihydroxybenzene, which display 7 — #* transitions at A = 274.1, 267.1, and 290.2 nm,
respectively. However these three polyphenols do not absorb visible light. Figure 4.5 also

displays the spectrum of oxidized catechol.
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Figure 4.5. UV-visible absorption spectrum of thin films of (black) catechol, (grey)
1,2,3-trihydroxybenzene, (green) 1,2,4-trihydroxybenzene, (blue) cis,cis-muconic acid,
and (red) oxidized catechol after 3 h under 23.6 ppmv O3(g) and 70 % RH.

Figure 4.5 also shows that cis,cis-muconic acid alone cannot explain the various
transitions recorded. The peaks at A = 260, 324, and 407 nm in the UV-visible absorption
spectrum for the oxidized film are due to presence of crosslinks from dimers and trimers
of catechol and trihydroxybenzenes.*® Similarly, the peak at m/z 325 in the ESI MS of
Figure 4.3 corresponds to a terphenyl arising from the combination of the semiquinone
radicals of diphenyls and catechol (Scheme 4.5). Among the candidate products, three
isomers displayed in Scheme 4.4 are [1,1:4',1"-terphenyl]-2',3,3",3",4,4"-hexaol,
[1,1:4'1"-terphenyl]-2,2',2",3,3',3"-hexaol, and [1,1":4',1"-terphenyl]-2,2',3,3",3",4"-
hexaol. The coupling of catechol monomer with formula mass 110 Da to form dimers
(218 Da) and trimers (326 Da) displays the expected characteristic pattern with a

consecutive weight loss of 2 Da per each new ring-carbon to ring-carbon bond.?’
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The species with m/z 249 in Figure 4.3 are assigned to a mixture of hexahydroxy-
biphenyls such as [1,1'-biphenyl]-2,2'3,3"',4,4'-hexaol, or any isomer such as those
displayed in Scheme 4.5 to exemplify a few of them. Their production implies the
combination of two semiquinone radicals from trihydroxybenzenes. Similarly, the
production of tetra- and penta-hydroxybenzenes precursors of their respective
semiquinone radicals results in the generation of [1,1'-biphenyl]-2,2',3,3'4,5,5',6,6'-
nonaol or [1,1'-biphenyl]-2,2',3,3',4,4',5,5',6-nonaol, the candidate products in Scheme
4.6 with m/z 297. The production of 2,2'3'5,5',6,6'-heptahydroxy-[1,1'-biphenyl]-3,4-
dione with m/z 311 is presented in Scheme 4.6 as the result of further oxidation of both
species with m/z 297. Finally, it is possible to compare the efficiency of the four different
solvents during the extraction procedure of oxidized films based on their increasing
polarities: chloroform (1.04 D) < isopropanol (1.56 D) < acetone (2.88 D) < acetonitrile
(3.93 D).* The hydroxyl group in isopropanol forms strong solvent solute interactions to
favorably dissolve the polyhydroxylated biphenyl and terphenyl products. In general, the
higher polarity solvents appear to be associated with an enhancement in the ion count of

carboxylic acids in Figure 4.3.
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Scheme 4.5. Proposed reactions producing tetrahydroxy-biphenyls and hexahydroxy-
terphenyls. The m/z values of species observed during ozonolysis at the air-solid interface
are given in blue font.
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Scheme 4.6. Proposed reactions producing hexa- and nona-hydroxy-biphenyls. The m/z
values of species observed during ozonolysis at the air-solid interface are given in blue
font.
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The lack of any major peak pairs in the FTIR spectra of oxidized films (Figure 4.2)

with comparable intensity in the 1050-1260 cm™! interval for C-O-C stretches, indicates
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that oxyphenylene products are not the dominant coupling products during the ozonolysis
of catechol at the air-solid interface.>® More specifically, the absorbance for peaks located
at ~1120 (a broad feature) and ~1220 ¢cm™, common features for two aromatic rings

bound to a common oxygen atom,*

is very low, which demonstrates that if
oxydiphenylenes are formed, they are much less abundant than biphenyl and triphenyl
products. The previous analysis assumed that the combination of semiquinone radicals
continuously produced during the reaction originates the products observed. However, a
similar conclusion could be driven by considering the attack of the reactive radical
species to abundant catechol molecules in the proximity of the solid film. Although
Figures 4.3 and 4.4 display data for 71 % relative humidity, the relative abundance of the
various products is generally enhanced as RH rises. Further studies are underway to

characterize this dependence.

4.4.3 Effect of RH on y,,

The loss of catechol and production of cis, cis-muconic acid during film oxidation under
variable RH is displayed in Figure 4.6 for an O3(g) mixing ratio of 24.5 ppmv between 0
and 90 % RH. The presence of water alters the rate of reaction at the air-solid interface in
agreement with related studies.?’ The normalized concentration of catechol to its initial
value [catechol]/[catechol]o is obtained from the change of the CD line relative to its
initial value CDy line in panel A of Figure 4.6. For this purpose, the loss of C(Ar)=C(Ar)

stretching of catechol at 1363 cm’!

is used to fit a 3-parameters exponential decay
equation [catechol] = [catechol], + a e Keatechol+03t ' \where g is the pre-exponential

constant and K¢grecnor+0, 18 the reaction rate constant.
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Figure 4.6B shows the relative growth of [cis,cis-muconic acid] at time 7 relative to its
final concentration [cis,cis-muconic acid]inf obtained from an extrapolation of the C=0

stretching at 1680 cm™ as t — o, CDinr line. The fitted curves in Figure 4.6B correspond
to 2-parameters exponential growth curves of the form [cis,ciss-muconic acid]/
[ cis,cis-muconic acid],, = 1 - e Fescismuconicacia® | where  the pseudo-first order rate
constant k. iuconicacia @nd [¢is cis-muconic acid]inr are the fitted parameters. Both

pseudo-first order rate constants, Kcqtecnoi+0, and k at variable RH are

cis,cis-muconic acid?®

available in Table S9 (Supporting Information).

Ctaechol
[Catecheol],
oo Q0 Q QO 9=
o v B ® ® o
1 1 1 1 1 1

[Cis,cis-muconic acid]
[Cis,cis-mucenic acid],
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o w & © N
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Time (min)
Figure 4.6. (A) Normalized loss of catechol (peak 2 in Figure 4.2) and (B) relative

production of cis,cis-muconic acid (peak 4 in Figure 4.2) over 3 hr exposure to 24.5

ppmv O3(g) at (blue squares) 0 %, (black open circles) 29 %, (pink triangles) 48 %, (teal
stars) 72 %, and (grey triangles) 90% RH.

The data in Figure 4.6, for [O3(g)] = 6 x 10'* molecules cm™ is within the low

concentration range that shows a linear dependence of the rate constant with [O3(g)] in
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the Langmuir-Hinshelwood mechanism.?> Therefore, in the presence of water, the
ozonolysis of catechol at the air-solid interface (Figure 4.6) follows a first order kinetic in
both ozone and catechol concentrations.*! A possible explanation for the enhanced
reaction rates observed in Figure 4.3A for higher RH is related the orientation of
catechol’s O-H groups toward the interface. These O-H groups provide sites for water
adsorption to the film that facilitates the attack to the vicinal Ci-C; bond resulting in the
production of cis, cis-muconic acid (Scheme 4.3). Similarly, the reaction forming the C=0
groups of cis,cis-muconic acid becomes more important with increasing RH (Figure
4.6B). For the two highest RH tested of 71 and 90 %, the production of cis,cis muconic
acid levels off after 1.5 hr, conditions under which other carboxylic acids such as
glyoxylic and maleic acids are observed by ESI MS analysis. Overall, these results imply
that water facilitates the formation of carboxylic acids during the heterogeneous
oxidation of catechol. Once formed, carboxylic acids can act as a source of protons for
acid catalysis, which reaches a converging maximum above a threshold of ~70 % RH.

The reactive uptake coefficient of Os3(g) by catechol, yg,, is calculated based on

equation 4.1:%
k
O3 03

and plotted in Figure 4.7. This equation accounts for the fraction of reactive collisions
relative to the total rate of collisions obtained from kinetic theory of gases. In equation

4.1, R=8.314 ] K'! mol'! is the gas constant, Vo,= 394 m s’ is the mean thermal velocity

of O3(g) at T = 298 K, kcatechol+03(s'1) are the measured values (Table S9), the partial
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pressure of ozone Py, (Pa) is known from UV absorption spectroscopy, the effective film
thickness 6 = 8.4 x 108 m is estimated for a uniform surface coverage of catechol (8.20 x
10! molecules) deposited over the IR-transparent crystal of area Sy = 1.32 x 10 m? , and
[catechol] = 1.217 x 10* molecules m™ based on catechol density of 1340 kg m> and

formula mass of 110.1 x 10~ kg mol™'.
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Figure 4.7. Reactive uptake coefficient of O3(g) by catechol thin film at variable RH.
Measured (black circle) in this study for 24.5 ppmv Os3(g) and (red square), in Ref. 2 for
4 ppmv Os(g), and (solid blue diamond) at the air-water interface in Ref. 7.

The large flow of O3(g) into the reactor favors a turbulent flow, which together with the
very small reaction probabilities measured (<107°) indicate that the diffusion of O3(g) to
the surface is not a limiting factor in this reactor. For comparison, Figure 4.7 also
includes reactive uptake coefficients estimated at the air-water interface'” (expressed as
RH = 100 %) and reported in the literature?® under similar conditions. Remarkably the
trends of both studies in Figure 4.7 (black circles and red squares) match closely each

other but their vertical scale is shifted an order of magnitude clearly reflecting a

difference in the calculation of yg,. For example, at 90 % RH the maximum yo_ = (7.49 +
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0.35) x 10% measured for 24.5 ppmv O3(g) in this study is 7.5-times smaller than the
value from Ref. 20 (5.6 x 107 for 4 ppm O3(g) at RH = 81 %), but only 2.7-times larger
than the one estimated at the air-water interface.!” In principle, this comparison suggests
a smaller upper limit for the uptake coefficient of ozone by catechol to be used for
modeling the behavior of the emissions from combustion and biomass burning under

humid conditions. However, considering that yo,should vary with [O3(g)] following a
Langmuir-Hinshelwood dependence from kigrechoi+0,, the reported discrepancy for
Yo,could simply reflect the ~6-times ratio in concentrations used in both studies. In order

to gain further insight about this system, future experimental work should aim to

determine the Langmuir Hinshelwood dependence of the reaction rate constant on

[03(2)].

4.5 Atmospheric Implications and Conclusions

This work shows how catechol, a model compound emitted during biomass burning
and combustion emissions, is used to study the heterogeneous processing of the
oxygenated fraction of aromatic hydrocarbons under variable RH. Similar chemical
processing is expected for other aromatic surfaces in contact with the atmosphere (e.g.,
urban films, aerosols, etc.). After primary oxidation of aromatic surfaces by HO", the
sequential production of 1-hydroxy- and 1,2-dihydroxy-substituted aromatics should
continue in a similar fashion to the one described in this work.

In this experimental system, ozone driven oxidation of catechol in the presence of
water vapor leads to the generation of o-semiquinone radicals and secondary oxidants,

including HO", HO>', and H>O», which further promote the aging of organic material.
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Similar processes could occur in atmospheric aerosols generated by combustion and
biomass burning. The products identified in this study demonstrate that heterogeneous
reactions can provide oxidants and radicals to the atmosphere.!” The competitive
production of polyhydroxylated biphenyls and terphenyls proceeds at the air-solid
interface together with the cleavage of the Ci-Cz bond of catechol by ozonolysis. The
absorptivity of model oxidized organic material representing these emissions becomes
pronounced at A > 290 nm. In addition, the gradual increase in absorptivity with
decreasing wavelength, when transitioning from the visible to the UV, directly resembles
the behavior of atmospheric brown carbon.***® The prompt oxidation of aromatic species
by abundant HO" generates polyphenols that are prone to undergo direct ozonolysis to
form carboxylic acids as a competitive aging mechanism at the air-solid interface in the
presence of water molecules. The products detected in this study are consistent with the
charge transfer complexes recently reported in water-extracted ambient particulate matter
collected in Athens, Georgia.*’ Even in dry desert environments (e.g. Mojave and Great
Basin Desert), where the range of RH is between ~15 % and ~72 % (comparable to the
global-mean RH = 77 %),* y, , Will depend strongly on humidity as described above.

For particles of surface 4 with a mean diameter of 100-nm covered by catechol
molecules, the reaction rate with [O3(g)] = 2.46 x 10'2 molecules cm™ relative to that

with[OH(g)] = 1.6 x 10° molecules cm™ is:*

(Y0,[03(9)] vo,A/4)/(YoulOH(g)] vouA/4) = 6.9 (Eq. 4.2)
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where room temperature is assumed, yo,= 7.49 x 10° for RH = 90 %, yon = 1 is

employed as an upper limit, and the mean thermal velocity of OH radicals is voy =
661 m s~1. Therefore, ozonolysis may be at least 7-times faster than the loss of catechol
by HO® during interfacial reactions. Moreover, the heterogeneous processing of
hydroxylated aromatics by this mechanism is expected to become important in the
absence of HO" during nighttime.

Overall, pollution plumes with tropospheric residence time of ~1 week against
deposition,® contribute to the oxidative aging of aromatics during transport. These aging
mechanisms produce low volatility species®! such as oxalic acid and low molecular
weight oxocarboxylic and unsaturated dicarboxylic acids found in SOA.% '! Monitoring
reactions occurring at surfaces contributes to enhance the understanding of key

heterogeneous processes,’> >

while contributing reaction mechanisms to explain
atmospheric observations. Heterogeneous reactions provide a connection between the
processing of combustion and biomass burning emissions and the ubiquitous generation

of brown carbon species™ resulting from pathways not yet considered in atmospheric

models.
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Table S1. Vibrational assignment for catechol film

Wavenumber (cm™') Intensity’ Assignment®
3450 S v(O-H)
3323 S v(O-H)
3051 m v(C-H)
1618, 1595 m, m v(C=C)
1512 S v(C=C)
1471 S v(C=C)
1363 S v(C=C)
1255 S 3(C-H)
1190 S 3(0-H)
1095 S 3(C-H)
1041 S 3(C-H)
918 w p(C-H)
849 m p(C-H)
769 s v(C=C)
741 s p(C-H)

? w = weak; m = medium; s = strong.
b

v = stretching; 6 = in plane bending; p = out of plane bending.

All assignments are based on theoretical and experimental studies. !
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Table S2. Vibrational assignments for oxidized film

Wavenumber (cm™') Intensity’ Assignment®

3393 m v(O-H)
3100 - 2500 w,b v(O-H)
1737 sh v(C=0)
1694 sh v(C=0)
1679 s v(C=0)
1632 w v(C=C)
1594 s v(C=C)
1520 w v(C=C)
1408 m 3(C=C)
1355,1315 m, m 8(C=C-H)
1262, 1197 S, S v(C-0)
1216 w 8(C=C-H)
1118 w v(C-0)
835 m p(C=C-H)

? w = weak; m = medium; s = strong; sh = shoulder; b = broad.
by = stretching; § = in plane bending; p = out of plane bending.
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Table S3. Vibrational assignment of cis, cis-muconic acid

Wavenumber (cm™') Intensity’ Assignment®

3300 - 2200 m, br
1680 S
1635 sh
1591 S
1408 m
1355,1316 m, m
1258, 1197 S, S
914 w

v(O-H)
v(C=0)
V(C=C)
V(C=C)
3(C=C)
3(C=C-H)
v(C-0)

p(O-H)

? w = weak; m = medium; s = strong; sh = shoulder; br = broad.

b

Assignments based on experimental results.

v = stretching; & = in plane bending; p = out of plane bending.
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Table S4. Vibrational assignment of maleic acid

Wavenumber (cm™') Intensity’ Assignment®

3059 m v(C-H)
3200 - 2100 m, b v(O-H)
1708 S v(C=0)
1637 w v(C=C)
1579 S v(C=C)
1461 m 5(C-O-H)
1436 m 8(C=C-H)
1264 S v(C-0)
1221 m d(C=C-H)
950 w v(C=C)
871 m p(C-H)

? w = weak; m = medium; s = strong; b = broad.
by = stretching; § = in plane bending; p = out of plane bending.
Assignments based on experimental and theoretical results.?
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Table S5. Vibrational assignment of glyoxylic acid.

Wavenumber (cm™')  Intensity’ Assignment®

3700-2250 vs, br v(O-H)

1727 Vs v(C=0)

1630 m vas(0-C-0)

1231 S v(C-0)  +
5(0-H)

1087, 1043 S, VS d(C-C-H)

? w = weak; m = medium; s = strong; br = broad.
b

Assignments based on experimental results.*

v = stretching; & = in plane bending; p = out of plane bending.
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Table S6. Vibrational assignment of oxalic acid

Wavenumber (cm™')  Intensity’ Assignment®

3458 vs v(O-H)

1684 Vs vas(O-C-0)

1251 Vs vs(C-0) +
§(0-C-0)

1133 m v(C-OH)

725 s 3(0-C-0)

? w = weak; m = medium; s = strong.
b

Assignments based on experimental results.*

v = stretching; & = in plane bending; p = out of plane bending.
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Table S7. Vibrational assignment of 1,2,3-trihydroxybenzene

Wavenumber (cm™') Intensity’ Assignment®

3375

3245

3056

1633

1622

1525

1488

1363

1290

1243

1190

1061

1004

847

830

764

805

S

v(O-H)
v(O-H)
v(C-H)
V(C=C)
V(C=C)
V(C=C)
3(C-O-H)
3(0-H)
3(C-O-H)
3(C-H)
3(C=C-H)
v(C=C)

p (C=C-H)
p (C=C-H)
p(C=C-0)
v(C=C)

p(=C-O-H)

? w = weak; m = medium; s = strong; sh = shoulder.
v = stretching; & = in plane bending; p = out of plane bending.

b

Assignments based on experimental and theoretical results.’
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Table S8. Vibrational assignment of 1,2,4-trihydroxybenzene

Wavenumber (cm™') Intensity’ Assignment®

3256

1622

1577

1514

1386

1300

839

790

S

m

sh

sh

v(O-H)
v(C=C)
v(C=C)
v(C=C)
5(0-H)
3(C-O-H)
3(C-O-H)

p(C-H)

? w = weak; m = medium; s = strong; sh = shoulder.
v = stretching; 6 = in plane bending; p = out of plane bending.

b

Assignments based on experimental and theoretical results.®
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Table S9. Pseudo-first order rate constants (k) and associated standard deviations (s) for

the decay of catechol and production of cis, cis-muconic acid at variable RH extracted
from the equations [catechol] = [catechol], + e Kecatechol+0s & apd

| cis, cis-muconic acid]/| cis, cis-muconic acid]. . = (1 — g eiseismuconicacid )

RH (%) Kcatechot+o; (5) cis,cis-muconic acid &™)
0 2.156 x 1078 1.958 x 10°1°
29 3.260 x 108 3.057 x 107
48 5471 x 10° 1.105 x 10
71 4.863 x 10 3.867 x 10
90 8.183 x 10 4.133 x 10
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Production of Carboxylic Acids, Quinones, and Polyphenols

Reproduced with permission from:

Elizabeth A. Pillar and Marcelo I. Guzman. Oxidation of Substituted Catechols at the
Air-Water Interface: Production of Carboxylic Acids, Quinones, and Polyphenols.
Environmental Science and Technology. 2017.
© 2017 American Chemical Society

DOI: 10.1021/acs.est. 7600232

Scheme 5.1 Synopsis TOC

166



5.1 Synopsis

Anthropogenic activities contribute benzene, toluene and anisole to the environment,
which in the atmosphere are converted into the respective phenols, cresols, and
methoxyphenols by fast gas-phase reaction with hydroxyl radicals (HO®). Further
processing of the latter species by HO® decreases their vapor pressure as a second
hydroxyl group is incorporated to accelerate their oxidative aging at interfaces and in
aqueous particles. This work shows how catechol, pyrogallol, 3-methylcatechol, 4-
methylcatechol, and 3-methoxycatechol —all proxies for oxygenated aromatics derived
from benzene, toluene and anisole— react at the air-water interface with increasing O3(g)
during 1. ~1 ps contact time and contrasts their potential for electron transfer and in situ
production of HO® using structure-activity relationships. A unifying mechanism is
provided to explain the oxidation of the five proxies, which includes the generation of
semiquinone radicals. Functionalization in the presence of HO® results in the formation of
polyphenols and hydroxylated quinones. Instead, fragmentation produces polyfunctional
low molecular weight carboxylic acids after oxidative cleavage of the aromatic bond with
two vicinal hydroxy groups to yield substituted cis,cis-muconic acids. The generation of
maleinaldehydic, maleic, pyruvic, glyoxylic, and oxalic acids confirms the potential of
oxy-aromatics to produce light-absorbing aqueous secondary organic aerosols (AqSOA)

in the troposphere.

5.2 Introduction
Chemical and physical processes resulting in the generation of secondary organic

aerosol (SOA) particles that scatter and absorb sunlight, and serve as ice and cloud
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condensation nuclei play an important role on Earth’s radiation fluxes.! Aromatic species
emitted to the atmosphere during fossil fuel combustion and biomass burning (e.g.,
wildfires) processes provide phenol precursors for SOA formation through competing
fragmentation and functionalization oxidation reactions.” Previous work has explored
the catalytic effect played by interfaces and the role of variable relative humidity (RH)
during the atmospheric oxidation of phenols, e.g., by O3(g) and hydroxyl radicals HO".>¢
A combination of analytical methods —infrared spectroscopy, mass spectrometry (MS),
and chromatography— employed in the laboratory revealed the importance of competitive
oxidation mechanisms.>> The production of several reactive oxygen species (ROS)
including the formation of semiquinone radicals has been demonstrated,”” suggesting
that aromatics provide a significant missing mechanism for the production of low-
volatility species found in aerosols.”®> Furthermore, the common products identified
during offline analysis of reactions lasting a few hours and in sifu studies under a few
microseconds contact time (tc), validated a flow-through ultra-fast interfacial oxidation
MS setup for inspecting reactions at the air-water interface.>”

Combustion and biomass burning emissions provide the two main aromatic species to
the atmosphere that total 5.6 and 6.9 Tg C y' of benzene and toluene, respectively.” It
was previously explained that the oxidative processing of benzene by hydroxyl radicals
(HO") consecutively yields phenol (reaction R1, Scheme 5.2) and dihydroxybenzenes
such as catechol (reaction R2) with gas phase rate constants kri.penzene+no* = 1.2 X 1072
cm® molec™ s7.° and krz.phenol+nos = 2.7 x 107" cm® molec™ s™,” respectively.>> The
aromatic structures and names, the ring functionalization reactions (e.g., numbered as

reaction R1, R2, etc.), the products formed and their m/z values are introduced in Scheme
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5.2 and Tables S1 and S2 (Supporting Information). By analogy to the reactivity
observed for benzene, reactions R1 and R2 also comprehend that toluene (kgy.toluene+Ho"
= 5.6 x 102 cm® molec™ s')® can generate methylphenols (p-, m-, and o-cresols) and
-1)10

dihydroxytoluenes (€.2., kgy.-methyiphenotrtior = 4-3 X 107" em® molec™ s™)' such as 3- or

4-methylcatechol, respectively. In addition, by consecutive hydrogen abstractions from
the —CH3 group of toluene, reactions R3a and R3b show that benzaldehyde and benzoic
acid can be produced. In general phenols and dihydroxybenzenes'! with methoxy (-
OCH3;), methyl (—~CHz3), carbonyl (C=0), and carboxylic acid (—-COOH) substituents
groups (-R) are ubiquitous aromatic species in the atmosphere, as proved from the

analysis of cloud water that has scavenged combustion and biomass burning emissions.!?

The surfactant properties'>!4

of these polyfunctional phenols makes them especially
susceptible to undergo oxidations as they accommodate at the air-water interface or

partition into aqueous particles (reaction R4).2"
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Scheme 5.2. Proposed sequential oxidation mechanisms of (black bold font) benzene,
(blue bold font) toluene, and (red bold font) anisole in the (purple font and reactions)
gas-phase by hydroxyl radicals, which continue at the (green font and reactions) air-water
interface and in aqueous particles after partitioning of the corresponding substituted
catechols. The names of the products are color coded to the corresponding precursors.
Complete lists of produced polyphenols and their corresponding quinones redox pair are
available in Tables S1 and S2 (Supporting Information) with the observed m/z values.

R R, R,
H H OH OH
R1 _ H R2 = H
Ry H OH Ry H OH Ry OH
o Gas Phasge H Gas Phase H

benzene: R, =-H
toluene: R; = -CH;, Ry =-H
anisole: R; =-0OCH;, Ry =-H

phenol: R, , =-H

o-cresol: Ry =-CH;, R, =-H
p-cresol: Ry =-CH;. R, =-H
guaicol: Ry =-0OCH;3. Ry =-H

catechol: R, , =-H
3-methylcatechol: R; =-CH;, R; =-H
4-methylcatechol: R, =-CH;. Ry =-H

OH 3-methoxycatechol: Ry =-OCH;3, Ry =-H
R3a| =
Gas Phage R
Aar/Water
CHO COOH Interface
R3b
—_— R, @®- Ry on
OH OH B H
Gas Phase H R5a
benzaldehyde benzoic acid -~
Ry OH / \ Ry OH
i / \ H
+ { (o H;Q
R5b|-H | b
| R6a
| -
Ry H Ry O, + R
H o R7 or RS " e
- R6b o o
- + 0 - 0s
R, o Yy ) Ry OH
o H;Q HQ H WLR% R; OH
HQ H
O, + 0O HQ
- FhO T]{l 1 R9b
|:( Sforthe r'm‘e\ H' or HO® SH o
Ry \ R=H ) H Ri l ‘OH
H OH  RI2 OH J R10
“_’T + 3 more structures -
‘(. Ry OH
H OH HO, O " H oH
OH | |
pyrogallol: R, =-H
4-methylpyrogallol: R; = -CHj
4-methoxypyrogallol: R; =-OCH;
R1 'ill)'OH__ 2) 05, 3) - HO,
R R, OH
HO OH R14 HO OH RIS Ho OH
u on 1) OH.2)0, 3)-HO} HO 1)OH.2)0,,3)-HO} g o
OH OH OH
benzenehexol

pentahydroxybenzene: R; =-H
pentahydroxytoluene: R; =-CH;j
pentahydroxyanisole: Ry = -OCHj

tetrahydroxybenzene: Ry = -H
4-methyl-5-hydroxypyrogallol: R; =-CH;
4-methoxy-5-hydroxypyrogallol: R; =-OCH;

“Names in bold colored fonts match precursors and products.
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In this work, the interfacial oxidation of a series of substituted catechols found in the
environment is contrasted to understand their reactivity and potential for electron transfer
during ultrafast contact (7. ~ 1 us) and detection (za ~ 1 ms) times.> '31¢ Electron density
donating substituents of the aromatic ring alter the reactivity of each molecule relative to
catechol. Mass spectral data confirms the interfacial production of short lived species can
proceed through two pathways: 1) functionalization of the aromatic ring by hydroxylation
and 2) fragmentation of the aromatic ring and intermediates by ozone O3(g) driven
oxidative cleavage.’® The first pathway implies that semiquinone radicals are formed en
route to more hydroxylated aromatic and quinone products. In the alternate pathway, the
fragmentation of unsaturated C=C bonds provides polyfunctional low molecular weight

carboxylic acids®>? widely found in tropospheric aerosols.!’

5.3 Experimental Section

5.3.1 Sample Preparation

Solutions of catechol (Sigma-Aldrich, 99.9%), pyrogallol (Acros, 99.7%), 3-
methylcatechol (TCI, 99.8%), 3-methoxycatechol (Aldrich, 99.7%), and 4-
methylcatechol (Acros, 97.6%) were freshly prepared in degassed ultrapure water (18.2
MQ cm, FElga Purelab flex, Veolia) and infused into a calibrated ESI-MS (Thermo
Scientific, MSQ Plus) operating in the negative ionization mode. Stock solutions of ca.
5.00 mM were diluted to 100.0 uM final concentration after adjusting the pH with 0.01 M
NaOH (Fisher, 99.3%) as measured with a calibrated pH-meter (Mettler Toledo). Figures
report the percent normalized anion count (/) at specific mass-to-charge (m/z) ratios for

experiments at pH 7.80. While the oxidations were explored in the atmospheric relevant
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pH range 5-10, reporting the results at pH 7.8 provides an example case that demonstrates
the complexity of all the chemistry observed. Anthropogenic biomass burning emissions
from agricultural practices often coincide with increased ammonia (NH3) emissions from

livestock and fertilizers, '8

what explains why fine particulate matter around agricultural
regions can be predominately alkaline.?>?3 For example, in most of the Midwest Region
and the Pacific coast of the United States, where agriculture is a primary economic
activity, NHz emissions are estimated to be sufficient to neutralize all acidic
components.?! Thus, even fine aerosols can be neutral or slightly basic, which indicates
the experiments reported are of atmospheric relevance. All experiments are performed by
duplicate.

5.3.2 Oxidation of Substituted Catechols

The ESI-MS flow through reactor to investigate ultrafast oxidations at the air-water
interface has been described in depth.!>'® The 100 uM aqueous solution of the selected
substituted catechol undergoes pneumatically assisted aerosolization to form a fine mist
of micrometer size droplets at ambient pressure. A spark discharge generator (Ozone
Solutions) acting over a 0.5 L min! flow of Ox(g) (Scott-Gross, UHP) produces Os(g),
which is quantified in a 10-cm path length cuvette (Starna cell) by UV absorption
spectrophotometry (Evolution Array UV-Visible Spectrophotometer, Thermo Scientific)
after dilution with 0.0-5.0 L min! Na(g) (Scott Gross, UHP) in a flow-through
borosilicate chamber (3.785 L capacity).?* In the final stage, O3(g) is diluted 61-times
with the Na(g) nebulizing gas (12.0 L min'). The interface of the microdroplets
containing substituted catechols encounters a 0.2 L min™' flow of 0 ppbv < [O3(g)] < 3

15-16

ppmv during a few microseconds. If oxidized species are produced, they are observed
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as anions by mass spectrometer at specific m/z values (reported in the text, figures and
schemes) in less than 1 ms after their formation.">!® The experimental conditions
employed were the same used during the previous study with catechol and
trihydroxybenzenes:> Nebulizer pressure, 70 psi; nebulizer voltage, -1.9 kV; cone
voltage, -50 V; and drying gas temperature, 250 °C. Reported 7, values correspond to
solvent background subtracted raw data acquired at fixed time intervals (e.g., time > 30
s).

The conversion of terephthalic acid (Acros, 99.0%) to 2-hydroxyterephthalic acid (TCI,
98.3%) with a rate constant Kierephthalic acia+no” = 4 X 10° M s™ was used for in situ
quantification of HO" at the air-water interface.?® The reaction of 100 uM 1) pyrogallol,
2) 4-methylcatechol, 3) 3-methylcatechol, and 4) 3-methoxycatechol with 2.7 ppmv
O3(g) was studied at pH 7.8 in the presence of 5 uM terephthalic acid. The characteristic
product peak at m/z 181 for 2-hydroxyterephthalic acid was used to quantify the
production of HO® by standard addition after subtracting the background produced during

controls under 1 atm N»(g).

5.4 Results and Discussion

5.4.1 Reactions of Substituted Catechols at the Air-Water Interface

The interfacial oxidation of 100 uM substituted catechols was examined in the absence
of O3(g) or in its presence for mixing ratios of 0.223, 0.989, 1.760, and 2.420 ppm. For
example, Figure 5.1 shows ESI mass spectra of aerosolized aqueous solutions of (top)
pyrogallol and (bottom) 3-methoxycatechol at pH 7.8 impinged by a flow of 0.2 L min’!

of 0 ppb, 223 ppb, and 2.42 ppm Os3(g). Both traces in the absence of O3(g) display the
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anions of pyrogallol (m/z 125) and methoxycatechol (m/z 139). For comparison,
experiments with catechol (m/z 109) have been studied in detail.? The direct oxidation of
catechol by O3(g) has been shown to produce: glyoxylic acid (m/z 73), oxalic acid (m/z
89), maleinaldehydic acid (m/z 99), 5-oxo0-3-pentenoic acid (m/z 113), maleic acid (m/z
115), 3-hydroxy-o-quinone or 4-hydroxy-o-quinone (m/z 123), 1,2,3- and 1,2,4-
tryhydroxybenzenes (m/z 125), glutaconic acid (m/z 129), 3,4-dihydroxy-o-quinone or
3,6-dihydroxy-o-quinone (m/z 139), cis,cis-muconic acid, 1,2,3,4- and 1,2,4,5-
tetrahydroxybenzene (m/z 141), 3,4,5-trihydroxy-o-quinone and 3,4,6-trihydroxy-o-

quinone (m/z 155), pentahydroxybenzene (m/z 157), and benzenehexol (m/z 173).2
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Figure 5.1. Spectra of ESI-MS of 100 uM solutions of (top) pyrogallol and (bottom) 3-
methoxycatechol at pH 7.8 exposed to a 0.200 L min™!' flow of (purple trace) 1 atm Na(g),
(blue trace) 223 ppb Os3(g), and (yellow trace) 2.42 ppm O3(g). lon count values are

normalized percentages relative to the most intense peak in each mass spectra, /125 for
pyrogallol and /139 for 3-methoxycatechol.

Following the oxidation channels exhibited by catechol, it is possible to assign the

products for pyrogallol in Figure 5.1 to also be oxalic acid (m/z 89), maleinaldehydic acid
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(m/z 99), 5-oxo0-3-pentenoic acid (m/z 113), 3- and 4-hydroxy-o-quinones (m/z 123), 3,4-
dihydroxy-o-quinone (m/z 139), 1,2,34-tetrahydroxybenzenes and 2-hydroxy-cis,cis-
muconic acid (both m/z 141), 3,4,5-trihydroxy-o-quinone (m/z 155), and
pentahydroxybenzene (m/z 157). Similarly, Figure 5.1 shows that 3-methoxycatechol
(m/z 139) is oxidized to give the hydroxylated products 4-methoxypyrogallol or 3-
methoxy-4-hydroxycatechol (m/z 155) and their corresponding quinone pairs, e.g., 3-
methoxy-6-hydroxy-o-quinone and 3-methoxy-4-hydroxy-o-quinone (m/z 153); 4-
methoxy-5-hydroxy-pyrogallol or 3-methoxy-4,5-dihydroxycatechol (m/z 171) and their
corresponding quinones pairs, e.g., 3-methoxy-4,6-dihydroxy-o-quinone and 3-methoxy-
4,5-dihydroxy-o-quinone (m/z 169); 4-methoxy-5,6-dihydroxy-pyrogallol (m/z 187) and
its corresponding 3-methoxy-4,5,6-trihydroxy-o-quinone (m/z 185). When comparing the
pairs at m/z 155 and 153, m/z 171 and 169, and m/z 187 and 185, for oxidized 3-
methoxycatechol (Figure 5.1), it is obvious that the peak for the dihydroxylated product
of 3-methoxycatechol at m/z 171 largely exceeds the expected value from correlation to
the peak at m/z 169. For these quinone/hydroquinone pairs (signals separated by 2 amu),
it is obvious that the peak at m/z 171 displays a large contribution of other species, which
is 2-methoxymuconic acid, the major product from aromatic ring cleavage.

Figure 5.2 displays the ESI mass spectra for aerosolized solutions of (top) 3-
methylcatechol and (bottom) 4-methylcatechol under the same conditions listed for
Figure 5.1. Both traces in the absence of O3(g) display the anion for methylcatechol (m/z
123) and a small peak for its dihydrate (m/z 159), a feature also exhibited by catechol.
Some of the products observed during the oxidation of both methylcatechols are oxalic

acid (m/z 89); maleinaldehydic acid (m/z 99); 4-methyl-o-quinone (m/z 121) (no 3-
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methyl-o-quinone is registered probably due to steric impediments); 3-methyl-4-hydroxy-
and 3-hydroxy-4-methyl- and 4-methyl-5-hydroxy-o-quinone (m/z 137); 3-methyl-4-
hydroxy-catechol, 4-methylpyrogallol and 4-methyl-5-hydroxy-catechol (m/z 139); 3-
methyl-4,5-dihydroxy- and 3,5-dihydroxy-4-methyl-o-quinone (m/z 153); 2-methyl-
cis,cis-muconic acid (m/z 155); 3-methyl-4,5-dihydroxy- and 3,5-dihydroxy-4-methyl-
catechols (m/z 155); 4-methyl-3,5,6-trihydroxy-o-quinone (m/z 171); and 3-methyl-4,5,6-

trihydroxy- and 3,5,6-trihydroxy-4-methyl-catechols (m/z 173).
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Figure 5.2. Spectra of ESI-MS of 100 uM solutions of (top) 3-methylcatechol and
(bottom) 4-methylcatechol at pH 7.8 exposed to a 0.200 L min™! flow of (purple trace) 1
atm Na(g), (blue trace) 223 ppb O3(g), and (yellow trace) 2.42 ppm Os3(g). Ion count

values are normalized percentages relative to /123, the most intense peak in each mass
spectrum.

Figure 5.3 gathers information from experiments with increasing [O3(g)] displaying the

exponential drop of I.- for pyrogallol, 3-methylcatechol, 4-methylcatechol, and 3-
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methoxycatechol. In agreement with previous work with catechol,? the information in
Figure 5.3 suggests the first-order reaction on [Os] for all the substituted catechols
studied takes place within 1. = 1 us. Indeed, the reaction with O3(g) molecules occurs at
the outermost layers of the interface of a few nanometers thickness without diffusion

limitations while replenishment of the organic molecule from the core is facilitated.? !¢

1.6
20 @.—= Pyrogallol (m/z 125)
N -~ ‘\\ - 1.4
15 %X mzs ~/ ~o
) ¢ mzi23 S ~ ©
= S N F1.2 ©
T 40 A miz139 / ~ 9 . <
¥ H miz141 ,/ S ~. i
- v  miz 155 / W= ~__&[ 1.0 =
054 % mz1s57 o b She
/f//:, ,,,,, & :>:E§ - 0.8
] Cllcccccs=dk=======F======
0.0 . ¥ : : : : I
1.0 7 @—=> 3-Methylcatechol (m/z 123) 12
N —— - 1.
081 % mzoo \ ///.’ -
S ped A mz17 \\ e ~o - 1.0 e
= B miz139 N2 e S <
E 044 ¥ mzi153 s :&’/ ‘L‘_____\_. - 0.8 E
= * miz155 ST N P -~
024 ® mz13 pis et bt =1 ol § 0.6
pi =TT VA 4_::: =
0.0 1 W= oo X $|oa
4 1 T T T T T T
@ —> 4-Methylcatechol (m/z 123) - 3.0
® miz99 N -
31 ¢ mzx N e TmL L 25
b A miz137 o
< 24 B mz13® =
E v miz153 b
-~ % miz 155 -~
11 miz 171
® miz173
0 -
8 -
641 A miz1s53 e ——— -
B B miz155 N //’":t‘x\\ —k—— ey
T 4 v mzies . T~ 06 T
__g * miz171 Ve S~ o . = K
2 miz185 | /T Atos
® miz187 /. _ T -
‘/f [ T —— ===,
o4 @2 g=—" .
T T T L] 4 T T
0 1 2

Mixing ratio of O,(g) (ppm)

Figure 5.3. Ton count, [,:, of pyrogallol (m/z 125), 3-methylcatechol (m/z 123), 4-
methylcatechol (m/z 123), 3-methoxycatechol (m/z 139), and the respective oxidation
products from exposing aerosolized solutions of each compound to increasing mixing
ratios of O3(g). Dashed lines connecting points are meant to guide the eye and do not
represent curve fittings.
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5.4.2 Electron and Proton Transfers
The speciation of the substituted catechols in Figures 5.1 and 5.2 can be calculated

using both pKa1 and pKa» for these weak diprotic species (H2Q) and its intermediate form

(HQ):
H>Q 2 HQ + H', pKai, (Eq. 5.1)
HQ 2 HQ* + H, pKa (Eq. 5.2)

While this information is available for catechol and pyrogallol,? the instability of this
class of compounds precludes access to experimental values of the other acid dissociation
constants. However, theoretical methods capable of accurately predicting pKa1 and pKa
values have been developed.’®?® Thus, Table 5.1 combines the experimental and
theoretical values for pKa1 and pKa2, which can be used to solve the speciation of the H>Q
species vs pH. For example, at working pH 7.8, the fractions of fully associated
catechols, ay,q = 0.95, and its intermediate monoprotic acid, ayq- < 0.05, are reported
in Table 5.1. Clearly, the diprotic catechols are the dominant species available for the

oxidations displayed in Figures 5.1 and 5.2.
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Table 5.1.

Name MW.  pKu  pKa ay,q’ auq-? Em,q+p AE AG®
(amu) vy (V)" (kI moly
Catechol 110.11  9.34* 12,60 0.972 0.028 0.53 048  -46.31

Pyrogallol 126.11 9.12 11.19 0954 0.046 047°¢ 0.54 -52.10

4-Methyl 124.14  9.59° 12.69° 0983 0.017 0.42° 0.59 -56.93
catechol
3-Methyl 124.14  9.59° 12.66° 0984 0.016 0.42° 0.59 -56.93
catechol

3-Methoxy 140.14  9.59¢ 12.69¢ 0.984 0.016 0.33° 0.68 -65.61

catechol

26,29 b 27-28 ¢

“Experimental values, predicted using ChemAxon, calculated using linear free
energy relationships,?® 3 3! 9at working pH 7.8, “for the diprotic form H»Q, ‘at pH 7.0,
gaccounting the equivalent -OH groups in carbons 1 and 3, "AE = Eo,j03- — En,q+/m,q0

and Ey, jo;- = 1.01 V.2 8AG°=-n F AE.

Under the oxidizing experimental conditions, the substituted catechols and/or their
products can act as two-electron reductants, getting converted into the corresponding
quinones by two coexisting pathways. The first pathway proceeds through initial electron
transfer from the more abundant undissociated catechols to O; (reaction R5a). This
electron transfer pathways is supported by the dominant fractions in equilibrium at pH
7.8, ap,q = 0.95 (Table 5.1), which continues by a fast proton transfer (reaction R5b).

Reactions R5a + R5b are equivalent to the net loss of a hydrogen atom. However, direct
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hydrogen atom transfer should be unfavorable in these molecular ensembles as
exemplified by the ~10-times larger hydrogen bond dissociation energies, calculated
from data in dimethylsulfoxide,* than the thermal energy available for the system. The
second mechanism involves initial dissociation of the diprotic catechols followed by
electron transfer (reactions R6a + R6b), which is less likely to be the dominant process
given ayq- < 0.05 (Table 5.1). The equilibrium constant for reaction R6a corresponds to
the first acid dissociation constant, K,1. The self-reaction of two semiquinone radicals
(HQ") via reaction R7 finally produces a quinone (Q) while regenerating a substituted
catechol: 2 HQ" — Q + HxQ. Analogously, the cross-reaction between two different
semiquinone radicals also generates a quinone: HQj + HQj — Q; + H;Q; (reaction R8).
The electron donating capacity of the substituents and their position relative to the -OH
groups should be considered together with molecular specific properties (e.g., redox
potentials and first and second proton dissociation constants) to understand why reactions
R5a + R5b are favored herein. Table 5.1 also lists the 1 electron redox potentials of the
semiquione radical cation (HQ™) and undissociated substituted catechol pairs, Eyq-+ JH,Q>
which except for catechol reported at pH 7°' are predicted using structure-activity
relationships derived from computational methods.>* The linear dependence of the redox
potentials vs the normal hydrogen electrode (NHE) on the sum of the Hammett

substituents parameters (c) available in the literature is given by equation 3:3°
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Table 5.1 reports the positive AE = Eg, 03~ — En,q*+/m,q for electron transfer (reaction
R5a) between the substituted catechols and dissolved O3 (Ep, 03~ = 1.01V). The AE

values correspond to thermodynamically favorable processes as indicated in Table 5.1 by
the calculated AG® = -nFAE, where n = 1 and F = 96.485 kJ mol! V! is the Faraday
constant. From the increasing AE values in Table 5.1, it is observed that electron transfer
occurs more easily following the trend catechol < pyrogallol < 4-methylcatechol = 3-

methylcatechol < 3-methoxycatechol. In other words, the decreasing Ey,q+/m,q

observed with these electron donating groups favors electron transfer from HxQ to O
(reaction R5a). The directly generated semiquinone radicals H,Q't (pKai ~ -1)*
promptly release a proton (reaction R5b), while the ozonide radical anion O3~ from
reaction R5a coexists in equilibrium R9a with very basic O° ~ (pKa = 11.8).>* Therefore,
for environmentally relevant atmospheric waters and other aqueous systems (pH < 10)
and in present experiments, O is quickly converted into HO" (equilibrium RO9b). In
consequence, this work also provides an opportunity to understand how HO® continues
the oxidation of substituted catechols at the air-water interface, in aqueous aerosols, and
other relevant water media.

5.4.3 Reactions of the Substituted Catechols with HO®

In addition to reactions R7 and RS, the semiquinone radicals can also be produced by
the attack of HO® to the catechols (reaction R10) that generates resonance stabilized
cyclohexadienyl radicals capable of undergoing fast acid or base catalyzed elimination of
water (reaction R11). For instance, reaction R10 for unsubstituted catechol proceeds at
pH 9 with a large rate constant Kyg 4catechol = 1.1 X 101% M~157135 The rate constant

for the aqueous reaction of pyrogallol, 3-methoxycatechol, 3- and 4-methylcatechol with
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HO" should be larger than for catechol due to the presence of electron donating groups.®
For example, the reaction rates constants for 3-methylcatechol and 4-methylcatechol with
HO" (available in the gas phase) are 1.9 and 1.5 times larger than for catechol.’’
Comparable oxidation conditions are supported by experiments under fixed 100 uM
concentration for each substituted catechol at pH 7.8 reacting with 2.7 ppmv O3(g), which
constrain the produced [HO Jinterface = 1.1 (£ 0.3) 10'3 radicals cm™. Thus, the attack of
HO' to the activated rings should also be expected to be > 2 x 10* times larger than for
the corresponding reaction with O3 (ko,+catechol = 5.2 X 10° M~1s™% at pH 7). Once
HO" is produced, it can also directly abstract a hydrogen atom from H2Q to form HQ".
Under typical atmospheric conditions, the competitive fate of the cyclohexadienyl
radicals is fast O, addition®* forming a peroxy radical that decomposes into a
hydroxylated product releasing hydroperoxyl radical (HO3) by reaction R12.* Thus,
reaction R12 represents the formation of pyrogallol (m/z 125) from catechol; 3-methyl-4-
hydroxycatechol, 4-methylpyrogallol, and 4-methyl-5-hydroxycatechol (all m/z 139)
from 3- and 4-methylcatechol; and 4-methoxypyrogallol and 3-methoxy-4-
hydroxycatechol (both with m/z 155) from anisole. It is particularly interesting to
compare the relative ion count for the first hydroxylated products (m/z 139) of both
methylcatechols studied. The fact that /139 for 4-methylcatechol is about twice larger than
for 3-methylcatechol in experiments with 2.42 ppmv O3 (Figure 5.2), and that their ay, q,

anq-, and Ey,q+/n,q (Table 5.1) are practically identical (Table 5.1) for both species,

suggests that the efficiency for electron transfer must not be the cause for this

discrepancy. Indeed, the presence of a vicinal —CHj3 causes steric hindrance that could
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decrease the reactivity of 3-methylcatechol relative to 4-methylcatechol for this electron
transfer initiated processes.

The quick production of HQ" and HO" is also reflected in Figure 5.3 showing the
profiles of each species for increasing [O3(g)]. For example, the top panel of Figure 5.3
shows how pyrogallol (m/z 125) generates a large production of 1) 3- and 4-hydroxy-o-
quinones (m/z 123) likely from self-reaction R7 and 2) tetrahydroxybenzenes (m/z 141)
via the sequence represented by reaction R13. Reaction R7 can also be invoked for the
considerable production of 4-methyl-o-quinone (m/z 121) from 4-methylcatechol in
Figure 5.3. Interestingly, reaction R7 is not observed in the cases of 3-methylcatechol and
3-methoxycatechol, showing the steric hindrance introduced by —CH3 and —OCH3 groups
in position 3 (next to the bond with both —OH groups). In addition, reaction R13 also
explains the large production of 1) 3-methyl-4,5-dihydroxycatechol and 4-methyl-3,5-
dihydroxycatechol (both m/z 155) from 3-methyl-4-hydroxycatechol, 4-methylpyrogallol,
and 4-methyl-5-hydroxycatechol; and 2) 4-methoxy-5-hydroxypyrogallol and 3-methoxy-
4,5-dihydroxycatechol (both m/z 171) from 4-methoxypyrogallol and 3-methoxy-4-
hydroxycatechol (both m/z 155). Alternatively, another very likely mechanism for
incorporation of —OH to the catechols (not displayed in Scheme 5.2) is the direct reaction
with Oj at positions 3 and 6 that eliminates O2('A). 414

In general, the maximum 7, values for the products from the first electrophilic addition
of HO" to the substituted catechols via reaction R13 dominates the composition of
products (see blue squares in Figure 5.3). However, pyrogallol is an exception due to its
extraordinarily ability to form 3- and 4-hydroxy-o-quinones (m/z 123). For increasing

[03(2)], In- of the monohydroxylated products starts to decay, indicating further
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oxidation occurs. Interestingly, /171 for 3-methoxycatechol (see teal stars in Figure 5.3)
keeps growing instead of decaying for higher [O3(g)]. This anomaly clearly indicates that
2-methoxymuconic acid originated from oxidative cleavage of the aromatic ring
contributes further to the peak intensity than the isomeric second hydroxylation product
of 3-methoxycatechol. Otherwise, less intense growing patterns are observed from
reactions R13 and R14 for 7, of the respective second and third hydroxylation products
(see teal stars in Figure 5.3). Reaction R14 represents a third generation product with a
new —-OH group added to 1) tetrahydroxybenzenes (m/z 141) to form
pentrahydroxybenzene (m/z 157), 2) 3-methyl-4,5-dihydroxycatechol and 4-methyl-3,5-
dihydroxycatechol (both m/z 155) to form 3-methyl-4,5,6-trihydroxycatechol and 4-
methyl-3,5,6-trihydroxycatechol (both m/z 171), and 3) 4-methoxy-5-hydroxypyrogallol
and 3-methoxy-4,5-dihydroxycatechol (both m/z 171) to form 4-methoxy-5,6-
dihydroxypyrogallol (m/z 187). The conversion pentahydroxybenzene into benzenehexol
(reaction R15) represents a fourth generation aqueous product from catechol (Table S1,
Supporting Information).?

The reactions for the production of all the quinones experimentally observed in Figures
5.1 and 5.2 can be explained to proceed analogously to self-reaction R7 and/or cross-
reaction R8. An alternate pathway for their production is the elimination of H>O» after O3
attack to vacant positions 3 and 4 of the substituted catechols.” These complex reactions
likely proceed through a cyclic ozonide intermediate.*® The structures for the quinones
named above for m/z 121, 123, 137, 139, 153, 155, 169, and 171 are provided in Table S1

(Supporting Information) together with the corresponding precursors. Figure 5.3 shows
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the profiles of these quinones are slightly less intense than the corresponding H>Q species
2 amu heavier but generally resemble each other’s behavior with increasing [O3(g)].

5.4.4 Oxidative Cleavage of Substituted Catechols

While the substituted catechols react at the air-water interface generating a distribution
of products dominated by the functionalized aromatic rings described in Scheme 5.2,
fragmentation of the bond between C; and C, by electrophilic Oz generates
polyfunctional carboxylic acids. The small ion count for the representative fragmentation
products with m/z 89 and 99 included in Figure 5.3 is expected because these secondary
oxidation products cannot accumulate during the short 1. in the setup.'® The detailed
analysis explaining the mechanism of reaction for catechol? should also be applicable to
its substituted counterparts. Catechol, pyrogallol, both methylcatechols, and 3-
methoxycatechol undergo a series of oxidative fragmentations summarized in Scheme 5.3
to yield muconic acid (m/z 141), 2-hydroxymuconic acid (m/z 157), 2- and 3-
methylmuconic acid (m/z 155), and 2-methoxymuconic acid (m/z 171), respectively.

The produced substituted muconic acids result from an ozonide that is sequentially
converted into a Criegee intermediate, and a hydroperoxide that also releases H»0,.?
Scheme 5.3 also shows that further fragmentation by O3z and in situ generated H>O>
produces glyoxylic (m/z 73), crotonic (m/z 85), pyruvic (m/z 87), 3-oxopropanoic (m/z
87), oxalic (m/z 89), maleinaldehydic (m/z 99), 4-hydroxy-2-butenoic (m/z 101), 5-0xo0-3-
pentenoic (m/z 113), maleic (m/z 115), and glutaconic (m/z 129).2 While the majority of
the compounds (e.g., glyoxylic and oxalic acids) could be originated from all the
catechols, the color coding in Scheme 5.3 clearly indicates that pyruvic acid only arises

from the oxidation of the methylcatechols. Thus, together with the pathways from
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isoprene photooxidation,?> 4} the oxidative channel for the oxidation of methylated
aromatics such as toluene producing cresols (reactions R1 and R2) is responsible for the
production of this important tropospheric compound.

The common oxidative fate of the low molecular weight carboxylic acids is to continue
getting oxidized en route to form CO, CO,, oxalic acid and formic acid. Interestingly,
glyoxylic acid was the most abundant product during the oxidation of catechol at the air-
water interface lasting tc ~ 1 us.? Glyoxylic acid can be oxidized to form oxalic acid (m/z
89),2 but photooxidation in water yield CO, CO», formic acid, glyoxal, and a small
amount of tartaric acid.?® Both pyruvic and glyoxylic acid also yield these common
products by Baeyer—Villiger (BV) oxidation in the presence of in situ generated H,0,.% In
addition, a comparison of the reactivity of both methylcatechols shows that the —CH3
group in position 3 creates an electron richer vicinal carbon-carbon bond with —OH
groups and enhances fragmentation by electrophilic Os;. The previous fact can be
visualized in Figure 5.2 as well as by the brown crosses for m/z 99 in the center panel of
Figure 5.3. Consequently, a slight increase in the number of low molecular weight
carboxylic acids is observed for 3-methylcatechol relative to 4-methylcatechol. Finally, it
is possible to consider the attack of HO" to the substituted catechols followed by the
addition of Oz to form an endoperoxide that will add a second Oz. The peroxide formed
can decompose contributing quinones and mainly low molecular weight carbonyls and
carboxylic acids. For example, the production of glyoxal, glyoxylic acid, oxalic acid,
methylglyoxal, and pyruvic acid from both methylcatechols can proceed through this

channel.
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Scheme 5.3. Products and Observed m/z Values from Substituted Catechols Oxidation by
O3 and H>0; Following the Mechanisms from Ref. 2.4

catechol: B+ = -H (m/z 109)

pyrogallol: By = -OH, R4 = -H (m/z 123)
3-methyleatechol: R, = -CH;, R, =-H (m/z 113)
4-methyleatechol: B, = -CH_,,, BEy=-H{mz1213)
J-methoxycatechol: By = -OCH;. R, = -H (m/z 139}

O3
H,0 + H,0,

By

R:#coon
=, JCOO0H
mucenic acid: Ry 5 = -H (m/z 141)
I-hydroxymuconic acid: B = -OH, R, =-H (m/z 137}
-methylmuconic acid: B, = -CH;, B, =-H {m/z 133}
A-methylmuconic acid: B, =-CH;. F) = -H (m/z 133)

I-methoxymuconic acid: B, = -0CH;, R, =-H (m/z 171)

0y
H.04
HO
Q 0OH O OH
H 0 ! o HO é}
glyoxylic acid pyruvie acid ﬂ":allc acui
miz 73 mi= BT miz

0 0
MOH of\vJLraH UOH

crotonic acid 3-oxopropanoic acid maleinaldelydic acid)
miz 85 mi'z 87 miz 99

COOH COOH
QCDGH c ﬁmm{

CODH COOH
4-hydroxy-2- 5 o'w 2-

butenoic acid pentenoic acid maleic acid glutaconic acd
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“Names in bold colored fonts match precursors and products.
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5.4.5 Implications

This laboratory study contributes to characterizing the evolution of combustion and
biomass burning emissions, an important subject to understand how the surface of
carbonaceous materials is affected during interfacial oxidations that can potentially alter

t.** The most

the morphology of particles that play a role in the direct radiative effec
important process governing the initial oxidation of aromatic species in the atmosphere is
controlled by the presence of HO". The results from ultra-fast experiments analyzed by
mass spectrometry reveal the identity of low volatility reaction products. Quinones (Table
S2, Supporting Information) and polyphenols reactive intermediates coexist at the air-
water interface, where low molecular weight carboxylic acids found in brown clouds are
produced. The quick oxidation of all substituted catechols proceeds by competing
functionalization and fragmentation reactions. Although for acidic hygroscopic particles
containing sulfate a lower amount of hydroxyl radical should be generated in situ by the
electron transfer mechanism presented, the reactions of phenols with this radical will
proceed as reported here regardless of the source of HO'. Thus, the studied phenols,
available on the surface of tropospheric particles, should react with impinging HO’
produced in the gas phase through the same pathways presented.

The proposed pathways agree with observations previously made for catechol at the air-
water and air-solid interface under variable relative humidity,>> which generate more
hydrophilic products that partition into the aqueous phase. In addition, photochemical
oxidation should also contribute to the degradation of aromatics in the aqueous phase.®’

However, the substituted catechols display an enhancement in their reactivity due to the

ring activating functional groups. Similarly, the functionalized rings with more —OH
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groups are also highly activated toward fragmentation and should be relevant
intermediates in the degradation of aromatics emitted during combustion and biomass
burning. In addition, this information can also be applied to support the similar chemical
processing of particulate matter with diameter < 1 um (PM;) from the greater London
area in winter 2012.% This PM; contains non-volatile organics associated with refractory
black carbon that could originate either from combustion or biomass burning emissions.
Finally, this work also explains typical degradation pathways that aromatic pollutants

derived from benzene, toluene, and anisole in water media and at the air-water interface.
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Justification of the pH Conditions Examined

While the oxidations were explored in the atmospheric relevant pH range 5-10,
reporting the results at pH 7.8 provides an example case that demonstrates the complexity
of all the chemistry observed. Although many atmospheric studies are commonly aimed
to reproduce highly acidic aerosol conditions, there is considerable evidence
demonstrating that basic particles exist in the atmosphere. For example, particulate matter
with a dimeter less than 2.5 pm (PMa5s) collected in and around agricultural regions is
predominately alkaline.!" 2 Importantly, anthropogenic biomass burning emissions from
agricultural practices (slash and burn, controlled burns, etc.) often coincide with
increased ammonia (NH3) emissions from livestock and fertilizers.>* * Once these species
are emitted to the atmosphere, they can effectively neutralize available nitric and sulfuric
acids from industrial emissions.> ® Recent work has shown that in most of the Midwest
Region and the Pacific coast of the United States, where agriculture is a primary
economic activity, NH3 emissions are estimated to be sufficient to neutralize all acidic
components.” Therefore, the experiments outlined are representative of true atmospheric
conditions because even fine aerosols can be neutral or slightly basic. Indeed, for
atmospheric particles occurring under the basic conditions described, a high ionic
strength is expected due to presence of ammonium salts. Importantly, our work has
demonstrated that for increasing ionic strength (e.g., for a series sodium halides) the
solubility of gaseous ozone at the air-water interface is enhanced.’” Therefore, for a higher
dissolved ozone level, the probability for electron transfer induced HO® production
should also growth. In summary, the oxidation of the substituted catechols in aerosols

with higher 1onic strength is expected to also be enhanced.
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Table S1. Complete List of Products Resulting from the Mechanism in Scheme 1 with Species Observed Indicated by their m/z
Values

Parent |1 Generation| 2" Generation — m/z |3' Generation m/z |4 Generation m/z |5 Generation m/z
Benzene|  Phenol Catechol 109 [Pyrogallol 125 |Tetrahydroxybenzenes 141 [Pentahydroxybenzene 157
Toluene| o-Cresol 3-Methylcatechol 123 |3-Methyl-4-hydroxycatechol 139 [3-Methyl-4,5-dihydroxycatechol 155 [Pentahydroxytoluene 171
Toluene| p-Cresol | 4-Methylcatechol 123 [4-Methylpyrogallol 139 |5-Methyl-1,2,3 ,4-tetrahydroxybenzene 155

4-Methyl-5-hydroxycatechol 139 |4-Methyl-3,5-dihydroxycatechol

Anisole Guaicol 3-Methoxycatechol 139 [3-Methoxy-4-hydroxycatechol 155 [3-Methoxy-4,5-dihydroxycatechol 171 |Pentahydroxyanisole 187

139 [4-Methoxypyrogallol 155 [4-Methoxy-5-hydroxypyrogallol 171
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Table S2. Produced Quinones and their Initial Precursors from Scheme 1.

m/z Product 1 Product 2 Product 3 Precursor(s)
O 0 Catechol
(0]
123 HO 0 and
OH
3-Hydroxy-o-quinone 4-Hydroxy-o-quinone Pyrogallol
OH OH Catechol
139 O OH HO ¢} and
(0) O
3,4-Dihydroxy-o-quinone 3,6-Dihydroxy-o-quinone Pyrogallol
OH 0 Catechol
0 OH 0 OH Aleeho
155 and
(0] OH HO OH
3,4,5-Trihydroxy-o-quinone 3,4,6-Trihydroxy-o-quinone Pyrogallol
X
121 HLC 0 4-Methylcatechol
4-methyl-o-quinone
OH CH, Hoji:io 3-Methylcatechol
137 0 CH; 0 OH H,C 0 and
0O

3-methyl-4-hydroxy-o-quinone

(0]
4-methyl-3-hydroxy-o-quinone

4-methyl-5-hydroxy-o-quinone

4-Methylcatechol
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OH

3-Methylcatechol

CH,4
o) OH o CH,
153 and
(0) OH O OH
3-methyl-4,5-dihydroxy-o-quinone 4-methyl-3,5-dihydroxy-o-quinone 4-Methylcatechol
OH
OH 3-Methylcatechol
171 HO o and
0 4-Methylcatechol
4-methyl-3,5,6-trihydroxy-o-quinone
O 0
0 C/O o HO @)
153 ’ CH 3-Methoxycatechol
HO o” 7
3-methoxy-4-hydroxy-o-quinone 3-methoxyl-6-hydroxy-o-quinone
O o
o .0 o
H,C
169 _CH, 3-Methoxycatechol
HO 0 HO OH
OH ] ]
3-methoxy-4,5-dihydroxy-o-quinone ~ 3-methoxyl-4,6-dihydroxy-o-quinone
(0]
HO O
185 HO O/CHs 3-Methoxycatechol
OH

3-methoxy-4,5,6-trihydroxy-o-quinone
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Chapter 6. Conclusion and Future Directions

6.1 Synopsis

This chapter presents the integrated conclusion of the experimental work performed
which includes three emerging common themes regardless of the reaction or phase under
study. The first segment relates to how ozone is an important player in tropospheric
chemistry by cycling radicals and other trace atmospheric species. The second section
recounts how the oxidation of organic aerosols by trace species such as ozone can
dramatically alter their composition while increasing hygroscopicity and
ultraviolet/visible absorptivity. The last component integrates the use of advanced
instrumentation and reactors to reveal mechanistic information of model aerosols in
laboratory settings. Finally, some open questions that arose while undertaking this work

and possible experimental routes to survey them are outlined.

6.2 Conclusion

The use of advanced instrumentation and reactors has enabled this work to push the
boundaries of current knowledge about how aerosols undergo oxidation at atmospheric
interfaces. Electrospray mass spectrometry has been a fundamental tool for studying
surface chemistry by actually examining the structure of the interfacial region and
reactions occurring in this boundary region.!® The experiments studying the oxidation of
iodide (Chapter 2), catechol (Chapter 3), and substituted catechols (Chapter 5) represent
cutting edge measurements enabled by creating and validating a customized technigue to

observe the products of chemical aging at the air-water interface.*® The use of FTIR,
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mass spectrometry, and chromatography to characterize aerosol proxies reacting at the
air-solid interface in experiments under variable humidity conditions relevant to the
environment has been demonstrated (Chapter 4). The setup utilized a flow through
reactor to provide the reactive uptake coefficient of ozone on catechol films (Chapter 4)
under variable humidity conditions and elucidated the formation of biphenyl and
terphenyl rings.” This detailed work will inspire future chamber and field studies to
examine the product mixtures resulting from these mechanisms and for inclusion in the
next generation of computational models to predict the effects of aerosols on climate.

Another commonality between these studies has been the selection of ozone as a potent
tropospheric oxidizer. This secondary pollutant is formed through a series of gas phase
reactions®1% and is available to oxidize several species as demonstrated in this
dissertation. When Os reacts with I or substituted catechols, a wide range of reactive
intermediates are produced alongside the oxidized products.*’” The generation of radicals
can further propagate chain reactions through previously unexpected channels, as
evidenced by the hydroxylation pathway observed during the ozonolysis of catechol.>”’
Both inorganic and organic systems interacting with ozone reveal important insights for
predicting how increasing tropospheric pollution could impact atmospheric composition.
Elevated emissions of VOCs and NOx in urban areas favor high Os levels, and thus
impact the oxidation mechanism of aerosols surfaces.®

Finally, this thesis has shown how to design laboratory studies to collect and interpret
data of oxidative aging contributions to the complexity of organic aerosols. Aerosol and
cloud water samples collected on different geographical location often display similarities

in composition despite significant differences in parent species.!*'* The mechanisms
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presented in this thesis explain the processing of different organic atmospheric
precursors, which are found in both biomass burning™ and anthropogenic emissions,®
likely proceed through similar pathways.>” These studies have demonstrated how oxy-
aromatics can generate a rich product mixture that absorbs more light, form better nuclei
to form clouds, and partition into clouds easily.>’” The experiments in Chapters 3 and 4
established that the absorptivity of oxidative products grows in the visible region both in
films and aqueous solutions, contributing to the “browning” of aerosols during the aging
process.!” The highly oxidized products contain carboxylic acid and hydroxyl moieties
that justify the extremely hygroscopic nature of this class of aerosols from aromatic
precursors.!8 1° These products easily partition into cloud waters and serve as precursors

to the formation of humic-like materials.2% 2

6.3 Future Directions

While the work presented in this dissertation significantly advanced the understanding
of how the aging of aerosols by Oz, HO", and H2O. proceeds at interfaces through
utilizing conventional methodologies in new ways, some new questions that deserve
further investigation have emerged. For instance, it would be informative to further
investigate how organic surfactants and molecules coating the exterior of aerosol
particles affect the distribution of and identity of products observed in Chapter 2.2? Future
experiments should these organic moieties will interact with large species, such as I, that
tend to salt out towards the interface.! Dissolved organic matter extracted from coastal
seawater samples as well as long saturated organic acids can enhance I, production by

donating protons to the interfacial region and thus favor the triiodide channel.?® 24
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Solutions containing equimolar amounts of Nal and organics can be injected in the
reactor described in Chapter 2 to analyze if there is an enhancement of 1> production. It is
anticipated that several optimizations of the setup are needed to determine the ideal ratio
of organic to iodide, working temperature, pH, etc.

In Chapters 3 and 4, the presented work proposed that Baeyer-Villager (BV) oxidation
of unsaturated dicarboxylic acids generated some of the unexpected oxo- and carboxylic
acids observed® 7 during the oxidation of benzenediols in water.?> % While the production
of H20> and sequential losses of CO from the carbon chain are strong indicators of this
chemistry, it would be interesting to tackle this experimentally in the future. A set up
could be devised to detect CO, and to provide additional support for the BV chemistry
proposed. In order to monitor the evolution of CO, and other volatile species that might
be produced from BV chemistry and escape into the gas phase, an infrared gas cell could
be utilized. This approach would provide additional validation of the proposed BV
pathway that was unable to be achieved with mass spectrometry studies.

In Chapter 4, the effect of relative humidity on the reactive uptake coefficient was
examined at ~ 24 ppmv Os. While this can underscore the role water is playing in
facilitating the reaction with ozone on the surface, it does not provide information about
the kind of adsorption mechanism. The interaction between a gas and analytes on the
surface of an aerosol can be described via different adsorption mechanisms, resulting in a
different set of rate laws and adsorption isotherms to describe the scenario. In the case of
the reaction between ozone and catechol, there two possible descriptions of the
heterogeneous reaction at the air-solid interface. In the first of these, the Langmuir-

Hinshelwood mechanism, ozone would be adsorbed on the surface of the film and then
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react with catechol.?’ In the Eley-Rideal mechanism, gas-phase ozone would react with
catechol, forming adsorbed products directly. In both cases, gas-phase products can be
desorbed afterwards and monitored in the infrared.?’

Based on the principles of the Langmuir-Hinshelwood mechanism, it is expected that at
low ozone concentrations the reaction rate should be directly proportional to [Oz] X
[catechol].?® If the surface available sites are saturated with ozone and ozone
concentration keeps increasing, the reaction rate (k;) should eventually level off to a
maximum value (kl,.,). The values of kl,,,, k;, ozone gas to surface equilibrium

constant (K,,), thermal velocity of ozone, and ozone concentration can then be utilized to

construct a relationship between ozone concentration and apparent reactive uptake (y).
This information would be extremely useful for predicting the uptake of ozone by
catechol thin films under environmentally relevant concentrations that aerosols would
encounter during transport. Efforts to examine if film composition and morphology is
being impacted as a function of [O3z] under variable relative humidity would also be
important.

When working with o-cresols and their derivatives such as methylcatechols, they can
undergo two electron oxidations to form highly reactive species called quinone methides.
A two electron oxidation can transform the alcohol and methyl substituents into a
carbonyl and a methide respectively. This structure is highly unstable and is expected to
react with water to create a primary alcohol,?® suggesting that methides have not been the
species detected in Chapter 5 despite having the same mass as the first hydroxylation

product, 4-methylpyrogallol. An interesting experiment could utilize deuterium-labeled
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methyl groups of the methylcatechols to check if a quinone methide is being formed with
the loss of one deuterium atom that can be easily registered as a mass shift.

Other advancements in mass spectrometry could further enhance the experimental
capabilities of systems that were explored in the laboratory. Aerosol mass spectrometry
(AMS) was developed for real-time field and laboratory characterization of aerosol
particles.®® Briefly, particles are pumped from the environment or aerosol chamber into
an ion trap where they are collected and held by an electromagnetic field until they are
injected into an ionization chamber interfaced to a time-of-flight mass spectrometer.
However, this instrument can suffer losses of information regarding the original aerosol
constituents because of thermal degradation from the thermal desorption used to
vaporization or extreme fragmentation imparted from hard ionization sources, such as
electron impact.>> Some work has been done to develop programs and computer
algorithms to analyze the fragmentation patterns®? produced by this type of instrument as
well as to distinguish between isomeric fragments and different functional groups,® but it
would be difficult to glean mechanistic data from this approach. So it might be
worthwhile to develop an aerosol mass spectrometer that could permit the in situ
generation of aerosols that can be captured by an ion trap, oxidized, and then later ionized
and analyzed by mass spectrometry. lon traps used for aerosol studies can be placed prior
to soft ionization sources, such as electrospray, so that the structure of constituents is
retained during analysis.®® This could be a worthy investment to study processes
discussed in earlier chapters over longer time scales.

While many experiments could be outlined here to address the open questions, many

other challenges remain. The development of new methods, instrumentation, and
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laboratory studies to investigate atmospheric interfaces is a rich research area capable of

bearing fruits for many years to come.
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