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Résumé de theése de doctorat

L’atmosphere est un milieu hautement hétérogene contenant de la matiére condensée : les
aérosols. Ceux-ci sont des composants importants de I’atmosphere car ils impactent le bilan
radiatif planétaire mais aussi la qualit¢ de I’air. En particulier les aérosols organiques
secondaires (AOS), produits par la transformation chimique dans I’air de nombreux
compose€s organiques, plus ou moins volatils, représentent une fraction conséquente dans
le budget global des aérosols atmosphériques pour laquelle de nombreuses incertitudes
persistent. En particulier, leurs voies de formation et de transformation dans la troposphere

restent trés mal décrites.

C’est pourquoi, cette thése décrit principalement 1’étude de trois aspects de la

croissance et du vieillissement (transformation) des aérosols:

e caractérisation de la croissance des AOS par des processus photosensibilisés ;
e investigations mécanistiques du vieillissement des AOS et de la photochimie des
photosensibilisateurs ;

e analyse chimique des composés issus du vieillissement des AOS.

Les photosensibilisateurs sont des composés chimiques capables d’absorber et de
transférer leur énergie a un réactif pour initier une réaction chimique. Le transfert d’énergie
de I’état excité du photosensibilisateur au réactif peut se produire par différentes voies mais
le taux de formation de 1’état excité doit étre plus rapide que ce transfert au substrat et que
la photolyse directe du photosensibilisateur. Par ailleurs, 1’état excit¢ du
photosensibilisateur doit étre capable de transférer son énergie a 1’état fondamental du

substrat (accepteur), de sorte que le rendement du croisement inter-systéme doit étre élevé.

Les composés aromatiques carbonylés sont connus comme ¢étant d’excellents
photosensibilisateurs a 1’¢état triplet. Les deux voies de transitions électroniques possibles,
la transition n-m* et la transition T-7*, ménent a une conversion inter-systéme efficace vers

I’état triplet, qui de ce fait domine la photochimie de ces composés. Les différents
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processus de désactivation de I’état excité du photosensibilisateur sont : les réactions de

« quenching », le transfert d’¢électron, le transfert d’énergie et le transfert d’hydrogene.

La croissance photochimique et les processus de vieillissement chimique des AOS
ont été étudiés au moyen d’un tube a écoulement auquel différents analyseurs de gaz et
d’aérosols ont été couplés. Par ailleurs, des échantillons d’aérosols ont été collectés sur
filtre a la sortie du tube a écoulement, en absence et en présence de lumiere et analysés afin
de connaitre la composition chimique de 1’aérosol. Cette analyse chimique et la
connaissance de la composition de 1’aérosol aide a comprendre les mécanismes a I’origine

de la croissance des AOS sous des conditions atmosphériques simulées.

Le tube a écoulement pour aérosols est le systéme d’instrumentation de base de tous
les processus expérimentaux. Il s’agit d’un tube a écoulement horizontal constitu¢ d’un
réacteur cylindrique en Pyrex avec un diametre intérieur de 13 cm et une longueur de 152
cm. Ce réacteur est entouré par sept lampes fluorescentes. Il est équipé avec différents
instruments pour I’analyse des aérosols, tels un SMPS et un CPC, et I’analyse des gaz. Ce
réacteur nous nous permet d’étudier les premieres étapes du grossissement des aérosols et
du vieillissement chimique qu’ils subissent suite aux interactions des particules
d’ensemencement avec les espéces en phase gazeuse et la lumiere. La température et
I’humidité¢ relative des aérosols dans le réacteur a écoulement sont controlées
respectivement par une circulation d’eau dans la double paroi du réacteur et par le

barbotage dans une bouteille contenant de 1’eau pure.

Les aérosols en eux-mémes sont générés par un nébulisateur a flux constant et une
concentration constante et connue d’un COV donné peut étre générée grace a un systéme
de tube a perméation. En plus du tube a écoulement pour aérosols, I’analyse de la
composition des aérosols chimiquement vieillis a été effectuée par échantillonnage sur

filtre suivi d’analyses par (£)ESI-HRMS et UPLC/(+=)HESI-HRMS.

Différents photosensibilisateurs potentiels ont été testés en phase particulaire, en
absence et en présence de lumiere, ainsi qu’en présence de composés organiques volatils

(COV), afin d’estimer leur capacité¢ a photo-induire une croissance de ces particules.
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Toutefois, la chimie du glyoxal en phase condensé a attiré notre attention pour sa
contribution a la croissance et le vieillissement d’aérosols préexistants. En effet, le 1H-
imidazole-2-carboxaldehyde (IC), qui est un des produits de réaction formé par le glyoxal
en phase condensée, s’est avéré étre un photosensibilisateur efficace et a été utilisé dans la
plupart des expériences de croissance des AOS. Des expériences additionnelles examinant
le role de différents COV dans la croissance des aérosols ont €té¢ menées. La croissance des
AOS a ainsi été étudiée dans des systémes avec comme COV : le limonéne, a-pinéne, 3-
pinéne, I’isoprene, le toluene, le cyclohexeéne, I’éthanol, le n-butanol ou 1’acétone et en
présence de particules préexistantes contenant du sulfate d’ammonium (SA) et le

photosensibilisateur IC.

Basés sur la littérature et sur la méthode décrite, différents essais ont été menés sur
la chimie du glyoxal. Le glyoxal induit un facteur de grossissement de 24.9% pour des
particules d’ensemencement contenant du sulfate d’ammonium en présence de limonéne
gazeux. Cependant, le grossissement des particules débute uniquement apres 30 min de
réaction, correspondant a un temps d’induction, et se poursuit jusqu’a pres de 2 h de temps
de réaction. Par conséquent, le glyoxal semble ne pas lui-méme induire Ia
photosensibilisation mais plutdt étre le précurseur d’un composé photosensibilisant. Les
contributions au grossissement des produits majoritaires de la réaction entre le glyoxal et
les ions ammonium, I’IC, le 1H-imidazole (IM) et le 2,2-bi-1H-imidazole (BI), ont été
étudiées séparément. L’IC présente les meilleures propriétés de photosensibilisation avec
un facteur de grossissement des particules de 27.6% en présence de limonene et aprés 19

min d’irradiation.

Les AOS présentent une croissance significative en présence de limonene,
(croissance observée / concentration COV) (27.6% / 1.8 ppmv), a-pinéne (19.3% / 63
ppmv), B-pinéne (16.5% / 63 ppmv), isopréne (22.26% / 200 ppmv) et toluéne (3.5% / 352
ppmv). Mais aucun des autres COVs testés n’a induit de croissance significative des
acrosols lors des 19 minutes d’exposition dans le tube a écoulement, méme en utilisant des

concentrations plus élevées.

il
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Les propriétés photochimiques et photophysiques de I’IC ont été étudiées en utilisant
la technique de la photolyse a laser pulsé¢ (PLP) dans une gamme longueur d’onde de 300
a 500 nm. Ainsi, ’absorbance transitoire triplet-triplet a été mis en évidence, avec une
absorption maximale a 330 nm. L’absorbance a été déterminé 1 ps aprés le pulse du laser.
La décroissance de 1’absorbance de 1’¢état triplet de I’IC suit une constante de premiére
ordre qui a été déterminée a 7.73 x 10° s'. Le temps de vie de 1’état triplet de 1’IC
correspondant est donc établi a 1.29 ps dans une solution aqueuse désoxygénée. La
constante de vitesse de premier ordre de la désactivation de I’IC est multipliée par quatre
en présence de limonéne comme réactif. A partir des résultats obtenus a la fois sur le
grossissement photosensibilisé des AOS et sur la photochimie de I’IC, un mécanisme
réactionnel est propos¢ dans lequel le glyoxal meéne a wun grossissement

autophotocatalytique des aérosols.

Des produits hautement oxygénés et quelques produits contenant de 1’azote ont été
observés dans un échantillon d’AOS vieillis chimiquement. Par analyse par infusion directe
avec un spectrometre de masse haute résolution avec une ionisation par electrospray
((£)ESI- HRMS) ou par chromatographie liquide ultra haute performance couplée a I’ESI-
HRMS (UPLC/(£)HESI-HRMS), des différences fondamentales ont été observées entre
les expériences menées avec ou sans irradiation. Ces analyses ont avéré la présence dans
les échantillons particulaires de produits hautement oxygénés. Les produits détectés sont
similaires a ceux obtenus pour les essais en solution statique irradiée pendant 23 h (lumiere
UV de 280 a 400 nm) dans un petit réacteur cylindrique en quartz. Pour les deux
expériences, sont retrouvés des composés hautement oxygénés, des composés azotés et des
produits de recombinaison du photosensibilisateur avec lui-méme ainsi que du
photosensibilisateur avec le limonéne. Ces produits témoignent de la formation de 1’état
triplet dans le systeme irradi¢ du tube a écoulement (300 - 420 nm) qui réagit avec le

carbone tertiaire insaturé du COV par un transfert d’hydrogene.

Basé sur les résultats de ces trois systémes, un mécanisme réactionnel expliquant la
croissance photosensibilisée des AOS a été proposé. Dans celui-ci, la croissance est initié¢e

par la formation de 1’état triplet du photosensibilisateur aprés absorption de lumiére, suivi

v
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par I’arrachement de I’atome d’hydrogéne du carbone tertiaire insaturé¢ du COV. Celui-ci,
comme dans le cas du limonéne, forme alors un radical qui peut réagir avec 1’oxygene
moléculaire pour donner un radical peroxyle. La chimie de ce dernier mene, par
isomérisation notamment, a 1’oxygénation de la chaine carbonée. Le radical formé apres
addition de I’hydrogéne sur le photosensibilisateur excité, peut subir soit des réactions de
recombinaison soit un retour a son état fondamental par interaction avec l’oxygene
moléculaire du systéme. Cette derniére réaction favorise la formation de radicaux
hydroperoxyle (HO2) dans le systéme, formation qui a pu é&tre mise en évidence
indirectement en utilisant le monoxyde d’azote (NO). En effet, I’ajout de NO dans ce
systtme de réactions photosensibilisés en présence de COV a en effet montré une
consommation du NO et une production de NO», preuve indirecte de la formation des
radicaux HO,. La concentration des radicaux HO> produits pendant la croissance
photosensibilisée des AOS en présence de 500 ppbv de limonéne a ainsi pu €tre calculée :
2.78 x 10"2 molécule cm™ s

Pour conclure, nous avons fourni des preuves que la croissance et le vieillissement
chimique des AOS sont hautement affectés par des réactions photosensibilisées dans
I’atmosphere. Des traces d’IC dans ’atmosphere peuvent influencer significativement la
nature et la physico-chimie des AOS. Etant donnée I’omniprésence du glyoxal et d’autres
gaz précurseurs dans I’atmosphere, ils devraient se former d’efficaces photosensibilisateurs
au sein des aérosols, pouvant entrainer un grossissement et un vieillissement

autophotocatalytiques des AOS.
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Abstract

Aerosols are important constituents of the atmosphere and secondary organic aerosols

(SOA) represent a main fraction of the organic aerosols in the total budget.

This thesis mainly reports the investigation of three aspects of the growth and aging

of SOA:

e the photosensitized SOA growth
e the mechanistic investigation of SOA aging and of the photochemistry of
photosensitizers

e the analysis of the chemical composition of aged SOA

The photosensitized growth and aging processes of SOA were investigated using an
aerosol flow tube coupled with various aerosol and gas sensing instruments. For further
analysis of the aerosol composition and a better understanding of the formation and growth
of SOA in these experiments the aerosols produced in the dark and in the light were

sampled on filters at the exit of the flow tube.

Different potential photosensitizers (1H-imidazole-2carboxaldehyde and 4-
benzoylbenzoic acid) were tested for the SOA growth and aging in the presence of a VOC
precursor in the light and in the dark. Recent studies had shown that the condensed phase
chemistry of glyoxal contributed to the growth and aging of pre-existing atmospheric
aerosols. | H-imidazole-2-carboxaldehyde (IC), one of the products of the condensed-phase
reactions of glyoxal, was evidenced in this work to be an efficient photosensitizer, and used
as photosensitizer for SOA growth in the remaining part of this work. In addition, the SOA
growth resulting from different VOC precursors, such as a-pinene, B-pinene, isoprene,
toluene, cyclohexene, ethanol, n-butanol and acetone, was investigated using ammonium
sulfate (AS) containing IC as seed particles. The best SOA growth was obtained with
limonene (27.6%, 1.8 ppmv), a-pinene (19.35%, 63 ppmv), B-pinene (16.5%, 63 ppmv),
isoprene (22.26%, 200 ppmv) and toluene (3.5%, 352 ppmv), while none of the other VOCs

induced SOA growth over the 19 min of exposure time, even at high concentrations.

vii
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The photochemical and photophysical properties of IC were studied using a Laser
Flash Photolysis (LFP) technique operating between 300 and 500 nm in wavelength. These
studies evidenced the existence of a triplet-triplet transient absorption with a maximum
absorption at 330 nm excitation wavelength. The first-order decay rate constant for this
triplet-triplet absorption in a degassed solution was found to be 7.73 x105 s™'. The first
order decay rate was reduced by a factor of four when adding limonene to the solution as

a quencher.

The analysis of the aged SOA samples collected on filters was performed by ESI-(+)
HRMS and UPLC/(+) HESI-HRMS systems and showed the presence of highly
oxygenated and of nitrogen-containing products . Striking differences were observed
between the composition of the aerosol produced in the dark and in the light in the
experiments, the irradiated experiments resulting in the formation of highly oxygenated
VOC and of some VOC-VOC and VOC-IC radical recombination products. This indicated
that an excited triplet state of IC is formed in the flow tube during irradiation (300 — 420
nm), which later interacts with the tertiary unsaturated carbon of the VOC precursor

through hydrogen abstraction.

Based on these three different series of results, a reaction mechanism for the
photosensitized SOA growth was proposed. This mechanism begins with the formation of
a triplet state from the photosensitizer upon absorption of light, followed by hydrogen
abstraction from the tertiary unsaturated carbon of VOC. The VOC, for instance limonene,
then forms a radical, which reacts with molecular oxygen to form a peroxyl radical. The
peroxyl radical can undergo further oxygenation reaction in the oxygen-saturated system.
The radical formed due to the addition of hydrogen atom to the excited triplet
photosensitizer can undergo either recombination reactions or a regeneration to its
fundamental state by interacting with molecular oxygen. The later process would result in

the formation of hydroperoxyl (HO.) in the system.

The formation of HO2 in this mechanism was investigated in a final series of
experiments by adding nitric oxide (NO) to the photosensitized reaction system. The

consumption of NO and production of NO; was observed, which confirmed the formation
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of HO». This HO; radical production during photosensitized SOA growth and in the
presence of 500 ppbv of limonene in the flow tube was estimated to 2.78 x 1012 molecule
em? sl

In conclusion, this work showed that the growth and aging of SOA can be highly
affected by photosensitized condensed-phase reactions in the atmosphere. Only traces of
photosensitizers such as IC in atmospheric particles were shown to lead to significant
differences in the growth and composition of atmospheric SOA. Furthermore, this work
shows that the ubiquitous gas precursors in the atmosphere such as glyoxal can produce
efficient secondary photosensitizers in aerosols, thereby causing autophotocatalytic SOA

growth and aging.
This thesis manuscript is organized in the following way:

Chapter 1 is an introduction to the Earth’s atmospheric; chemistry, constituents and
aerosol composition. The structure and general composition of the Earth’s atmosphere are
explained and the nature and modes of formation of atmospheric aerosols are also described

in this chapter.

Then, the anthropogenic and natural sources of gases and particulate matter that play
an important role in the atmospheric composition are discussed. Secondary photochemical
compounds, which are formed by the oxidation of variety of gases present in the
atmosphere such as nitrogen oxides, and volatile organic compounds (VOCs), are

potentially more harmful than their precursors.

The formation and potential effect of some radicals and oxides such as HOx (= OH
+ HO7) and NOx (= NO + NO»), including their various reactions and rate constants, are

also presented in a tabular form.

In Chapter 2, photosensitizers type and properties are discussed based on the
available literature. Different possible reaction mechanisms initiated by photosensitizers

are presented and discussed.

iX
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Photosensitizers are chemical compounds that can absorb light and transfer their
energy to a reactant (substrate) to initiate a chemical reaction. The transfer of energy from
the excited photosensitizer to the reactant occur in different ways. However, important
conditions in these processes are the formation rate of the excited photosensitizer must be
faster than those of other reactants, and that the excited photosensitizer must be able to
transfer its energy to the ground state of the substrate (acceptor) so that the yield of the

inter-system crossing is high.

Aromatic carbonyls are excellent triplet photosensitizer. The two possible electronic
transition pathways in these compounds, n-n* and n-n*, lead to efficient intersystem

crossings, so that the triplet state processes dominate their photochemistry.

IC is one of the aromatic carbonyl compounds that resembles other photosensitizers.
In this chapter, the different possible deactivation processes, quenching reaction, electron
transfer, energy transfer and hydrogen transfer, of the excited triplet state photosensitizers

are discussed.

In Chapter 3, the methodologies and techniques used in this PhD work, as well as

the chemical compounds used in the various studies, are presented.

First, the aerosol flow tube used to investigate the SOA growth is described, along
with all the instruments and equipment connected to it and their principles. The types of

flow in the reactor are also discussed.

The horizontal cylindrical aerosol flow tube is equipped with different aerosol
instruments like SMPS, CPC and gas analyzers. This reactor allows us to study the early
stage of aerosol growth and aging due to the interaction between gaseous species, seed

aerosols and light.

The seed particles are generated using a constant output atomizer. Constant and
known concentration of VOC is generated using a permeation device. In addition to aerosol
flow reactor, the chemical composition analysis of aged aerosol is performed by filter

sampling followed by direct (+)ESI-HRMS and UPLC/(+)HESI-HRMS.
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Then the laser flash photolysis technique used for the investigation of the
photochemical and photophysical properties of the photosensitizer (triplet state) and its

interaction with quenchers is described. .

Chapter 4 describes the investigation of the photosensitized SOA growth from seed
aerosols exposed to light and VOC, their aging, and the contribution of glyoxal (Gly)
reactions to SOA growth. Based on the method described in Chapter 3 and information
from the literature, series of experiments are performed and show that reactions of Gly in
ammonium sulfate (AS) seeds and in the presence of gas phase limonene result in a growth
factor of 24.9% on the particle diameter. However, this growth starts after a 30-min
induction time indicating that Gly is not directly responsible for the photosensitization
processes but that one of its reaction product is. The roles of two main reaction products of
Gly IC, 1H-imidazole (IM) and 2,2-bi-1H-imidazole (BI), on SOA growth are studied
separately. IC is found to have the best photosensitizing properties, inducing a particle

growth of 27.6% in the presence of limonene and for 19 min of irradiation time.

Based on the results of these studies, a possible reaction mechanism is proposed,

suggesting that glyoxal can result in an autophotocatalytic SOA growth.

In Chapter 5 the investigation of the excited triplet state of IC, using the laser flash
photolysis set-up, is presented. The first order reaction rate constant and decay lifetime of
excited triplet state of IC are estimated as a function of limonene concentration as a triplet

state quencher.

The influence of nitric oxide (NO) on the particle growth and its application for
calculating the radical production flux during photosensitized SOA growth is presented in

Chapter 6.

The work presented in Chapter 7 is a product analysis of the aged SOA produced in
the flow tube experiments. The analysis of the filter samples by ESI-(+) HRMS and
UPLC/(+) HESI-HRMS evidence the presence of oxygenated products with high O:C in

the aerosols produced. Similar products are found in bulk static experiment where IC and
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limonene solution are irradiated (from 280 nm to 400 nm) in a small cylindrical quartz
reactor. In both types of experiments, highly oxygenated products with a limonene
skeleton, and nitrogen-containing products of integrating the structures of the
photosensitizer and of limonene are found, evidencing the formation of radicals from the

triplet state of IC and its recombination on the VOC precursor molecule

Chapter 8 presents a general conclusion on this work and proposes some

perspectives.

Xii
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General Introduction

1 General Introduction

1.1 The Earth’s atmosphere: structure and composition

Average composition

Today’s atmosphere is primarily composed, in average, of nitrogen (78%), oxygen (21%), argon (1%),
and water vapor, which varies between 0 and 4%. However, this average composition has changed
tremendously compared to the early atmosphere. The latter is expected to have had a primitive
composition similar to that of the Sun. 4 billion years ago, the composition of the early atmosphere
had mainly carbon dioxide, water vapor and nitrogen, and hydrogen, hydrogen chloride and sulfur
dioxide are, however, belongs to minor gases. The early atmosphere of the Earth was a mildly reducing
chemical mixture, whereas the present atmosphere is strongly oxidizing. The modern or present
atmosphere is a result of outgassing of the Earth (Seinfeld and Pandis, 2006). The most important
fraction of the present atmosphere, oxygen, rapidly produced by photosynthesis processes. It was
initially produced by cyanobacteria, the only prokaryotic organism capable of oxygenic

photosynthesis; these emerged by 2700 million years ago (Seinfeld and Pandis, 2006). Cyanobacteria
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began the process of increasing atmospheric oxygen, which thereby become high enough to support

more complex life, which in turn produced more oxygen. A balance process between photosynthetic

production and removal through respiration and organic carbon decay maintains the present level of

0,.

The composition and abundance of Earth’s atmosphere is controlled on geologic timescales by

the biosphere, up take and release from surface material and degassing of the interior (Seinfeld and

Pandis, 2006). In addition to the main components cited above, for which the concentrations are so

very stable and large that they are considered as background gases, numerous other gases are present

at smaller concentrations. These are presented in Table 1-1, which includes certain gaseous

constituents of the atmosphere and their volume ratio.

Table 1-1 Atmospheric composition of certain gases, their origin and concentration (IPCC, 1995,
Seinfeld and Pandis, 2006) http://Iwf.ncdc.noaa.gov/oa/climate/gases.html,

Gas Concentration Natural Source Anthropogenic Source
CO2 370 ppmv CO  oxidation, forest Fuel combustion
destruction, respiration
Water vapor Up to 0.01 Evaporation, hydrological
ppmv cycle
Ne 18.18 ppmv Inert Inert
He 5.24 ppmv Inert Inert
CH4 1.77 ppmv Oceans/wetlands Leakage from natural gas system,
raising livestock
H: 0.55 ppmv Combustion Oxidation process
N0 0.3 ppmv Oceans Petroleum combustion
NO: 100 ppbv Forest firing, lightening Petroleum combustion
Tropospheric 10 —500 ppbv  Stratosphere Photochemistry of CO and
03 hydrocarbons in the presences
NO«x
VOCs 5—-20 ppbv Oceans, plants, biomass Combustion
burning
NO«x 10 pptv — 1 Soil, fuel combustion, traffics
ppmv
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Argon (0.9%) is the next most abundant next to nitrogen and oxygen, which does not undergo
any chemical reaction in the atmosphere and does not affect either human health or global climate
change. The remaining trace gases (0.01%) are the most chemically interesting which affect pollution,
human health, and climate. These gases are responsible in the production of pollutants and greenhouse

gases.

Vertical structure

The Earth’s atmosphere consists of several layers defined by change in the temperature trends. The

troposphere is the closest layer to the surface.

The troposphere extends from the Earth’s surface to the tropopause, which approximately 10 -
15 km in altitude, depending on the location and time of the year (Seinfeld and Pandis, 2006). It is
characterized by decreasing temperature with height. At the tropopause, the pressure in the atmosphere
is 1/100 of the pressure at the Earth’s surface. It is a very small part of the total volume of the

atmosphere, but it contains nearly 80% of the total atmospheric mass (Seinfeld and Pandis, 2006).
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Figure 1-1 Atmospheric layers are determined by the way the
temperature changes with increasing height. From J. R.
Eagleman, Meteorology: The Atmosphere in Action.
The temperature variation depends on the altitude; it decreases by about 6.5°c per kilometer to

reach -56°C.

The tropopause is marked by an inversion of the temperature that is followed by the stratosphere.
The stratosphere extends up to 50 km and contains about 90% of atmospheric ozone, which absorbs

almost all of the UV-B and UV-C coming from the sun.

The mesosphere extends from the stratopause, up to approximately 80 to 90 km in altitude; its
temperature is characterized by decreasing with altitude, and is the coldest point in the atmosphere,

reaching as low as -90°C.
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The thermosphere is the region above mesopause which is characterized by high temperature

due to absorption of short wavelength radiation by N> and O».

Finally, the outermost region of the atmosphere, extending approximately above 500km in
altitude where gas molecules can escape from the Earth’s gravitational attraction, is called the

exosphere.

Among these layers, the troposphere is one containing the most complex mixture of suspended
gases and particles that can interact and react due to light entering from the sun and the heat emitted
from the Earth’s surface. The tropospheric constituents are influenced by the different emission from
the Earth’s surface. Biogenic particles and gases are those released into the atmosphere from the
natural sources such as plants, microorganisms, oceans and lightening, and anthropogenic species are
those emitted as a result of human activities such as from vehicles on industries are also introduced to

the troposphere.

In the free troposphere, most meteorological phenomena, such as the formation of clouds, and
rain, occur. Therefore, it is important to understand the production and fate of those gases and

particulate matter in the atmosphere.

1.2 Atmospheric trace constituents

The change in the composition of atmosphere from its natural component due to the addition of other
gases or the change in concentration may affect human and/or other living organism’s health.
However, the increase in population and human activities have changed the atmospheric composition

for last decades.
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The emission of gases, volatile and semi-volatile organic compounds and particulate matter,
plays an important role in atmospheric chemical equilibrium, despite their presence in very low
quantities. Their emission may cause tropospheric ozone depletion, photochemical smog formation

which in turns visibility reduction, and direct or indirect health effects, and global warming.

Some of these emissions, like sulfur and nitrogen oxides, are responsible for the alteration of
the pH of cloud water which in turn the formation of acid rain (Alfonso and Raga, 2002, Andreae and

Rosenfeld, 2008, Finlayson-Pitts and Pitts, 2000).

1.2.1 Tropospheric ozone and Volatile organic compounds (VOC) oxidation

Secondary photochemical pollutants, which are formed by the oxidation of variety of pollutant emitted
into the atmosphere such as nitrogen oxides, and volatile organic compounds (VOCs), are potentially
more harmful than their precursors. Ozone is one of them. Ozone (O3) has come to public awareness
as a species of high importance to both climate change and its effect on incoming solar radiation. It is
predominantly found in the stratosphere in the form of ozone layer which absorbs the incoming
ultraviolet rays (UV-C 100 — 280 nm) emitted by the sun. However, tropospheric O3 is considered as
a pollutant, and has adverse effects on human and plant health. O3 can often be a smog component

(Frampton et al., 1999, van Zelm et al., 2008).
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Figure 1-2 Schematic representation secondary photochemical pollutant
production in troposphere.

At a typical boundary layer concentration of 30 ppbv of O3, the reaction with NO leads to NO>
formation occurs on a timescale of ca. 1 min. During daytime, however, NO; photolysis back to NO,
which also leads to the regeneration of Oz. These reactions essentially balance each other, which leads
no net production or loss of any one of the species. In the absence of competing interconversion
reactions, the photo-stationary state concentration of NO and NO; are related to the O3 concentration
by the following expression (Eq. 1-1) (Jenkin and Clemitshaw, 2000).

J3[NO,] (Eq. 1-1)
k2[NO]

[0;] =

where J3 is the rate constant of NO; photolysis, and k> is the rate coefficient for the reaction of NO

with Os.

Volatile organic compounds are organic compounds released into the atmosphere by

anthropogenic and natural process and / or formed in the atmosphere due to photochemical oxidation
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of different compounds. Some may occur naturally in the environment (Zogorski et al., 2006). VOCs
include a variety of chemical compounds containing hydrogen (H), carbon (C) and other possible
elements that evaporate easily. They can undergoes photochemical reactions in the atmosphere that
can contribute to aerosol aging and smog formation. Their oxidation is also coupled to the formation
of Os in the atmosphere. When these variety of VOCs reacts with gas phase oxidants in the
atmosphere, (e.g. RH), they form alkyl peroxy radicals (RO>) in the presence of O». The reactive RO;

radical then reacts with NO to lose an oxygen atom and form alkoxy radical (RO).

RH+0HCL2>R02 + H,0 R I-2)
RO, + NO - RO + NO, (R 1-3)
NO, + hv = NO + 0 (1 < 420 nm) (R 1-4)
RO + 0, - R'CHO + HO, (R 1-5)
HO, 4+ NO - OH + NO, (R. 1-6)

(R 1-7)

0(°P) + 0, - 05
The formation of NO> in the (R. 1-3) perturbs the O3/NOx cycle resulting in the formation of

tropospheric Os.

The alkoxy radical can also react with molecular oxygen to form stable carboxyl compounds
and HO; radical (R. 1-5). The HO; radical can further react with another NO in the system to induce
extra production of NO2, which will also perturb the O3/NOx cycle and result in even more production
of Os. The resultant reaction is, therefore, leading to extra O3 formation in the troposphere (Atkinson
and Arey, 1998, Atkinson and Arey, 2003a, Atkinson and Arey, 2003b). However, according to the
reaction given (R. 1-2 to R. 1-7), the significant formation route of O3 in the troposphere is photolysis
of NO», for which the alkyl peroxy radical (RO2) and hydroperoxyl radical (HO2) formed in the R. 1-
2 and R.1-5 react with NO (R. 1-3 and R. 1-6) to form NO> whose photolysis is then leads to net O3

formation in the troposphere. O3 concentration is often higher in summertime, because of VOCs
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oxidation by the influence of direct sun light (Figure 1-2). Depending on the VOC concentrations, the

NOx may vary which will vary the O3 formation and thus O3 concentrations.

Among these VOCs, monoterpenes are the most common, predominantly found over coniferous
forests. Monoterpenes are 10-C compounds that volatilize to the atmosphere from storage reservoirs
in the needle and bark of conifers. Once they are introduced into the atmosphere, they react readily
with oxidative species to form a variety of secondary products that influence atmospheric chemistry
and climate (Kokkola et al., 2014, Wuebbles et al., 1989). Limonene is the main component of
essential oil extracted from citrus rind. It is one of the major organic compounds emitted directly in

to the atmosphere by vegetation, and comprises about 20% of the total monoterpene emissions.

alpha-Pinene beta-Pinene

Limonene

Figure 1-3 Molecular structure of three common monoterpenes.

Limonene demands special attention because it has two very different unsaturations: an
endocyclic tri-substituted double bond and an exocyclic terminal double bond. These bonds contribute
to limonene’s high potential for SOA formation (Kokkola et al., 2014, Maksymiuk et al., 2009, Ehn
et al., 2014). It is expected to rapidly under go dark and light gas phase reaction in the atmosphere
with photochemically produced hydroxyl radicals, ozone, and nitrate radicals (Atkinson, 1990, Zhang
et al., 2006, Atkinson et al., 2003, Atkinson and Aschmann, 1993, Atkinson et al., 2004, Atkinson et

al., 1999).
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a-Pinene and B-pinene are bicyclic hydrocarbons with a single double bond: endocyclic for a-
pinene and exocyclic for B-pinene. Oxidation of these monoterpenes leads to the production of
particles and hence significant SOA mass yields (Burkholder et al., 2007). The main reaction pathway
for those monoterpenes in troposphere is ozonolysis, which destroys roughly 80% of emitted a-pinene

and B-pinene (Griffin et al., 1999). They are very efficient in forming SOA (Hoffmann et al., 1997).

Isoprene or 2 — methyl -1,3 butadiene is another most abundant non methane hydrocarbon emitted
into the atmosphere, mainly from biogenic sources (Guenther et al., 2006). It is evidenced that
isoprene oxidation contribute for SOA formation by many researchers (Boge et al., 2006, Claeys et
al., 2004, Edney et al., 2005, Miyoshi et al., 1994, Pandis et al., 1991, Sato et al., 2011, Zhang et al.,
2011). Currently, it is estimated that isoprene is the single largest source of SOA in the atmosphere
(Carlton et al., 2009, Hallquist et al., 2009, Henze and Seinfeld, 2006, Henze et al., 2008). Isoprene
undergo photo-oxidation in the atmosphere in the presence of OH, NOx and O3 (Henze and Seinfeld,

2006).

Aromatic compounds are common in urban air (Hurley et al., 2001). Toluene is one of the
aromatic VOCs that contribute to organic aerosol in urban air (Hao et al., 2007, Izumi and Fukuyama,
1990, Pandis et al., 1992). The atmospheric oxidation of toluene initiated by OH radicals produces a

variety of primary products, including glyoxal (Hoffmann et al., 1997, Smith et al., 1998).

In addition, aerosol formation is the major pathway for a number of cyclic alkenes atmospheric
oxidation (Keywood et al., 2004).
1.2.2 Glyoxal in the atmosphere

Glyoxal (Gly) is produced by a wide variety of anthropogenic and biogenic volatile organic

compounds (VOCs). Models and experimental or field measurement showed that there is significantly
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high amount of global production in the troposphere. Recent studies have shown that, it is the simplest

a-dicarbonyl organic compound, and the most prevalent dicarbonyl in the atmosphere.

The sources of glyoxal are manifold. This compound can be directly emitted via biofuel burning
(Hays et al., 2002) and vehicle emissions (Grosjean et al., 2000). Such primary sources are highly
uncertain due to the large variability of the emission factors. It was reported as 2 to 5 times higher

than HCHO (Hays et al., 2002).

Recent studies have also evidenced that glyoxal is produced from VOC atmospheric oxidation
process (Volkamer et al., 2005). It is produced via the oxidation of Cn-hydrocarbons, where n > 2, as
a result of anthropogenic activity (Atkinson, 2000, Magneron et al., 2005, Volkamer et al., 2005,
Volkamer et al., 2001), biogenic processes (Atkinson, 2000, Spaulding et al., 2003), biomass burning
(Volkamer et al., 2007) and in the marine environments (Warneck, 2003). It is a first generation
product from the oxidation of a number of unsaturated VOCs by OH and O3 (Volkamer et al., 2005,

Volkamer et al., 2007).

Similarly, glyoxal has been identified as a first generation product of aromatic ring opening
pathways during the OH initiated oxidation of aromatic hydrocarbons (Smith et al., 1999, Volkamer

etal., 2001).

11
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—— = other products

o cother products

Figure 1-4 Possible pathways for the formation of glyoxal (shaded box)
from toluene.(Volkamer et al., 2001)
Rough estimations showed that the isoprene photo-oxidation provides alone ca. 45 Tg/y global
burden of glyoxal (Fu et al., 2008), while other simulations indicate a total burden of 56 Tg/y with

70 % being produced from biogenic hydrocarbon oxidation (Myriokefalitakis et al., 2008).
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Figure 1-5 Glyoxal and methylglyoxal production from the oxidation of
isoprene by OH and NOs.(Fu et al., 2008)

Glyoxal absorbs in the UV and visible spectral range between 200 and 470 nm (Atkinson et al.,
2006). Glyoxal is present at concentration of 5 — 280 uM in cloud water (Munger et al., 1995). The
solubility of glyoxal with an effective Henry’s Law constant Hegr> 3 x 10°M atm™ at 25°C; (Betterton
and Hoffmann, 1988) is 3 order of magnitude greater than that of SO, (Carlton et al., 2007). It is
highly reactive in the aqueous phase (Buxton et al., 1997) and is rapidly taken upon acid liquid
surfaces (Schweitzer et al., 1998). Glyoxal is more reactive with respect to hydration, polymerization

and hemiacetal/acetal formation in the presence of alcohols (Jang and Kamens, 2001).

13
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1.2.3 Glyoxal in atmospheric aerosol

Reversible or irreversible uptake of glyoxal onto aerosol is one the most important sinks for loss of
gas phase glyoxal (Volkamer et al., 2007). Many laboratory studies showed SOA formation from

glyoxal (Kroll et al., 2005, Liggio et al., 2005a, Liggio et al., 2005b, Volkamer et al., 2009).

Glyoxal is an indicator of VOC oxidation process (Volkamer et al., 2005) and fast
photochemistry of anthropogenic VOCs. According to Ervens and Volkamer (Ervens and Volkamer,
2010), there are five parameters that strongly affect the predicted SOA yield from glyoxal namely: 1)
timescales to reach equilibrium state, 2) particle pH, 3) chemical composition of the bulk aerosol, 4)
particle surface composition and 5) particle liquid water content that is mostly determined by the
amount and hygroscopicity of aecrosol mass. When these criteria are met, glyoxal uptake onto droplets
and water containing particles leads to the formation of low volatile species, thus to SOA formation.
For instance, condensation reactions with ammonium cation (NH4") or amines leads to nitrogen
containing products (Ervens and Volkamer, 2010, Lim et al., 2010, Noziére et al., 2009). The
photochemical oxidation of glyoxal occurs mainly through H-abstraction by OH radical and leads to
the formation of small organic acids and large oxygenated products through radical recombination in

concentrated solution (Lim et al., 2010).

The condensed phase reactions of glyoxal involve several pathways. The main one is the
formation of acetals (C-O-C units) (Jang et al., 2002, Jang and Kamens, 2001), suspected to be
responsible for the much larger yields obtained from glyoxal than expected (Kroll et al., 2005). In the
presence of ammonium cations in the condensed phase, another pathway of the glyoxal reactions leads
to the formation of imidazoles (Debus, 1858, Galloway et al., 2009, Kampf et al., 2012, Yu et al.,
2011) in particular imidazole (IM), imidazole-2-carboxaldehyde (IC) and 2,2-bi-imidazole (BI) as

seen in (R. 1-8).
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The imidazole ring is aromatic, and these compounds tend to absorb in the UV-visible range

(Galloway et al., 2009, Kampf et al., 2012, Shapiro et al., 2009, Yu et al., 2011).

+
2NHy o HO
+H,0 “—Hzo y XOH /ngH
N+ (0]
o N N= “H,0 N N N NH
ON + 2NH3 ——= ) N—'g/NH +'_2|O (/\\/K/o o~ [\>—<\J
-H,0 Y 2 NH = + 2NHj3 NH N
-H*|-HCOOH ac (81) (R 1_8)

Y

)
It was also shown that these minor products were nevertheless able to impact the optical and

radiative properties of ambient aerosols (Hallquist et al., 2009).

Indeed glyoxal is now expected to be an important source of SOA due to its ubiquity in the
atmosphere (Lavvas et al., 2013, Myriokefalitakis et al., 2008, Nozi¢re et al., 2009, Saunders et al.,

2003, Volkamer et al., 2009).

1.2.4 Radicals and NOycycles

Atmospheric radicals and nitrogen oxides are responsible for the atmospheric degradation and
oxidation processes in the troposphere. Among these radicals, (hydroxyl (OH), hydroperoxyl (HO.)),
nitrate (NO3), halides and also certain oxidants such as ozone (O3), and nitrogen oxides are well
known. In this thesis, the chemistry of nitrogen oxides and hydroperoxyl radical will be more

interestingly focused.

The OH radical plays a dominant role in the tropospheric oxidation chemistry that controls the
atmospheric lifetime of most anthropogenic or biogenic species present. The main source of OH
radical is photo-dissociation of free tropospheric Osz. The presence of relatively low level of O3 in the

troposphere is, therefore, extremely important to reduce the OH radical concentration. Photolysis of
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Os takes place at wavelength, A>290 nm is the cutoff in troposphere and becomes very inefficient at
2>305 nm to form the O('D) atom. The O('D) atom is then undergoes either deactivation to ground

state oxygen O(°p) atom, or react with water vapor to form OH radicals.

0; + hv(1 < 350 nm) — 0, + 0( 'D) (R 1-9)
0('D)+M - 0(3p)+M (R 1-10)
0('D) + H,0 — 20H (R 1-11)

The formation of OH radical through photolysis of Os is during daytime hours, but it has been
suggested that OH radical can be formed from the reaction of O3 with alkenes such as isoprene, and
monoterpenes during both daytime and nighttime which could be significant source of OH (Heard and

Pilling, 2003, Kroll et al., 2001, Librando and Tringali, 2005).

The annual OH concentration show seasonal variation, having an average global tropospheric

concentration of 1.0 x 10° molecule cm™ (Atkinson and Arey, 2003b).

HOz radical is another secondary photochemical product that is involved in the alteration of O3
and OH cycle. The annual average concentration of HO; is usually 100 times higher than that of OH

concentration (Heard and Pilling, 2003).

05 + OH - HO, + 0, (R 1-12)
Nitrogen Oxides (NOx) includes nitric oxide (NO) and nitrogen dioxide (NOy). They are mainly

emitted from combustion of fossil fuels, forest fires, lightening and soil (fertilization). Their oxidation
chemistry involving VOCs and (HOx = OH + HO») leads to the formation of O3 and secondary
aerosols. Combustion engines are also main source of NOy in the cities that leads to increased O3
concentration. The atmospheric oxidation of some VOCs and radical formation reaction pathways are

summarized in Table 1-2.
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Table 1-2 Atmospheric fate of some radicals with their rate constant at 298K

Reactions Rate constant Kboyog Reference

(cm® molecule™ s71)

R+ 0, — RO, R dependent
RO, + HO, —= ROOH

RO, + RO, —= -CO +-C-OH
RO, + NO, —= ROONO, «

RO, +NO —— RONO, “

NO + HO, — OH + NO, 8.5x 1071 (Bardwell et al., 2003)

O+HO, — OH+O, 5.8x 107! (Ravishankara et al., 1983)

O+NO, —= NO-+O, 9.9x 1072 (Dillon et al., 2006)

NO, +hv ——= NO + O(Cp) Actinic flux dependent

O, + 0 ——— O, 1.4x 10" (Arnold and Comes, 1979)

O, +NO, —= NO;+ O, 3.5x 107" (Verhees and Adema, 1985)

2NO + O, 2NO, 2.0x 1038 (Baulch et al., 1973)

O;+ 0O 20, 24x 107 (Greenblatt and
Wiesenfeld, 1983)

O; +NO — NO,+ O, 1.9x 1071 (Moonen et al., 1998)

O; + Limonene Product 2.1x 1016 (Bernard et al., 2012)

NO; + Limonene Product 1.2x 10 (Martinez et al., 1999)

NO + Limonene Product No data available

OH + Limonene Product 1.44x 10710 (Peeters et al., 2007)

HO, + Limonene Product No data available

HO, +O; —— OH + 20, 2.0x 1075 (Herndon et al., 2000)

HO, + HO, — = H,O, + O, 1.6x 10712 (Wallington et al., 1992)

Nitric oxide (NO) is emitted into, or produced in the troposphere. Soils and natural fires are

main biogenic emitter of NO. It is also formed in situ in the troposphere from lightning (National
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Research Council, 1991). NO is emitted from anthropogenic activities by combustion processes such
as vehicle emission and fossil fuel power plants (National Research Council, 1991, Guenther et al.,
2000). In polluted area sufficient amount of NO is present (more than ~10 parts per thousand (pptv))
and remote area is characterized by small concentration of NO which will affect the photochemical

reaction with RO, and HO; radicals (Finlayson-Pitts and Pitts, 1997).

1.3 Atmospheric aerosol

The atmosphere is not only composed of gases but also of liquids and solids in suspensions.
Atmospheric aerosols are suspended particles that can be solid, liquid or combination of both, being
one of atmosphere constituent (IPCC, 2013). Aerosols consist of different composition and sizes.
Based on the sources of aerosols, they are either primary, which are directly emitted into the
atmosphere, or secondary aerosols that are formed by gas phase oxidation occurring in the atmosphere.
Secondary organic aerosols (SOA) is formed when gas phase species react with atmospheric oxidants,
OH or Os, or other photochemical process to form volatile species that will condensed on the surface

of pre-existing particles(Finlayson-Pitts and Pitts, 1997, Seinfeld and Pandis, 2006).

Particle in the atmosphere arises from natural sources as well as anthropogenic activities
(Seinfeld and Pandis, 2006). Dust, volcanic activities, biomass burning and sea spray all belongs to
natural sources of particles, whereas particles emitted through the attribution of human activities like

fuel combustion, industrial processes, and transportation are called anthropogenic.

Particles in the atmosphere can change their size and composition by condensation of vapor
species or by evaporation, coagulation with other particles, chemical reactions or by activation in the

presence of water.
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1.3.1 Classification of atmospheric aerosols

There are different ways to classify aerosols, the main ones being either from their size or from their

origin.

a) Particle size classification

Particle size is the most important parameter for characterizing the behavior of aerosols. The size of
aerosol particle related with the formation process and visibility effect, health and climate (Seinfeld
and Pandis, 2006). The number concentration and size distribution are the most important aerosol
factors that affect the efficiency of scattering of both short and long wave radiation. This classification
of aerosol particle includes the distribution function of the number concentration, surface area, or

volume of the particles per interval of radius diameter.

Chemical Conversion

oadulatio,

Hot Vapor of Gases to Low
Volatility Vapors
Condensation Low
Volatility
Primary Vapor
Particles l
. Homogeneous
Coagulation Nucleation |
Chain Condensation |
Aggregates Growth of Nuclei | Wind Blown Dust
+
| Emissions
+
Croplets | Sea Spray
+
I Volcanoes
. | *
Coagulation | Plant Particles
|
|
|
|

. S

0.001 0.0 01 1 2 10 100
Particle Diameter, um

Transient Nuclei or Accumulation_b Mechanically Generanﬂ
Aitken Nuclei Range Range ¢ Aerosol Range
<4—————Fine Particles ———®|*—C(Coarse Particles—»

Figure 1-6 Illustration of the range of size distribution of aerosol

particles(Whitey, 2007).
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PM; — particles with aerodynamic diameter less than or equal to 10 pm.

PMb 510 - coarse particles with aerodynamic diameter between 2.5 and 10 pm.

PMb s — fine particles, with aerodynamic diameter less than or equal to 2.5 um.

PMy.1 — ultrafine particles, whose diameter less than or equal to 0.1 pm.

Figure 1-6, the accumulation mode represents particle diameter between 0.1 to 1.0 pm. This
mode represents a region of particle growth due to coagulation of particles diameter less than 0.1 pm.
The Aitken mode of particles include from 0.01 to 0.1 um diameter range. It is the mode of

condensation and/or nucleation.

b) Primary and secondary aerosols

The mode of formation of aerosols in the atmosphere is one way of categorizing aerosols. There are

two ways of formation of aerosol regardless of their sources.

Primary aerosols - are particles, which are directly emitted to the atmosphere through different

processes in different forms (liquid or solid).

Secondary aerosols — are particles formed in the atmosphere due to atmospheric transformation

of gases, liquids or solids.

Chemical components of atmospheric particles are highly diverse. They vary from nearly
neutral to highly soluble substances. As the origin of atmospheric aerosols varied, the chemical
composition and their atmospheric lifetime are different. Nevertheless, it is important to understand
the formation, composition and behavior of aerosol particle in order to better quantify their effect on

human health and global climate. The chemical composition of ambient aerosol particles are poorly
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characterized, in particular its organic fractions. Generally, the composition varies according to their

origin.

1.3.2 Effect of atmospheric aerosol on air quality and human health

Atmospheric aerosols have different effect on terrestrial and aquatic ecosystem. They affect the air
quality, visibility, public health and climate (Seinfeld and Pandis, 2006, Perraud et al., 2012). Air
pollution has a long history (Bowler and Brimblecombe, 1992). Up to the mid-20" century,
documented air pollution were primarily related with high concentration of sulfur dioxide and soot
particle (Noble and Prather, 1998). It was referred to as" London smog" because of a severe pollution
episode in that city in 1952. Furthermore, the discovery of photochemical air pollution in Los Angeles
area in 1940s have shown high concentration of O3 and photochemical products that can affect human

health.

The increase in particulate air pollution has been associated with decline in the function of lung
and hence effect the respiratory system (Pope et al., 2002). There effect depends on their size, for
instance, fine particulate matter can cause lung cancer and cardiopulmonary mortality (Pope et al.,

2002), whereas bigger particles can trapped in the nasal cavity.

The particulate matter composition of the atmosphere also affect visibility and radiative balance
of the Earth's surface by their absorptive capacity of IR radiation, and reflection and absorption of
visible light (Poschl, 2005, Program, 2009). The direct effect shown by particle is absorption or
scattering of solar radiation. Certain aerosol contributes in warming the Earth's surface by absorbing

IR radiation, whereas the others contribute in cooling the Earth by reflecting back the solar radiation.
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Figure 1-7 The effect of radiative forcing and external factors of
aerosol and gases on the global climate system(IPCC, 2013)

The indirect effect of aerosol is through their interaction with clouds. Aerosol can affect the
microphysical properties of clouds: soluble submicron particles serve as cloud condensation nuclei
thereby increasing the water droplets. However, the increase in the number of droplet may leads to
the decrease in the average size of droplets that cause delay or elimination of precipitation of clouds.
Indeed, if there were no aerosol in the atmosphere, cloud would be much less common (Rosenfeld

and Woodley, 2000, Twomey, 1977).
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1.3.3 Primary and secondary organic aerosols

Organic compounds are ubiquitous in ambient aerosols, accounting for up to 50% of the fine
particulate mass (Jacobson et al., 2000, Kanakidou et al., 2005, Seinfeld and Pankow, 2003, Zhang et
al., 2004). The organic fraction plays an important role in determining their formation, growth, and
removal of ambient aerosols (Prather et al., 2001). Organic particulate matter emitted directly from
their sources into the atmosphere such as fossil fuel combustion or biomass burning are referred to as
Primary Organic Aerosol (POA) whereas organic particles formed in the atmosphere are referred to
as Secondary Organic Aerosol (SOA). However, the distinction between them is ambiguous that one
aerosol particle may contain both forms simultaneously. Moreover, some individual particles may

also contain both organic carbon materials (Kanakidou et al., 2005, Seinfeld and Pankow, 2003).

Among organic aerosols, secondary organic aerosols are the most important fractions, formed
by the transformation of different VOCs by atmospheric oxidants (OH, O3 and NOs3) and/or

photochemical activities (Figure 1-8).

Indirect forcing
N
Direct f Cloud formation
Mes foreingd and evolution
\__/7

SOA formation ‘\'\
and growth ;%
s

Dry season

Amazon Basin: Green Ocean

Figure 1-8 Mode of formation, source and effect of atmospheric aerosol

(http://www.seas. harvard.edu/environmental-chemistry).
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The carbonaceous component of atmospheric aerosol may varies from elemental carbon such
as soot that mainly emitted from combustion process, and organic carbon such as organic compounds
that are directly emitted to the atmosphere from primary sources such as biomass burning and
combustion process or introduced by photochemical transformation called secondary organic aerosol
(SOA). The latter are formed within the atmosphere when volatile organic compounds undergo
oxidation reaction to form low volatile product which later condensed or partitioned on the pre-
existing seed particles (Hoffmann et al., 1997, Odum et al., 1996, Ortega et al., 2013, Pandis et al.,
1992). Volatile organic compounds are emitted in to the atmosphere from anthropogenic and biogenic
sources (Odum et al., 1996, Seinfeld and Pandis, 2006). Anthropogenic VOCs consists of alkanes,
alkenes, aromatics and carbonyls while biogenic are isoprene, monoterpenes and sesquiterpenes.
However, aromatics and monoterpenes are important constituents of atmospheric chemistry and are
being identified as SOA precursors (Griffin et al., 1999, Odum et al., 1996, Seinfeld and Pankow,

2003).

The seed aerosol can act as the absorption or adsorption center for SOA formation. The number
size distribution of the seed aerosols play a crucial role for the condensation and coagulation process
of the reaction products. The surface area of the particle can also have a great influence in the

absorption and catalytic reactions (Oh and Andino, 2000).

The ubiquitous trace atmospheric gas, NH3, reacts with inorganic acids (e.g. H>SO4 & HNO3)
in the atmosphere to produce secondary particulate species such as (NH4)2 SO4 and NH4NOs. They
are common components of atmospheric aerosols (Mensah et al., 2012, Rood et al., 1989). A report
showed in Hao (Hao et al., 2007), that the presence of seed aerosol shorten the time to reach the gas-

particle partitioning equilibrium.
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Organic acids such as succinic acid and adipic acid are identified as major constituents of the
organic aerosols (Grosjean et al., 1978, Limbeck and Puxbaum, 1999). Anthropogenic and/or biogenic
processes emit them (Chebbi and Carlier, 1996, Kerminen et al., 2000, Rohrl and Lammel, 2002).
According to Monge et al., (Monge et al., 2012), organic acids can potentially contribute to aerosol
growth and photochemical processes may occur within aerosol and/or at the gas particle interface
through energy transfer from the compounds such as humic acid triplet state. The triplet state of the
compound can either interact directly with VOCs or induce a radical on the surface of aerosol particles.
The particle growth was observed when the seed, ammonium salts and organic acids, containing

photosensitizer (i.e. humic acid or 4-benzoylbenzoic acid) were exposed to gaseous VOC and light.

Predicting atmospheric process and effect of particulate matter starts from understanding the
composition and formation mechanism of atmospheric aerosol particles. Nevertheless, it is difficult
to quantify and identify the chemical components of atmospheric aerosol because of complex
transformation and atmospheric system with a wide range of chemical and thermodynamic properties
(Rudich et al., 2007, Saxena and Hildemann, 1996). There are no easily way to characterize aerosol

composition and separation of primary and secondary sources.

Several researchers use different indirect methods to characterize chemical composition and
formation mechanism of aerosol and their possible sources. Reaction chamber is one method to
investigate the formation of SOA from the photo-oxidation of anthropogenic and biogenic precursors
coupled with different aerosol instruments. In this work, an aerosol flow tube reactor was used to
characterize some reactions that potentially contribute for SOA formation and aging. Indeed, different

aerosol instruments are employed for the chemical composition analysis of these reaction products.

Having the potential importance of the new photosensitized pathway for SOA growth and aging

defined by Monge et al., (Monge et al., 2012), this work is intended to investigate the contribution of
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photosensitized reactions to the growth and aging of atmospheric aerosols. To accomplish this
objective, a series of experiments were performed using aerosol flow tube, coated-wall flow tube,

mass spectrometer and gas detectors based on the following specific objectives:

e To study the direct contribution of glyoxal to SOA growth and aging;

e To identify the important condensed phase glyoxal reaction products that can act as a
photosensitizer;

e To identify the determinant parameters that can possibly affect the SOA growth in the flow
tube;

e To formulate the SOA growth mechanism;

e To characterize the excited triplet stat of imidazole-2-carboxaldehyde;

e To calculate the SOA growth rate in the flow tube;

e To investigate the formation of HO2 and calculate its flux during SOA growth;

e To identify the major components of photosensitized aged aerosol.
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Radicals

Photosensitizers

2.1 Introduction to Photosensitizers

The absorption of radiation by a molecule in the UV-vis range results in electronic transition from
ground state (lower molecular orbital) to an excited state, or orbital of higher energy. The excited
molecules can undergo a number of processes, such fast decay back to the ground state (10°- 10% s),
accompanied by vibrational relaxation or fluorescence. However, the excited state can also potentially
result in chemical reactions (Figure 2-1). Compounds for which the photo-induced excited state results

in chemical reactions of a different species are called photosensitizers.
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Figure 2-1 Photochemical processes for a molecule (M).

Note, however, that only photochemical reactions involving a molecule capable of absorbing
light and transferring the energy to a reactant(s), also called acceptor, is considered as
photosensitization process. The photosensitized reaction proceeds by transfer of energy, hydrogen or
electron between the excited photosensitizer (“PS (T1)”) and a reactant molecule called acceptor

(“Acceptor (So)”), as described below (Vione et al., 2006):

PS (S, +hv ———» PS(S)) (R. 2-1)
PS(S,) —1ISC o PS(T) R. 2-2)
P S (T)) + Acceptor (Sy) _ET o PS(Sy + Acceptor (T)  (R. 2-3)
Acceptor (T;) —— 3 Products (R. 2-4)

where the photosensitized reactions usually requires the formation of an excited triplet state, “PS
(T1)”, through radiationless transition of electron from lowest excited singlet state to lowest exited
triplet state, intersystem crossing (ISC), of longer lifetime than the excited state “PS (S1)”. For the
photosensitized reaction to occur, the formation rate of exited triplet state of photosensitizer (PS (T1))
must be faster than that of acceptor (T1), otherwise the direct photolysis of the acceptor will be faster.
In addition, the excited triplet state of photosensitizer (PS(T1)) must be able to transfer its energy (i.e.
energy transfer, ET) to the ground state of the acceptor (Acceptor (So0)) so that the yielding of the

inter-system crossing must be high.
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2.2 Types of Atmospheric Photosensitizers

Most Carbonyl compounds may undergo triplet photosensitization because of the proximity between
the S state and the triplet state T, that increases the efficiency of the absorption process and triplet
formation (Vione et al., 2006, Zhao et al., 2013). These electronic transition pathways are n-n* and -
n*. Aromatic carbonyls have the lowest S (n-n*) state and the n-n* and n-n* triplet states are close
together in energy. Thus, processes involving the triplet state dominate the photochemistry of these

compounds.

Many aromatic compounds such as quinones and aromatic carbonyls, have been shown to be
efficient photosensitizers (Vione et al., 2006). Humic acid, benzophenone and 4-Benzylbenzoic acid
(4-BBA), for example, are the potential photosensitizers for atmospheric aerosol which are able to
induce the photo-transformations of organic molecules (Ammar et al., 2010, Monge et al., 2012,

Stemmler et al., 2006, George et al., 2005).

2.3 Photosensitized reactions

2.3.1 Quenching reaction

The excited triplet state of a photosensitizer can undergo deactivation through different processes.
Quenching reaction is one of the common radiative or non-radiative deactivation processes. The rate
of deactivation due to the interaction between excited triplet state of a photosensitizer, PS and another

molecule, Q can be simplified as:
(R 2-5),

PS hv 1P8* ISC SPS* + Q—’X +VY

where X — is the PS or ionized PS, Y — is the chemically modified Q and Q — is the quencher.

The rate of decay of PS due to Q, v, is defined by the following formula (Eq. 2-5):
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v = Kk'[PS] + k" [PS][Q] (Eq. 2-6)

where k' is first order deactivation rate constant of triplet state of PS, k' is second order rate constant
of PS resulting from the reaction with quencher (Q), and [PS] and [Q] are respective concentration of

PS and quencher, respectively.

Quenching reactions are dependent on the nature of solvent and temperature of the system. The
reaction can occur either by molecules of the same kind (PS), self-quenching or by the presence of
another potential reagent (Q) in the system. The deactivation of triplet state can be proceed via

electronic energy transfer, electron transfer and hydrogen transfer.

2.3.2 Energy transfer

In photochemical reaction intermolecular electronic energy transfer may be considered as being the
transfer of energy from the excited state of one molecular entity (the donor, D*) to another molecule
(the acceptor, A). By transferring energy to the acceptor, the donor is deactivated to the fundamental

electronic energy state, which raises the acceptor to a higher electronic energy state.
D' + A> D+ A (R.2-7)

According to the spin multiplicity of the donor and acceptor, the electronic energy transfer can

be singlet-singlet, singlet-triplet or triplet-triplet electronic energy transfer, expressed as follows:
Singlet-singlet energy transfer: 'D* + 'A = 'D + 'A*
Triplet-triplet energy transfer: °D* + A > D +A*

Singlet-triplet energy transfer: 'D* + A = D +3A*
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Among these energy transfers, triplet-triplet energy transfer is the most common and most
important in organic photochemistry. Since the excited state of donor molecules are preferentially
formed by photon absorption and the energy is transferred to the acceptor, the process is referred to
as photosensitization of A or quenching of excited state of D. The acceptor molecule is then activated
to a lower energy triplet state by collisional exothermic energy, thereby returning the donor to its
ground state. The donor is technically representative of a general photosensitizer and the acceptor is

a quencher.
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/ ;’

/ 3 ¥
hv ,, Ty hv
/
r
/
/
/
/
Photosensitizer (D) Quencher (A)

Figure 2-2 Energy transfer from excited triplet state of photosensitizer

to quencher.

2.3.3 Electron transfer

The redox properties of molecules are affected by absorption of light because of promoting an electron
to a higher energetic level, makes the molecule a better electron donor. In addition, electronic
excitation also creates an electron vacancy in the highest occupied molecular orbital; so that the
excited molecule can also be better electron acceptor. Based on this, an electron transfer can be defined
as the promotion of an electron from a donor species to an acceptor species induced by a photon
absorption. Consequently, the electrochemical properties (ionization potential and electron affinity)

changed in such a way that the donor molecule becomes more reactive.
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In the case of a photo-induced electron transfer, the photosensitizer (e.g. IC) in its excited triplet
state can potentially react directly with another molecules (Q) via an electron transfer to produce
reactive species as is given reaction (Figure 2-3). This reaction mechanism depends on the

concentration of photosensitizer and substrate species.

The first phenomenon in electron transfer reaction is absorption of light by photosensitizer into
singlet-excited state followed by intersystem crossing to produce a triplet-excited state, which
becomes both more oxidant and more reductant. Consequently, two possible but different probability

electron transfer reaction (either donating or accepting) pathway can occur. The third electron transfer

step 1s deactivation or unwanted back electron transfer (BET) with in the contact ion pair (F’S+"“‘ Q

or PS - a’ ) which leads to fundamental state of reactants. Generally, BET reduces the overall radical

generation quantum yield or reaction.

After the excitation of the acceptor A, A* and PS diffuse towards each other and given rise to a
complex, wherein each entity maintains their own identity. If the electron transfer takes place, the
activated complex relaxes towards the successor complex, that is to say formation of a pair of radical
ions. Based on Rehm-Weller model (Rehm and Weller, 1970), Canonica proposed electron transfer
mechanism between excited triplet aromatic carboxyl and phenol as electron donor (Canonica et al.,
2000). The electron transfer between the triplet state of aromatic carboxyl, (e.g. IC), and the donor

occurs in different steps.
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Figure 2-3 Alternative reaction path ways for electron transfer by
Rehm-Weller, where Acceptor (A) and donor (D) are triplet

state quenchers, and PS is a photosensitizer (Ley et al., 2014).

The quenching rate constant, kqa or kg/p, is determined using the Stern-Volmer relation

Using this mechanism, Canonica et al., (Canonica et al., 2006, Canonica et al., 2000) explained
that the electron transfer efficiency can possibly occur for photosensitized oxidation mechanism of all
organic compounds having a one-electron oxidation potential in the same range as or lower than those

of phenols.

2.3.4 Hydrogen transfer

The process of hydrogen abstraction is the most thoroughly studied in the field of photochemical
reactions of aromatic ketones (Das et al., 1981, Formosinho, 1976, Lathioor and Leigh, 2001, Leigh
et al., 1996). The hydrogen abstraction mechanism primarily depends on the identity of the hydrogen
donor ranging from pure alkoxy-radical abstraction (Griller et al., 1981, Walling and Gibian, 1965) to

one initiated by full electron transfer to the excited carbonyl compounds.
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This process is mainly depend on the solvent polarity, viscosity and ability to transfer proton,
dissociation energy and oxidation potential of hydrogen donor and the reactivity of carbonyl. For a
specific type of photosensitizer, i.e. imidazole-2-carboxaldehyde, deactivation of its triplet state may
proceed under two mechanism, electron and/or hydrogen transfer based on reduction potential of the

triplet state and the solvent polarity.

The competition between the electron and hydrogen transfer was proposed to stem from
increased mixing of the lowest (n-n*) triplet with the higher laying (n-n*) state (due to a reduced (n-
n*)® — (nm-n*)* energy gap), coupled with increasing basicity of (m-n*) state of donor substituted
carbonyl triplet state. The triplet quenching mechanism of benzophenone by the hydrogen transfer
from phenol were extensively studied (Canonica et al., 1995, Lathioor et al., 1999, Leigh et al., 1996).
However, the hydrogen transfer can also possible for any potential carbonyl photosensitizer and

hydrogen donor (Canonica et al., 1995, Formosinho, 1976).

Accordingly, the hydrogen transfer mechanism primarily proceed by forming oxygen-hydrogen
bond bridge to facilitate the hydrogen transfer process by lowering both the reduction potential of
carbonyl compound and the oxidation potential of hydrogen donor, as is given in the following

equation (Eq. 2-8):

*

. / . _
[ \C:o + H*C/— —_ [\C:O----H—C—] — - G-OH+ cZ (Eq. 2-8)
/ \ 7 \ 4 \

T

As a result, hydrogen transfer is initiated by a simple charge transfer interaction that increases

the acidity of hydrogen on the donor and activates its transfer.
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2.3.5 Singlet oxygen generation reaction

Singlet oxygen generation is one of the important issue during photosensitized reaction. Ground state
molecular oxygen exist exceptionally in a triplet form, which can quench the excited triplet state of

photosensitizer to form energetic singlet molecular oxygen.

Singlet molecular oxygen can exist in two different forms, O, ('Ag) and O ('Y, are spin
singlet, Oz ('Ag) (approximately 22.5 kcal mol™! above the ground triplet state) has a sufficient lifetime
to allow it to play a role in chemical reaction in solution (Clennan and Pace, 2005, Foote, 1968, Greer,
2006, Ogilby, 2010, Ragone et al., 2013). Singlet oxygen often exhibits radical-like behavior in a

chemical reaction.

5
<IC
S1 = Lﬂ:fc;“ A |3gic
hv A R F T 0,05,
P =T~ '0,('A)
So - —_— 302(32g')

Figure 2-4 Triplet-state photosensitized production of singlet-oxygen,
where S donates discrete states of the sensitizer with singlet
spins multiplicity, T denotes state with triple multiplicity, and IC
and ISC donates internal crossing and intersystem crossing

respectively.

Accordingly, photosensitizers like IC can possibly generate molecular singlet oxygen in oxygen
rich system that can potentially react with unsaturated VOCs to form peroxyl radicals during

photosensitized SOA growth.
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The production of singlet oxygen can be detected using different techniques; scavenging and
lifetime reduction are most commonly used chemical and/or physical methods. The lifetime of singlet
oxygen is 13 times longer in D>0 than in H>0, and NaNj is a selective singlet oxygen quencher that
can quench at the rate of 1x 10° s! (the second order rate constant for singlet oxygen quenching by

oxide is 5 x 108 M!s™! (Haag and Mill, 1987).

2.4 Photosensitized reactions in the natural environments

Photochemical transformations are an important phenomenon of organic compounds in the natural
environment (soil, natural water...). Photosensitizers facilitate the photochemical transformation of
organic compounds. Humic substances, which are ubiquitous in nature, strongly absorb sunlight and
can cause photochemical transformation of non-absorbent organic material (Burdon, 2001, Vione et

al., 2006).

Humic substance (HS) absorb solar energy most often between 300 and 500 nm and generate
excited triplet state ((HS*) and thereby produce reactive species such as hydroxyl radical and singlet

oxygen (Aguer and Richard, 1993, Aguer and Richard, 1996, Monge et al., 2012).

It has been shown in previous works that photosensitizers could also play important role in the
atmosphere (Stemmler et al., 2006, Jammoul et al., 2008, Monge et al., 2012) by either promoting the
chemical conversion of atmospheric gases (NOx, Os3) at the surface of atmospheric particles (Ammar
et al., 2010, Stemmler et al., 2006), generating important gases (HONO, (Stemmler et al., 2006)) or
by contributing to SOA growth (Monge et al., 2012). Based on the argument that traces of carbonyl
compound in the atmosphere may induce photochemical reactions, which in turns initiate formation
and aging of organic aerosol, IC is the promising candidate photosensitizer that causes SOA growth

and aging. This work aimed at investigating the reactions that contribute for aging and formation of
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SOA using different strategies. In these previous studies, however, the exact type of molecules that
could act as photosensitizers in the atmosphere were not identified. In laboratory model compounds
such as humic substances or 4-BBA have been used. This work focuses on the identification of a new
type of photosensitizer, which could be common in atmospheric aerosols, the characterization of its

role in SOA growth, and the investigation of its reaction mechanism.

37



Photosensitizers

38



Experimental techniques and methodologies

3 Experimental techniques and methodologies

Different techniques and methodology were employed in this work to investigate the photosensitized
aerosol growth and aging and will be presented in this chapter according to the technique used. Two
types of flow tubes, aerosol flow tubes and an organic-coated flow tube, were used to study the aerosol
growth and the interaction between organic film and flowing gases (nitric oxide and VOCs),
respectively. The technique used to investigate the chemical composition of aged aerosol was filter
sampling followed by direct ESI-(=z)HRMS and UPLC/(+)HESI-HRMS. Finally, laser flash
photolysis (LFP) was used to study the excited triplet state of the photosensitizer and its interaction

with quencher.

3.1 Aerosol growth studies

Aerosol growth was studied using aerosol flow reactors, in which seed particles generated by a
continuous aerosol generator (section 3.1.1), dried, mono-dispersed and neutralized were introduced.
The growth of the organic phase onto the seed particles inside the flow tube was then studied as a
function of different parameters such as VOC concentration and type, light intensity, and
photosensitizer concentration and type by using various tools such as Scanning Mobility Particle Sizer
(SMPS) and Condensation Particle Counter (CPC) (section 3.1.4). A constant concentration of VOCs
was generated (section 3.1.2) and introduced in the flow tube together with the seed particles. The
VOC concentration change due to it interaction with seed particle was measured at the exit of the
aerosol flow tube using PTR-MS (section 3.1.6). Furthermore, some gas analyzers were coupled with
the flow tube to measure the formation and/or change in concentration of nitrogen oxides and/or ozone

(section 3.1.5).

39



Experimental techniques and methodologies

Unlike smog chamber experiments, involving very long residence times and many processes
simultaneously, the short residences time of the aerosol flow tube allowed to investigate the very
beginning of SOA growth and provided a better understanding of the processes involved. In particular,

this technique allows to investigate the role of different external parameters on the process studied.

1. Sample solution 8. Water inlet

2. Atomizer 9. VOC generator (oven)

3. Diffusion drier 10. Aerosol flow tube

4. SMPS 11. Irradiation lamps

5. Flow controller 12. U-CPC

6. Exhaust pump 13. Gas analyzer(NO, or O,)
7. Humidifier 14. Humidity sensor

Figure 3-1 Scheme for aerosol flow tube for studying the aerosol-gas-
light interaction within different contact time.
The flow reactor setup shown in Figure 3-1, allowed us to study the aerosol aging due to the
interactions between gases such as VOCs, ozone or nitrogen dioxides on aerosol surface in different

light conditions.
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3.1.1 Seed particle generator

A spray of seed particles containing the photosensitizer to be studied was generated by a constant
output atomizer (Model 3076). This device created constant number of polydispersed aerosol particles
having the number diameter about 0.3 pm with a standard deviation less than 2.0, depending on the

composition, concentration of the solution and the nature of solvent used as well.

The sample was prepared by dissolving the inorganic proxy (ammonium sulfate (AS, 0.95 mM)
or ammonium nitrate (AN, 1.5 mM) and/or organic proxy (succinic acid (SuA, 10.5 mM) and the
photosensitizer (IC, 1.3 mM) in distilled water (18 MQ). A solution containing the compound(s) of
interest was connected to the atomizer with a liquid feed tube where the liquid is drawn into the
atomizing section. Compressed air was connected to the orifice of the atomizer to form a high-velocity
jet perpendicular to the liquid feed. This jet atomized the liquid. The large droplets were removed by
impaction on the opposite wall and the excess liquid was drained at the bottom of the atomizer

assembly block to the same bottle. The fine spray left the atomizer through a fitting at the top.

\ Polydisperse Aerosol

0.0135 Dia.
Hole in 3/8 Dia. Disc.

Pressure = \
Relief ) z Atomizer Assembly

N Liquid Feed

N~ Excess Liquid Drain Off

Figure 3-2 Schematic of the aerosol generator and atomizer assembly

block (Model 3076).
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The fine spray leaving the atomizer was connected to another bottle used to collect the larger
droplets. The seed particles were introduced to the SMPS where they are neutralized and size selected

through a 60 cm silica gel diffusion drier as shown on Figure 3-1.
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Figure 3-3 Typical number distribution of a sodium chloride aerosol

atomized from 0.0001 g/cm’ solution.

3.1.2 VOC generator

VOCs were generated by permeation tubes. The VOC generator (Metronics Dynacalibrator® Model
150) allowed to generate constant concentrations of various gases from ppbv to high ppmv, (Figure

3-4a).

The permeation device was placed in the passivated glass-coated permeation chamber house of
the oven where it was heated and the gas vaporized. The temperature of the chamber was controlled
to £0.01°C. The wide range of temperature setting, 30°C to 110°C, allowed us to generate a wide
range of volumetric concentration of VOC. The concentration of VOC in the flow tube can also be

controlled by varying the carrier gas flow rate in the oven chamber as well as in the flow reactor.
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Figure 3-4 VOC generator Model 150 Dynacalibrator® from VICI
Metronics: a) The permeation oven, and b) permeation tubes
containing the volatile organic compound (VOC).

The permeation tube was calibrated gravimetrically through the mass loss in ng/min measured

over time for a given temperature and carrier gas flow.

14x10°1 y = 1896.3x - 5E-06
R?=0.99199
1.2x10"

1.0x10

8.0x10° -

Mass loss (ng)
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Figure 3-5 Calibration curve for limonene permeation tube at 90°C of
the permeation chamber temperature and 100 ml min™ carrier
nitrogen flow.
The determination of a calibration curve from a given VOC proceeded, for example, Limonene,

as follows; 1.25 ml of liquid d-limonene was sealed in 8 cm length of PolyTetraFluoroEthylene

(PTFE) tube having PTFE rod at both end. The mass of sealed limonene was measured and placed
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inside the permeation chamber house of the oven. The set point of the temperature was adjusted at
90°C and pure and dry N, passed through the chamber at the rate of 100 ml min™' to sweep the vapor
from the chamber. The mass loss of limonene was measured for different time interval. The slope of
the graph (Figure 3-5) of mass loss (ng) versus time interval (min) corresponded to the permeation
rate (ng/min) of the chemical compound at the specified temperature, carrier gas flow and volume of
the liquid in the tube and length of the tube. The calibrated limonene permeation tube was used for

other experiment in the same condition as used for calibration.

The VOC concentrations in the flow tube were determined based on the permeation rate of the

tubes which was calculated as follows:

__F
(22.4/M)

where P is permeation rate (ng/min), C is the output concentration (ppm), F is the flow rate of the

P (Eq. 3-1),

carrier gas (ml/min), and M is the molecular mass of the chemical compound placed in the permeation

tube (g/mol).

The permeation constant is a function of temperature, characteristics of chemical compound and

the tube properties.

—E. -
P, = Pge P/ pr (Eq. 3-2),

where: Pg is the gas permeability constant and PG is a constant, E,, is the activation energy of the gas,

R is the molar gas constant, and T is the temperature.
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The only variable that can change during experimental operation is temperature. From Eq. 3-2
and if the permeation rate (Po) of the tube is known for some reference temperature (To), the rate (P)

at a second temperature (T) can be estimated using the following relation:

logP = logPy + 0.034(T — Ty) (Eq. 3-3)

The accuracy of the calculation £5% for a 10°C change in temperature. In this work, almost all

permeation rate of the VOC were used at the reference temperature unless it is specified.

The lifetime of permeation tube (Lt in month) is an important characteristic which determined
by the permeation rate, the volume to surface ratio of the tube (P in ng/min/cm) and density (p in g/ml)
of the compound. The lifetime of permeation tube for a standard tube with 4” OD can be estimated
by using:

5600 ]
L= Pp (3-4)

The permeation lifetime of limonene that we used in most experiment for this study, for
instance, for the permeation rate given in Figure 3-5 with density equal to 0.8411 g/ml has service life

not more than 19 months.

3.1.3 Aerosol flow tube

The aerosol flow tube is the main component in which the aerosol growth and aging was studied. The
generated seed particles and VOC were introduced into a horizontal cylindrical flow tube made of
Pyrex (13 cm internal diameter, 152 cm of length); surrounded by seven fluorescent lamps (Philips
CLEO) with a continuous emission spectrum that allowed a homogeneous irradiation of the
gas/aerosol mixture (Figure 3-6). It is equipped with Teflon stoppers and different flow controller that

adjust the contact time of gas/aerosol/UV-light between 15 and 50 minutes. The total flow rate in the
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flow tube(s) was between 400 and 1000 ml min™!, ensuring laminar flow conditions. This implied that
the contact between the particles and gases present in the reactor was efficient and not limited by

diffusion.

Figure 3-6 Picture of aerosol flow tube used for SOA experimental

investigation.

Gas/Particle flow regime

The flow in the flow tube can be considered as laminar when the Reynolds number (Re) is less than
2000, turbulent when it is otherwise. However, for Re between 2000 and 4000, the flow may be in a

transition between turbulence and laminar.

Reynolds number (Re) is a dimensionless number, which is used for characterizing the nature
of flows. It can be defined as the ratio of inertial force (puL) and viscous force (i) and interpreted as

the ratio of twice the dynamic pressure (pu2), and the shearing stress (pu/L) can be expressed as:
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pu? pul ulL

— = (Eq. 3-5)

R = =
¢ uu/L U v

where p is density (kg cm™), u — is the flow velocity (m s™), u is the dynamic viscosity (N s m?, kg

m!s), L is the characteristic length of the flow reactor (m) and v is the kinematic viscosity (m? s™).

For a cylindrical tube, the characteristic length is the hydraulic diameter (dn), which will be
equal to the internal diameter of the cylindrical flow tube. The Reynolds number of a cylindrical pipe,

is therefore, be given as:

_ pudy
U

Re

(Eq. 3-6)

The density of dry air can be calculated using the ideal gas law, expressed as a function of
temperature and pressure; for temperature of 298 K and 1 atm pressure, the value of density is 1.18

kg m>.

The dynamic viscosity, W, of a circular pipe is calculated using the formula:

1= HUo % (%)3/2 (Eq. 3-7)

where p is the viscosity at specific temperature T, po — is the viscosity at reference temperature To, a

=0.555To+ C, b=0.555T + C, and C — Sutherland constant.
For a given temperature, T = 300 K, the dynamic viscosity, p, of dry airis 1.87 x 10° kg m™' s7!.
By taking the maximum total flow rate in the flow tube as 1 L min™ and internal diameter of the

flow tube 13 cm, the maximum speed of particle in the flow tube is equal to 1.26 x 10> m s™. The

summative effect of these parameters gives the Reynolds number, Re < 50 (Re = 10) which confirms
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that the entire flow in the aerosol flow tube is laminar. The residence time (Rt) and the corresponding

Re for consecutive experiments are given Table 3-1 as follow:

Table 3-1: Nature of flow in the aerosol flow tube for different flow rate

Rt(s)  Total flow rate u (m.s™) Re Flow
(ml.min") nature
1200 1000 1.27E-03 10.0 Laminar
1800 670 8.44E-04 6.7 Laminar
2400 500 6.33E-04 5.0 Laminar
3000 400 5.07E-04 4.0 Laminar

A complementary method for the characterization of the nature of the flow of a fluid can be
found in the criterion of the Péclet number (Pe), a dimensionless number in the study of transport

phenomena in fluid flows, defined by the expression:

ul
Pe = D= Re.Sc (Eq. 3-8)

ax

where Day is an axial diffusion coefficient, and Sc is the Schmidt number, is a dimensionless number

defined as the ratio of viscous diffusion rate and mass diffusion rate of the fluid.

The Péclet number compares the phenomena of advection and diffusion of an analyte in a flow.
This number is less than 50 for all our experimental conditions used in this study and hence axial

diffusion cannot be important (Bennadji et al., 2011).

Average flow velocity

For this study, a cylindrical aerosol flow tube was used and laminar flow was observed (Table 3-1).
The velocity profile of the flow in the aerosol flow tube was estimated based on the theory that the

fluid velocity in a cylindrical tube is uniform in all directions. In a fully developed laminar flow, where
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the velocity profile does not change downstream, the fluid particles move at a constant axial velocity
along a streamline with a parabolic velocity distribution. There is no fluid particle motion in the radial
direction, and thus the velocity component in the direction normal to the flow is everywhere zero. The
fluid particle velocity is then zero at the surface (r = r0) and maximum at the center (r = 0) of the flow

tube.

Figure 3-7 Velocity profiles as a function of reactor radius under
laminar flow condition.
In a laminar flow tubular reactor, the Navier—Stokes equations, combined with the continuity
equation for incompressible flow and the well-known Hagen-Poiseuille equation are used to determine

the analytical solution of the parabolic velocity profile.

1 dpP

ur=ﬂa

2
(roz -r?) = Umax (1 z > (Eq. 3-9)

2
where Umax 1s the maximum velocity at the center of the reactor (r = 0). By definition, the average
velocity is one-half of the maximum velocity: Umax=2Uav), Uav is the average velocity, and dP is the

pressure drop with the reactor length (dL).
The pressure variation (AP/L) along the tube can be calculated from Poiseuille’s law as follows:

4
w1, AP
= — Eq. 3-10
9= 80 1 (Eq )
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where q is the volume flow rate, p is the viscosity and L is the length.

For a range of gas flow rate of 400 and 1000 ml min™!, we find that the axial pressure drop is
negligible: 1.8 x107 < ATP <4.5x 107 Pam™. This pressure gradient was, therefore, not considered in

this work.

Gas/ Particle contact time

The contact time, also called residence time (Rt), is the reaction time whereby the particles are directly
interact with light and the gaseous species. The length (L) and the average velocity (u) of the flow in

the flow reactor determine it.

Rt = (Eq. 3-11)

|~

where L is the distance of the interaction between gaseous species and aerosol particles (cm); 0 <L <
152. In this work, the average flow velocity ranges from 5.1 x 10" and 1.3 x 10~ m s™! that corresponds

to the contact time from 20 to 50 min.

50



Experimental techniques and methodologies

110 T T T T T T T T 0.07
]
100 ]
] -/
/ 0.06
90 /l
] - —
= % " L 0.05 '.E
£ ] ./
= 704 / £
g ] Ll u >
E \ e -0.04 G
o 604 ] ks}
(&) | || / [
& N >
S 50+ .< 0.03 S
% / I\ e 9
& 404 /. m 2
i ) l\ <
n
30 4 T - 0.02
<4 .\.\.
] —n
20
T T T T T T T T T T T T T T T 0.01
100 200 300 400 500 600 700 800 900

Total flow (ml min™)

Figure 3-8 Gas/particle contact time (Black) and average velocity
(Blue) as a function of total flow rate in the flow reactor.

Indeed two different type of flow reactor were used during this study. However, the difference
is only in size, one with internal diameter of 8 cm and the other with 13 cm having the same length
and irradiation system. These two different aerosol flow tubes allowed performing experiments in
different contact time, and to attain more gas/ particle contact time, most of the results are presented

here are from the bigger (i.d. 13 cm) flow tube.

Irradiation system

The fluorescence lamps mounted on the flow tube setup (Philips Cleo) emit a continuous spectrum in

the near UV light ranging from 300-420 nm (Figure 3-9) with a total irradiance of 3.31 x 10'¢ photons

-2

cm 2 57!, The spectrum of actinic flux in the flow tube was measured using a calibrated radiometer

connected to a receiver (Hofzumahaus et al., 1999).
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Figure 3-9 Irradiation system in the flow reactor: (a) with all 7 lamps
irradiance in the flow tube (Black) when it is compared with
solar light total irradiance (red); (b) Cross-sectional view for
the arrangement of lamps around the flow reactor.
In Figure 3-9a, the total lamps intensity inside the aerosol flow tube compared with solar light

intensity. The arrangement of lamps around the flow reactor is shown in Figure 3-9b. The intensity of

each lamps in the flow reactor was measured by turning on and off the lamps.
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Figure 3-10 Total irradiance for different number of lamps in the flow tube.
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Temperature and humidity control system

The temperature inside the flow reactor was controlled by water circulation through the outer jacket
of the reactor using a thermostat (Model Huber CC 405). The temperature was kept constant at 29342

K and is important to simulate atmospheric temperature.

The relative humidity of particles in the flow reactor was controlled using a device for saturating
the carrier gas. The carrier gas, which is similar to particle carrier gas, was passed through a bubbler
bottle containing pure water (Milli Q, 18 MQ). The bubbler bottle is thermostated with a circulating
water at the same temperature as the flow reactor. However, the temperature of circulating water might

be changed depending on the amount of relative humidity needed.

The relative humidity (RH) in the system was varied by varying the flow rate of gas to the
bubbler and by changing the temperature of circulating water around the outer jacket of the bubbler.
A humidity sensor (Meltec UFT 75-AT, Germany) was connected at the exit of the flow reactor that
allowed us to monitor and see the effect of the relative humidity and it also helps us to control the
temperature of the flow reactor. Thus, in the flow reactor, the aerosol particles was exposed to the gas

stream containing appropriate humidity that varied between 0 to 50 %.

3.1.4 The aerosol Instrumentation, SMPS-DMA-UCPC

The aerosol flow reactor was coupled with different aerosol analyzers, placed at the entrance and exit
of the reactor (Figure 3-1), which will give us the necessary information on the number of aerosols
(CPC) and their size distribution (SMPS). These instruments can give us information about the gas-

particle surface interaction thereby to predict the growth and aging reaction mechanism of SOA.
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Principles and function of Scanning Mobility Particle Sizer (SMPS)

Two SMPS were connected just after the seed generator and at the exit of the flow reactor. The first
SMPS connected just after the seed generator allowed us to neutralize seed particles and select the
particle size of interest for investigation. It also provides information about the flow rate of aerosol to

the flow reactor. The polydispersed seed particles sample enters to SMPS that passes through Kr-85
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Figure 3-11 Scheme for operating principle of the SMPS with the DMA
model 3081.
neutralizer to obtain equilibrium charge distribution of aerosol particles (Fuchs, 1963, Wiedensohler,
1988). The charge neutralized spray then enters to the DMA having two cylindrical column as seen
in Figure 3-11. The seed particles and the sheath air are introduced at the top of the column
downwardly through the space between the two columns. The clean sheath air flow used to ensure a

laminar flow and to selectively protect the central electrode. The inner cylinder will be maintained at

54



Experimental techniques and methodologies

a negative voltage controlled while the outer cylinder is connected to ground thereby creating an
electric field between the two cylinders. This electric field will accelerate the positively charged
particle along the field line. The particles are then precipitated along the column. Place of precipitation
of these particles will depend on their electrical mobility, Zp, defined as:

C
Z, = —— (Eq. 3-12)
3muD,

where Z, is the electrical mobility, n is the number of charge on the particles, e is the elementary
charge, C is the Cunningham slip correction, p is the dynamic viscosity of air, and D, is the radius of

the particles.

The electrical mobility of particle is dependent mainly on charge and particle size. Each voltage
value corresponds to a certain electrical mobility of particles and therefore a certain diameter. Particles
with a high electrical mobility (the smaller particles) will be collected on top and those having a lower
electrical mobility (the larger particles) will be collected on the lower part of the bar (Figure 3-11).
The particles comprised in the narrow range of mobility will be piloted to the output of the column
giving a monodisperse aerosol stream. One can therefore draw monodispersed particles to the flow

reactor for further analysis.

The second SMPS having the same working principle but operated differently was connected at
the end of the flow tube to measure the size change in the range of 14 to 750 nm. It was then connected

to the CPC to measure the concentration of particles.

Principles and function of Condensation Particle Counter (CPC)

The CPC we used for this study was UCPC (Ultrafine condensation particle counter). UCPC is the

aerosol instrument that can continuously count particles ranging from 2.5 to 3000 nm in diameter in
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real time. The working principle of this CPC is the aerosol sample drawn continuously through heated
saturator in which the alcohol is vaporized and diffuses to the sample stream then pass into a cooled
condenser where the alcohol vapor becomes supersaturated and ready to condense. The alcohol is then
condense on the aerosol particles to obtain drops of the same size and large enough to be easily taken

into account by the optical detector. The alcohol is pure 1-butanol.

Variable
Orifice
(adjusts i
sheath air) .
Air Filter %
| ~. ®
Make-up Air 3-way Valve Bypass Flow Sample Inlet Drain
1.2 (low) or (controls By, 0 (low) or 0.3 (low) or Bottle
0 (high) Umin inlat flow) Filter 1.2 (high) Limin 1.5 (high) Limin

Figure 3-12 Schematic representation for the function of UCPC-3776.

When these droplets cross a laser beam of light optic, each droplet scatters light onto a nearby
photo diode. These signals are continuously counted and are displayed in particles.cm™ each second
on the LCD. These particle counts were then stored and transmitted to an external data acquisition

device.
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3.1.5 Gas analyzer instruments

In order to control and analyze the evolution of gases, either by addition or production, in the aerosol
flow tube, two types of gas analyzer was connected at the exit of the flow tube. These allowed us to
monitor the presence or absence of oxidants (NOx, and ozone) that contribute to the SOA aging. In
addition to this, it is also important to monitor the evolution of gases in the presence of aerosol

particles.

NO, Analyzer

The CLD 88 nitrogen oxide analyzer (ECO PHYSICS CLD 88 cyp) or Thermo Environmental 42C
was connected at the outlet of the flow reactor in order to make possible the continuous measurement
and monitoring of NO-NO; concentration change during photochemical reactions. The NOx analyzer

is based on the optional molybdenum convertor (Figure 3-13).
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drye
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somple gos inlet teation chanber
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ozone scrubber  vacuum pump

I i

Figure 3-13 Scheme for working principles of NOx Analyzer (Eco
physics CLD 88 cyp).
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In this type of analyzer, the sample is introduced through the inlet and divided into two identical
flows; amines convertor and NOx convertor. On the other hand, dry ambient air passes through air
filter to the ozonator that can generate the necessary concentration of ozone need for the
chemiluminescent reaction. The ozone reacts with NO in the ambient air sample to produce
electronically exited NO2 molecules. The photomultiplier then detects the NO; luminescence. The

minimum detection limit of this type of analyzer is 0.05ppb which mainly depends on the filter setting.

Ozone analyzer

THERMO ENVIRONMENTAL 49C model is a double-optical bench based on the principle of UV
absorbance was used for this study. It comprises two sensors and two identical optical measuring cells,
A and B, which each have a length of 37.84 cm (Figure 3-14). The UV radiation is emitted by a

mercury vapor lamp at low pressure.
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Figure 3-14 Flow schematic in the ozone analyzer (Thermo

Environmental 49C).
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The sample is separated from its entry into two identical streams, sampling being performed by
an internal pump. The first pass through a trap for ozone in manganese oxide (also known as converter
or scrubber) to become the reference sample. It is then passes through the "reference" solenoid. The
second stream is sent directly to the "sample" solenoid. Both solenoid valves send the reference gas
and the sample gas alternatively in the cell A and B by switching the two solenoid valves, with a
periodicity of 10 s. Thus, when the cell A contains the "reference" gas, the cell B contains the "sample"

gas and vice versa.

The UV light intensity of each cell are measured by detectors A and B, and calculate the ozone
concentration for each cell and output the average concentration to both. The detection limits of this

analyzer is 1ppbv.

3.1.6 Proton Transfer Reaction Mass Spectrometry (PTR-MS)

Proton-transfer-reaction mass spectrometry (PTR-MS) allows real-time measurements of volatile
organic compounds (VOCs) in the aerosol flow tube with a high sensitivity and a fast time response.
The advantage of PTR-MS is the possibility to rapidly measure online the VOCs which are not
consumed while the photochemical reaction takes place. In this study, the PTR-MS was connected
with the outlet of aerosol flow reactor to measure the amount of VOC consumed or condensed on the
aerosol particles by performing dark and light measurement as well as direct measurement from VOC
generator. For those three measurements, the amount of VOCs involved for aerosol growth feasibly

estimated.

The simplified representation of PTR-MS is given in the following scheme, Figure 3-15:
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Figure 3-15 Simplified PTR-MS operational scheme utilizing a
quadruple mass filter: HC - hollow cathode discharge source
and SD - source drift region.

H30" is the proton donor most commonly employed in PTR-MS, ideally generated in the ion
source as pure H30" and reaction of this ion and the organic gases in the analyte gas can only be
considered. For the reaction with only single organic gas, for instance, designated by R, proton transfer
to R can yield RH", only if the proton affinity of R is higher than the proton affinity of H.O. However,
unreacted water vapor may present in the ion source which inevitably leads to the formation of cluster

ions of the type H3O " (H20)n.

H;0* + R - RH* + H,0 (R 3-13)

3.2 Aerosol composition analysis methods- Mass Spectrometry

It is crucial to know the aerosol composition to predict the reaction mechanism of SOA growth and

aging in the flow tube.
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The technique used for investigating the aerosol composition was filter sampling method which
in turn bulk and flow tube experiments were performed to identify major products of the reaction by
direct (£)ESI-HRMS and UPLC/(+)HESI-HRMS analysis. Two ways of investigation were
employed: static bulk experiment and filter sampling by collecting aerosol particles at the flow tube

outlet on a Teflon filter.

3.2.1 Static bulk method

A water/acetonitrile (50/50) solution containing VOC and photosensitizer was placed in a small
cylindrical quartz reactor (Volume of 15 ml) and exposed to light in a box equipped with 7 UV lamps
having the same range as seen in Figure 3-9 for 23 hr. At different time interval, samples were taken

for direct analysis in (+)ESI-HRMS and analysis by UPLC/(£)HESI-HRMS.

3.2.2  Aerosol filter sampling

The aerosol filter sampling was performed by collecting particles on a Teflon filter (47 mm Fluoropore
membrane filters, 0.45 um FH, Merk Millipore, U.S.) using a stainless steel filter holder (Aerosol
standard filter holder, 47 mm, Merk Millipore, U.S.). Two consecutive experiments were undertaken,
the blank experiment where both seed particle containing photosensitizer and gaseous VOC are
introduced in the absence of light, and the second sampled with UV light in the flow reactor in order
to compare the composition variation in light and dark condition for the same other experimental

conditions.

The collected aerosol samples were subsequently extracted using an appropriate solvent
(water/acetonitrile) under ultra-sonication (40 min). The extraction was kept under low temperature

in an ice bath to avoid temperature initiated distraction and reaction. The extracts were then
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concentrated by gentle streaming of nitrogen over the solution followed by subsequent analysis by

UPLC/(+)HESI-HRMS.

3.2.3 ESI-(+)HRMS and UPLC/(£)HESI-HRMS Analysis

The UPLC/(+)HESI-HRMS system comprised a Dionex Ultimate 3000 ultra-performance liquid
chromatograph (UPLC, Thermo Scientific, U.S.) coupled to a Q-Exactive high resolution mass
spectrometer (HRMS, Thermo Scientific, U.S.) equipped with a heated electrospray ionization (HESI)
source. In this study, the sample solutions prepared in water/acetonitrile solvent were analyzed in two
compartments. Half of the samples were analyzed by direct infusion of the diluted solutions into the

non-heated electrospray ionization source (ESI-(x)HRMS analysis) at a flow rate of 30 uL min '

Source voltages of +3.5 kV and -2.6 kV were applied for the positive (+) and negative (-) ionization
modes, respectively. The remaining fraction of the samples were analyzed by means of
UPLC/(£)HESI-HRMS. The chromatograph was equipped with a HSS T3 Acquity UPLC column
(1.8 pm, 2.1 x 100 mm). The mobile phase was (A) acidified water with 0.1%, v/v, formic acid, and
(B) acidified acetonitrile with 0.1%, v/v, formic acid. A 16 min gradient was applied: eluent (B) was
kept at 1% for 2 min and was then increased to 90% in 10 min, this ratio was maintained for 2 min

before returning to the initial condition for 2 min. The flow rate was 0.3 mL min .
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Figure 3-16 scheme for ESI-(x)HRMS and UPLC/(£)HESI-HRMS
Analysis.

Source voltages of +3.7 kV and -3.0 kV were applied for the positive (+) and negative (-)
ionization modes respectively. All acquisitions were performed in full MS mode with a scan ranging
from m/z 50 to m/z 750 and a resolution set to 140 000. Specific MS2 spectra were acquired in direct
infusion mode applying a normalized collision energy level of 35%. The data collected from both bulk
and aerosol sample were processed using Xcalibur 2.2 software. The Q-Exactive mass spectrometer

was calibrated achieve good accuracy for low masses.
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Figure 3-17 The typical average mass spectra obtained in (£)ESI-
HRMS for bulk experiment at initial time and after 23 h of
irradiation (average on ca. 70 spectra on 1 minute acquisition
time in direct infusion). Inset: time evolution of m/z 233.164
abundance.
All of the exact mass assignments to chemical formula were done considering carbon, hydrogen,
oxygen, nitrogen, sodium, and potassium as potential elements and with a mass accuracy below 4

ppm. All of the proposed chemical formulas comply with the octet rule for the related neutral

compounds.
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3.3 Organic coated flow tube

The organic coated flow tube, 1.1 cm i.d. x 20 cm length, was used to study the interaction between
photosensitizer film and nitric oxide (NO) in the presence or presence of gaseous limonene. The
organic film was prepared in a cleaned flow tube by pouring ethanol solution of 4-benzoylbenzoic
acid (4-BBA) and adipic acid (AA) and rotating using a rotating machine. The sample was dried by
evaporating the solvent at ambient temperature and pressure. The rotating machine helps to attain the

homogeneity of the organic film throughout the flow reactor.

The mixing proportion and concentration of the organic compound in ethanol is given in Table

3-2.

Table 3-2 The mixture ratio of 4-BBA and AA used for preparing thin film in the flow reactor

No. 4-Benzoylbenzoic acid Adipic acid
Mass (g) Concentration (mM) | Mass (g) Concentration (mM)
1 0.05 2.76 0 0
2 0.025 1.38 0.025 2.14
3 0.017 0.92 0.033 2.85

The amount of coated organic mass was obtained by weighing the tube before and after
deposition. Masses from 0.5 to 2 mg were measured with an electronic balance (Mettler AG204

Deltarange).

Nitric oxide (NO, 1.01 ppmv) was passed through the photosensitizer coated flow tube using

moveable injector.
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Figure 3-18 Schematic representation of the horizontal coated-wall flow tube
experimental approach used to measure the NO concentration change
on solid organic film (photosensitizer and/or organic acid.
The NO and NO; concentration change due to the interaction with the coated-wall of the flow
tube in the presence of light and VOC was monitored using NOx-analyzer (ECO PHYSICS CLD 88
cyp). The change in concentration for NO and NO> due to surface reaction was measured for different

residence time by the help of moveable injector.
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Figure 3-19 The NO/NO: conversion and concentration change for different
contact time of NO gas to the solid organic film; black dot
corresponds to [NO] change and blue dot represents [NO>] change.
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3.4 Laser Flash Photolysis (LFP)

The laser flash photolysis was a technique used to study the excited triplet state of a compound. It
relies on the use of energetic fast pulsed laser that can cause photolysis and excitation of molecular
entities. The duration of the laser pulse can vary between one microsecond and up to few

femtoseconds.

3.4.1 Description of the experimental setup

The laser flash photolysis experimental setup used for our experiments consists of a high power Nd-
YAG laser (II Surellite Continuum model Mark). It can work at 1064 nm and all its harmonics 632,
355 and 266 nm, the photolysis excitation source wavelength of 266 nm having a pulse width of 7 ns
operated in the single-mode was, however, used in this study. The excitation wavelength was chosen
depending on the absorption maximum of the compound used. For this study, IC that can absorb
nearly at 290 nm coupled with other compound was studied using laser flash photolysis. The excitation
energy of the laser was limited between ~ 15 — 20 mJ per pulse to have maximum possible photolysis
of the compound used and to avoid interferences of its products. The laser power was monitored

approximately before every experiments.

The Laser photolysis setup has two major components, the excitation laser and the analyzing

lamp (Figure 3-20).
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Figure 3-20 Experimental setup used for laser flash photolysis

The laser output passed through the aperture in the short axis (4 mm path length) of a fully
masked quartz flow cell (1 cm x 1 cm), mounted at 13 cm of the laser output. The solution containing
the compound of interest, IC, was introduced in the flow cell of 450 uL by means of a peristaltic
pump, with a flow rate of 1.6 mL min™'. This limited the exposition of the introduced solution to 3—4
laser shots and maintained a constant temperature in the flow cell. The flow connections were made
by either glass or PTFE tubing. The analyzing light, provided by a 75 W high-pressure Xenon arc
lamp (LOT-Oriel brand), passed through the two apertures of the long axis of the flow reaction cell
of 1 cm optical path length. The light was then collected by a “4-m monochromator (Spectral Products
DK240) equipped with a 2400 grooves/mm grating and detected by a photomultiplier (Hamamatsu
H7732-01). The signal was passed through a high-speed current amplifier (Femto) and the AC
component recorded on a 300 MHz oscilloscope (Tektronix TDS3032c). The digitalized signal was

then transferred to a computer for further processing.
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The sample was prepared by dissolving known amount of the compound in pure water (Mili Q
18 MQ) or pure water-acetonitrile (60/40 ratio) mixture depending on the compound we need to
analyze. The freshly prepared sample solution was then degased with a continuous and constant
streaming of nitrogen before (1 h) and during the experiment. All experiments were performed under

ambient temperature and pressure.
3.4.2 Principles and data analysis

The raw data collected from the oscilloscope are treated based on Beer-Lambert law of absorption.

I
Abs = log (7") (Eq. 3-14)

By taking the proportionality between signal voltage amplitude and intensity, the absorbance
was calculated from the signal amplitude of the measured value. By plotting the absorbance versus
time, the absorption decay rate constant of excited triplet sate of the compound was estimated by using

the following single exponential fitting function that correspond to the first order kinetics.

Abs, = a + be k't (Eq. 3-15)

where k'is the first order rate constant and a and b represents the offset of absorbance and initial time,

respectively.

The deactivation rate constant (kg) due to the presence of reactive excited triplet state quencher
(Q) in the solution was determined by taking the pseudo-first order rate constant and the concentration
of the quencher (Q). The decay rate under the influence of excited triplet state quencher is then defined

by the triplet Stern-Volmer equation as follow:
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k' = ko[Q] + 1z, (Eq. 3-16)

The decay rate constant of the observed intermediate (k') increases linearly with the quencher
concentration [Q]. Thus, the quenching rate constant (kq) and the lifetime in which the time spent by
the molecule at its excited state (to) are determined as slope and intercept, respectively, obtained from
a series of kinetics experiments by varying [Q]. The solution was prepared at low concentration to

reduce self-quenching of the compound called photosensitizer.

3.5 Chemicals

VOCs were generated from commercially available monoterpenes; limonene (Aldrich, 97%), o—
pinene (Aldrich- 98%). and PB—pinene (Aldrich- 98%), isoprene (Aldrich > 99%) and toluene

(Chimieplus > 99%).

Different photosensitizers or sources of photosensitizers were used for this study. Glyoxal
(0.1M Aldrich, 40% w/w in water) was used as a source of light absorbing later called photosensitizer.
To identify the more efficient photosensitizer produced from the glyoxal condensed phase chemistry,
1H- imidazole (IM, Aldrich >99%), 1H-imidazole-2-caboxaldehyde (IC, Aldrich 99%), and 2,2-bi-
1H-imidazole (BI) were used as photosensitizer. In addition to this, 4-Benzoylbenzoic acid (4-BBA,
Aldrich 99%), the well-known photosensitizer, was used to compare the photosensitizing effect of

glyoxal reaction products in the flow tube experiment.

In this study, commercially available AS (Aldrich, > 99%), AN (Aldrich, >98%), succinic acid
(Aldrich, >99%) and adipic acid (Aldrich, >99.5%) were used as source seed particles for the flow

tube experiments.
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To investigate the involvement of singlet oxygen for the aerosol growth reaction mechanism,
singlet oxygen quencher, sodium azide (NaN3 Aldrich >99%) and nickel chloride (NiCl>6H-O,

Merck >98%) as used. Cyclohexane (Merck, >99%) was also used as OH radical quencher.

Carrier gases and ozone generation

Carrier gas is the gas flow that is used to generate and carry aerosol particles and sweeping the VOC
from the VOC generator to the flow tube. Pure compressed N> contain 50 ppbv of O, pure compressed

O: and synthetic air from a cylinder (purity 99.9990%) were used as a carrier gas.

Ozone is generated by a device using mercury lamp (185 nm) illuminating a quart tube in which
pure oxygen or synthetic air circulating. Depending on the length of lamp exposure and flow rate of

air used, the ozone concentration can be adjusted.
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4 Investigation of IC photosensitized aerosol growth

In this chapter, we present an experimental study of the interaction of glyoxal and/or its condensed
phase reaction products with atmospheric volatile organic compounds, and surfaces of aerosol
particles that induce aerosol growth. The aerosol growth from glyoxal and/or its reaction products in

the presence of VOCs was studied as a function of several parameters:

e glyoxal reaction time in the seed particles
e concentration of photosensitizer

e concentration of VOCs

e type of VOCs

e irradiation time and intensity

e relative humidity

e presence and concentration of NO-gas
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The results allowed to propose a reaction mechanism to account for the photocatalytic SOA

growth and estimate its potential impact in the atmospheric.

4.1 Glyoxal based Autophotocatalytic SOA growth

4.1.1 Photo-catalytic effect of Glyoxal

The UV —visible absorption spectra for IM, IC and Bl have been measured in this study and are shown

in Figure 4-1.
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Figure 4-1 UV-VIS spectra of major light absorbing glyoxal condensed
phase reaction products: IM (Black), IC (Red) and BI (Blue).
It is showed that IC is the compound absorbing at longer wavelength, with Amax = 289 nm in
solution. However, its absorption extends to 325 nm, making photo-induced reactions possible both
in the real atmosphere and in the aerosol flow tube system used in this work, where light is emitted

beyond 300 nm.

The growth of SOA on ammonium sulfate (and/or succinic acid) seeds was studied in the flow
reactor. In the first series of experiment, glyoxal (Gly, 0.1 mM) was added to the seeds containing

ammonium sulfate (AS, 0.95 mM) and succinic acid (SuA, 10.6 mM) to investigate its role in these
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processes and the particles were exposed to 1.8 ppmv of limonene in the flow tube. In this experiment,
succinic acid was used as a proxy for the organic fraction of atmospheric particles, thus allowing for
more “realistic” conditions. In some experiments, the seeds were produced from freshly mixed
solutions while in others the solutions were left to react for 24 h after the addition of glyoxal with
continuous stirring, all other conditions being identical. According to the literature (Nozicre et al.,
2009, Shapiro et al., 2009, Yu et al., 2011), the condensed phase reaction between glyoxal and
ammonium sulfate accelerated by higher pH. In most glyoxal experiments, the pH of the seed solution
was adjusted to 9 by adding small amount of 2M NaOH solution. In some cases, the pH was left at

5.6 to study the effect of this parameter on SOA growth. The results are presented in Figure 4-2.
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Figure 4-2 Particle growth from seeds containing AS (0.95 mM), SuA
(10.6mM) and Gly (0.1M)at pH = 9 as a function of reaction
time. From t=0 (fresh solution, Red) and after 24 hr (Pink); (a)
diameter, (b) number concentration as a function of reaction

time. It was exposed to 1.8 ppmv of limonene for 19 min.

As seen on Figure 4-2, the freshly mixed solutions showed significant growth of the particle
diameter after an induction time of 30—45 min following the addition of glyoxal (time O in the

experiments), and reached a constant value after about 100 min. Beyond this time and even after 24
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h, the particle mean diameter remained constant. SOA growth was also found to be larger with the

seeds at pH =9 (24.943%) than at pH=5.6 (13.4+3%), indicating that this parameter directly affected

the rate of formation of the relevant products.
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Figure 4-3 The effect of pH for the particle growth initiated by
glyoxal/ammonium sulfate condensed-phase reaction (pH = 9,

red and pH = 5.6, black).

The induction time observed before particle growth indicated that glyoxal itself does not take

part in the photosensitization process, but one of its reaction products.

4.1.2 Role of imidazole in SOA growth

It is important to compare the contribution of products for SOA growth. In this section, the particle

growth from glyoxal and some of the main light absorbing reaction products were compared.
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Table 4-1 Experimental conditions and SOA Diameter Growth Factors (DGF, %) obtained for 1.8
ppmv of limonene with different photosensitizers (Gly = glyoxal, Sud = succinic acid and AS =
Ammonium sulfate)

Composition Photosensitizer —pH of a Dry Particle Diameter
Concentration  solution Particle diameter after ~ growth factor
(mM) diameter irradiation
Dpo Dp (nm) DGF (%)
(nm)
Gly-AS-SuA 100 5.6 49.6 57.3 13.4
100 9 49.6 66.1 24.9
IC-AS-SuA 1.3 5.6 49.6 68.5 27.6
1.3 9 49.6 68.5 27.6
IM-AS-SuA 1.8 5.6 47.8 49.6 3.6
BI-AS-SuA 0.93 5.6 49.6 51.4 3.5
4-BBA-AS-SuA 0.4 5.6 49.6 55.2 10.1

In Table 4-1, the diameter grow factor, DGF (%) is defined as:

Dy ~ Dpo
DGF (%) = D—X].OO (Fq. 4-1)
p

where Dp is the diameter particle after irradiation, and Dy, is the diameter of particle in the dark is

calculated for different seed particles and photosensitizers.

In Table 4-1, glyoxal at higher pH and IC provided better SOA growth than compared to IM
and BI. The observed particle growth from the condensation of glyoxal with ammonia is not directely
from glyoxal and the yields of imidazole and its derivatives are generally low and unlikely contribute
significantly to SOA mass (Galloway et al., 2009, Kampf et al., 2012, Noziere et al., 2009, Shapiro et
al., 2009, Yu et al., 2011). However, it has been shown that these compounds have strong molar
absorptivities and can thus significantly affect the optical properties of aerosol even at small
concentration (Galloway et al., 2009, Kampf et al., 2012, Shapiro et al., 2009, Trainic et al., 2012,

Trainic et al., 2011, Yu et al., 2011).
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A series of experiments were performed to confirm the role of glyoxal reaction products and
determine their efficiency in SOA formation and growth. Either IM, BI, or IC was added to ammonium
sulfate seeds containing succinic acid by keeping other conditions constant. The seeds containing
either of these products were exposed to gaseous limonene, at the same concentration as used in the

glyoxal experiments.

From the observation above, IC is potentially the reaction product that drives a photosensitized
growth in the glyoxal experiment. It contains an imidazole and carbonyl functional group, which may
play role in its photosensitizing properties. According to Canonica et al., (Canonica et al., 1995),

aromatic carbonyls are most likely photosensitizer that can support the result herein.

Thus, in the atmosphere, glyoxal and ammonium sulfate would attribute to produce an efficient
photosensitizer, IC. IC is then an efficient photosensitizer that can initiate SOA growth by photo-
induced reaction at the surface of particles in the atmosphere. From the production and reaction of

glyoxal in the atmosphere, the SOA growth from gas phase glyoxal would be autophotocatalyzed.

4.2 Mechanistic investigation of SOA growth

This section is devoted to the experimental conditions and parameters that can potentially affect the
SOA growth in the aerosol flow tube experiments. It is aimed to explore the factors affecting SOA

growth and identify the possible reaction mechanism.

4.2.1 Photosensitizer type and concentration

As discussed in “Chapter 2 in detail, the nature of the photosensitizer plays a crucial role in the
photosensitized SOA growth. Here we investigate the SOA growth initiated by different

photosensitizers. In addition to condensed phase glyoxal reaction products, i.e. IC, IM and BI, 4-BBA,
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the well-known photosensitizer, was used to compare the photosensitizing efficiency of other

photosensitizer in SOA growth.

The SOA growth induced by IC, IM, BI, and 4-BBA are given in Table 4-1. There is remarkable
SOA growth seen in the presence of IC and 4-BBA, and small growth due to IM and BI. In all of these
compounds, aromatic ring is the characteristic feature. Imidazole is the common feature in IC, IM and
BI, and carbonyl functional group is common feature for IC and 4-BBA. However, the molar
concentration of those compounds were different which might less importantly affect the photo-

catalysis processes (Figure 4-4).

The presence of a carbonyl functional group adds a great value for the photosensitizing nature
of the compounds (Net et al., 2009, Nieto-Gligorovski et al., 2008). Intersystem crossing in aromatic
carbonyl is efficient to have photochemically excited triplet state. The difference in SOA growth is,
therefore, due to the presence and absence of carbonyl functional group attached to the aromatic ring

of the photosensitizers.

Compounds having aromatic carbonyl have also different photosensitizing ability. They have
different excitation efficiency, stability of triplet state, ability to transfer their excess energy to another

molecule, rate and interaction with themselves or other molecule at their excited triplet state.

The influence of concentration change on the particle growth was investigated by varying the
concentration of photosensitizer, IC. As can be seen in Figure 4-4, particles showed better growth for
smaller IC concentration for the same concentration of limonene and irradiation time. However, there
is small decrease in growth for relatively higher concentration of IC, which might be due to self-
quenching of excited triplet state of IC. SOA growth could be initiated by minimal concentration of

IC.
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Figure 4-4 The aerosol particle growth composed of AS (0.95 mM) and
different concentration of IC in the presence of 500 ppbv of

limonene and 40 min of irradiation in the flow tube.

4.2.2 VOC Type and concentration

The influence of the type and concentration of VOCs on SOA growth were studied. The experiment

was performed for 10 different VOCs depending on their structure, functional group and atmospheric

JERN

relevance.

; Isoprene
alpha-Pinene beta-Pinene
Limonene
O
A O o~ A
Acetone
Cyclohexene Acetaldehyde
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HO/\/\ /\OH
n-Butanol Ethanol

Figure 4-5 Molecular structure of different VOCs used in this study
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The results are summarized in Table 4-2: only monoterpenes, isoprene, and toluene gave SOA

growth, but the others not.

Table 4-2 Diameter growth factor of SOA particle composed of IC-AS-SuA for different VOCs in the
aerosol flow tube experiment

Type of VOC Vapor  Concentratio pH ofthe Residenc Dry Particle =~ Diameter

pressure n (ppm) solution ¢ time Particle  diameter growth
@20°C diameter after factor
(Bar) irradiation
Rt (min) Dpo Dp (nm) DGF
(nm) (%)
Limonene 0.0017 1.8 5.6 19 49.6 68.5 27.6
Isoprene 0.622 4 5.6 19 49.6 514 3.13
200 5.6 19 49.6 63.8 22.26
o-pinene 0.0051 63 5.6 19 49.6 61.5 19.35
p-pinene 0.00267 63 5.6 19 49.6 59.4 16.5
Toluene 0.028 352 5.6 19 49.6 51.4 3.5
Cyclohexene  0.2133 6 5.6 19 49.6 49.6 0
>500 5.6 19 49.6 49.6 0
Ethanol 0.0551 688 5.6 19 49.6 49.6 0
n-Butanol 0.0063 470 5.6 19 49.6 49.6 0
Acetaldehyde  0.321 2.4 5.6 19 49.6 49.6 0
Acetone 0.066 4 5.6 19 49.6 49.6 0

From Table 4-2, limonene was found to be the most efficient SOA precursor, achieving a
particle growth of 27.6 % within 19 min of particle-light-VOC exposure time. It provides better
growth for the smallest concentration (1.8 ppmv). Particle growth from a-pinene and B-pinene are the
second most efficient observed in the flow reactor. Isoprene and toluene also resulted SOA growth at
higher concentration. These VOCs have unsaturated double bond in their structure. Furthermore,
limonene has both endo and exocyclic unsaturation in its structure (Figure 4-5) that allows it to induce
more SOA growth than other VOCs tested in this study. Although cyclohexene contains unsaturation
in its structure, it does not provide SOA growth even at high concentration (>500 ppmv). However,
the unsaturated carbon in limonene, a-pinene, B-pinene, isoprene and toluene is tertiary whereas

secondary unsaturated carbon in cyclohexene. The hydrogen donating ability of unsaturated tertiary
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carbon is better than secondary one so that the aryl or alkyl radical can stabilized by electron donating

alkyl group.

VOC (i.e. Limonene) uptake by the surface of the particle in the aerosol flow tube was measured
for a certain experiments using high resolution TOF PTR-MS (Ionicon Analytika Gmbh). The uptake
was found to be very small (< 1 %) or below the detection limit. The result corresponds to the uptake

coefficient of limonene equal or less than10,

4.2.3 SOA irradiation time

Irradiation time of SOA is related to the residence time of particles in the aerosol flow tube. It is the
exposure time of particles to light. Initially, the dry seed particles containing photosensitizer are only
exposed to VOC in the dark. Under this condition, no change in particle size was observed. Once the
particles are exposed to light, they started growing. The effect of irradiation time on SOA growth was
studied in the flow tube by varying the residence time. Figure 4-6 represents the change in diameter

of the particles due to irradiation as a function of irradiation time.
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Figure 4-6 The dependence of SOA growth on irradiation time in the aerosol flow

tube at constant limonene concentration (500 ppbv) and IC.

The result showed that SOA growth increased linearly with irradiation time. In the presence of
appropriate photosensitizer, the size of aerosol particle increase when light-VOC-particle interaction

time increases.

4.2.4 TIrradiation Intensity

The seed particles composed of IC-SuA-AS (1:10:1 mass ratio) were irradiated in the flow tube with
different light intensity for 19 min. This was studied by using different number of UV-lamps in the

flow tube.
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Figure 4-7 The influence of light intensity on SOA growth in the aerosol
flow reactor, (a) The particle diameter change for different
number of UV lamps and the corresponding particle number
concentration; and (b) SOA diameter change with respect to

irradiation intensity of UV lamps.

The results showed in Figure 4-7(b) clearly indicate that particle growth increased linearly with
light intensity. As seen in Figure 4-7(a), the number of particle that corresponds to the particle

diameter for different light intensity is nearly constant. No new particle formation and coagulation
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during irradiation and particle growth. The higher the intensity the higher photosensitizer-VOC

interaction the higher the particle growth will be.

4.2.5 Seed Composition

This section devoted to demonstrate the influence of seed composition of aerosol on their growth. The
seed composition we used to investigate were ammonium sulfate (AS), succinic acid (SuA),
ammonium nitrate (AN) and the photosensitizer (IC), and the resulted SOA diameter change is given
in Table 4-3:

Table 4-3 Experimental conditions and SOA Diameter Growth Factors (DGF, %) obtained for 1.8

ppmv of limonene with different composition of seed aerosol (AN = Ammonium nitrate, SuA = succinic
acid and AS = Ammonium sulfate) within 19 min of irradiation time

Composition Photosensitizer pH of a Dry Particle Particle Diameter
Concentration  solution Particle diameter diameter after growth
(mM) diameter  in the irradiation factor
dark
Dpo Dp (nm) Dp (nm) DGF (%)
(nm)
IC 1.3 7 50 Particle -

evaporates in
the flow tube

AS 0 54 50 49.6 49.6 0
AN 0 3.5 50 49.6 49.6 0
SuA 0 5.6 50 49.6 49.6 0
AS-SuA 0 5.6 50 514 514 0
AN-SuA 0 5.6 50 514 514 0
IC-AS 1.3 5.6 50 514 63.8 19.4
IC-AS-SuA 1.3 5.6 50 49.6 68.5 27.6
IC-AN 1.3 5.6 50 374 46.4 19.4
IC-AN-SuA 1.3 5.6 50 514 61.5 16.4
IC-SuA 1.3 5.6 50 49.6 594 16.5
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In the absence of IC, none of the seed particle composition exhibited any change in size in the
dark and light conditions. However, in the presence of IC as a photosensitizer, these seed particles

grew in light.

All seed particles containing photosensitizer (IC) revealed size change. AN seed aerosol behave
differently with and without SuA. In the absence of SuA, the particle appeared at lower diameter in
the dark even if the diameter was set at the entrance of the flow tube. This might show us AN particle
evaporate or degraded in the flow tube. Nonetheless, when SuA was added to the AN seed, the particle
behaves properly at the exit of the flow tube, that may improve its efflorescence relative humidity
(Lightstone et al., 2000). The aerosol particle composed of AS or AN and SuA displayed better growth

than otherwise.

4.2.6 Relative humidity

The relative humidity is one key factor for SOA growth in the flow tube experiment. The relative
humidity of seed aerosol particle was varied between 0 and 50 %. It was controlled by the using a

silica gel diffusion drier and humidifier Figure 3-1.

The relative humidity of a seed aerosol particle composed of IC-AS (1:1 mass ratio) was studied
under constant limonene concentration (489 ppbv) and residence time (40 min), and the result is given

in Figure 4-8.
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Figure 4-8 Effect of relative humidity (%o RH) IC-AS particle growth at
constant VOC concentration and residence time.
Increasing the relative humidity induces more particle growth, with relatively constant number

concentration.

4.2.7 Type of Carrier gas

The type of carrier gas plays an important role for SOA growth in the flow tube. It is used as a medium
of energy transfer, electron transfer, hydrogen transfer, radical formation and stability, and so on
during photochemical reactions. The composition of carrier gas may control directly or indirectly the

SOA growth. This influence was investigated by applying different carrier gases; pure oxygen, pure
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nitrogen (containing upto 50 ppbv of oxygen) and air (20/80 synthetic air) on seed particles consisting

of AS-SuA-IC in the presence of limonene. The subsequent SOA growth is shown in Figure 4-9.
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Figure 4-9 Particle growth obtained from seeds containing IC, SuA and
AS exposed to 1.8 ppmv of limonene and UV-A light for 19min
in different carrier gases: air (pink symbols), pure oxygen
(Red), and pure nitrogen (contains 50ppbv of O3) (Blue)

Using IC as photosensitizers and limonene as VOC (1.8 ppmv), the SOA growth resulted from
pure nitrogen is very small (3.5%) and far better in air (27.6%). The very limited growth obtained in
pure N> compared to in air indicated that O, plays an important role in the mechanism of SOA growth,
possibly in the production of reactive species (radicals) resulting from the exchange between the
photosensitizer and the VOCs. Oxygen is known to be essential in the photochemistry of dissolved
organic matter with photosensitizers such as humic acids, which proceeds by the formation of singlet
oxygen ('02)(Aguer and Richard, 1996, You et al., 2011, Pospisil et al., 2008) and superoxide (Baxter
and Carey, 1983). In the contrary, very small SOA growth (6.9%) was observed in pure oxygen. This

small SOA growth observed in pure oxygen carrier would seem to exclude the involvement of singlet
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oxygen as the formation of this intermediate should be favored by large oxygen concentrations. But
at high oxygen concentration, the relaxation and deactivation of the singlet oxygen by the ground
triplet state might become significant (Afshari and Schmidt, 1991, Pi6tz and Maier, 1987, Wild et al.,
1984) and could impede particle growth. On the other hand, ground triplet state of molecular oxygen
is potently efficient to quench excited triplet state of photosensitizer (Clennan and Pace, 2005, Foote,
1968, Khan, 1976, Ogilby, 2010, Pospisil et al., 2008, Ragone et al., 2013) that can deactivate before

action.

The involvement of singlet oxygen in the mechanism of SOA growth was further investigated
by performing experiments where different singlet oxygen quenchers, i.e. sodium azide (NaNs,
Aldrich >99.5%, 1.8 mM)(Canonica et al., 1995) and hydrated nickel chloride (NiCl,.6H.O, MERCK
min 98%, 1 mM),(Carlsson et al., 1974, Monroe and Mrowca, 1979) were added to ammonium sulfate
seeds containing imidazole-2-carboxaldehyde in air carrier. The SOA growth obtained in these
experiments was identical to the one obtained in their absence. In addition to this, the action of singlet
molecular oxygen is very low in the presence of water, provided that other experimental conditions
kept constant, the increase in SOA growth by increasing RH (Figure 4-8) support the idea of excluding

singlet oxygen involvement in the IC photosensitized SOA particle growth mechanism.

4.2.8 Photosensitized SOA growth mechanism

Based on the potential selective parameters studied in this work, the mechanism responsible for
photosensitized SOA growth was proposed. Excited triplet state of a photosensitizer potentially
interact with the VOCs having tertiary unsaturated carbon through hydrogen transfer and/or electron

transfer to form ionic radicals as shown in Figure 4-10 below.
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Figure 4-10 Proposed reaction mechanism for the photosensitized SOA
growth.

The reaction mechanism proceeds most probably via hydrogen transfer leading to the formation
of alkyl radicals. However, the hydrogen transfer can be either a direct transfer or proceed through an
electron transfer followed by a proton transfer. In the oxygen rich system, the photosensitizer can
regenerate to the ordinary molecule by the production of hydroperoxyl (HOz). On the other hand, the

allyl radical will undergo oxidation to form oxygenated products such as RO, radicals.

The reaction mechanism that involve in Photosensitized SOA growth and some other details
are published in Faraday Discussion(Aregahegn et al., 2013).
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Secondary organic aerosols (SOA), which are produced by the transformations of volatile
organic compounds in the atmosphere, play a central role in air quality, public health,
visibility and climate, but their formation and aging remain poorly characterized. This
study evidences a new mechanism for SOA formation based on photosensitized
particulate-phase chemistry. Experiments were performed with a horizontal aerosol
flow reactor where the diameter growth of the particles was determined as a function
of various parameters. In the absence of gas-phase oxidant, experiments in which
ammonium sulfate seeds containing glyoxal were exposed to gas-phase limonene and
UV light exhibited a photo-induced SOA growth. Further experiments showed that this
growth was due to traces of imidazole-2-carboxaldehyde (IC) in the seeds, a
condensation product of glyoxal acting as an efficient photosensitizer. Over a 19 min
irradiation time, 50 nm seed particles containing this compound were observed to
grow between 3.5 and 30 £ 3% in the presence of either limonene, isoprene, a-pinene,
B-pinene, or toluene in concentrations between 1.8 and 352 ppmv. The other
condensation products of glyoxal, imidazole (IM) and 2,2-bi1H-imidazole (BI), also
acted as photosensitizer but with much less efficiency under the same conditions. In
the atmosphere, glyoxal and potentially other gas precursors would thus produce
efficient photosensitizers in aerosol and autophotocatalyze SOA growth.

1 Introduction

Organic compounds are ubiquitous in ambient aerosols, accounting for up to
50% of the fine particulate mass."™ The organic fraction plays an important role
in determining their formation, growth, and removal of ambient aerosols.®
Secondary Organic Aerosols {SOA), which are produced by the transformations of
Volatile Organic Compounds (VOCs) in the atmosphere, have been the subject of
sustained attention due to their importance in air quality, visibility, public health
and climate.® Therefore, a good understanding of the formation and evolution of
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SOA in the atmosphere is necessary. However, gaining such an understanding
poses a number of fundamental and practical challenges. For instance, it is
difficult to directly observe SOA in the atmosphere as well as to differentiate
between secondary and primary organic compounds that are present within SOA.”
Investigations of SOA formation and growth processes are thus mainly based on
laboratory experiments. Physical absorptive models based on volatility, such as
the gas-to-particle partitioning model®® and the Volatility Basis Set (VBS) model*®
are successful in describing SOA growth in a smog chamber but still largely
underestimate SOA mass in the atmosphere."*™* Particulate-phase chemical
reactions have recently been proposed as contributors to aerosol growth, thereby
reducing such discrepancies.*** It has been suggested that ionic reactions in the
condensed phase, leading to the formation of C-C or C-O-C**” bonds, can be
catalyzed by strong acids,'® amino acids,"® or ammonium ions.”® In particular,
larger-than-expected yields of glyoxal SOA have recently been attributed to such
reactions.'®'” Indeed glyoxal is now expected to be an important source for SOA in
the atmosphere due to its ubiquity and the fact that it is an oxidation product of a
wide variety of biogenic and anthropogenic VOCs.'%*-2%

Smog chamber experiments have shown, however, that a light-induced process
is responsible for glyoxal SOA growth beyond that due to ionic reactions occurring
in the dark.** The process(es) responsible for this light-induced SOA growth
remain largely unknown, although several studies®®™” have demonstrated that
condensed phase glyoxal chemistry leads to the formation of light absorbing
products. Recent work from our group has shown the existence of a photo-
chemical growth pathway for aerosols containing a photosensitizer such as
HULIS or 4-benzoyl benzoic acid (4-BBA). We have proposed that photosensitized
reactions occurring on the particle surface give rise to the observed growth. Quite
significantly, this growth does not require the presence of gas-phase oxidants. We
believe that such a mechanism could also play an important role in the light-
induced growth of glyoxal based SOA.***®

In this work, we investigated photo-induced SOA growth associated with
condensed phase glyoxal chemistry. Importantly, this allows us to identify
atmospherically relevant photosensitizers. Aerosol flow tube experiments were
performed in order to determine parameters affecting the observed SOA growth
{precursor structure and concentration, seed composition, carrier gas, and
UV-light intensity) and thereby elucidate a potential mechanism.

2 Experimental

SOA formation was investigated using a horizontal aerosol flow tube made of
Pyrex (8 cm id x 152 cm length), thermostated and kept at 293 + 1 K using a
circulating water bath. This flow tube was surrounded by 7-UV lamps {Philips
CLEO) with a continuous emission spectrum over 300-420 nm and a total irra-
diance of 3.7 x 10" photon em® s . A complete description of this aerosol flow
tube setup is given elsewhere.”® First a monodispersed aerosol {(“seeds”) was
generated from aqueous solutions using an atomizer {T'SI 3076) and a Differential
Mobility Analyzer {DMA) (TSI Model 3081, impactor size 0.0588 cm, aerosol flow =
0.3-0.5 lpm, sheath flow = 3-5 lpm). The seed aerosol particles were then dried
with a silica gel diffusion drier and size selected to either 40 nm or 50 nm
diameters using DMA. This monodispersed aerosol typically contained 5 000
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particles cm * and corresponded to a total mass of a few pug m >. The seed
particles were then directed into the flow tube reactor where they were exposed to
a constant VOC flow and UV light. The VOC concentration was generated with a
permeation tube in a temperature controlled oven {Dynacal, Valco instruments
Co.inc. using VICI metronics dynacalibrator, model 150). The carrier gas used in
all the experiments was synthetic air from a cylinder {purity 99.9990%) (total
flow = 0.4-0.5 lpm), except when stated otherwise {section 3.3). The temperature
and Relative Humidity (RH) inside the reactor were monitored at the inlet and at
the outlet using a SP UFT75 sensor. The particle size distribution and concen-
tration were monitored at the exit of the flow tube using a Scanning Mobility
Particle Sizer (SMPS) (TSI 3080), consisting of a DMA, (TSI 3081) and a Conden-
sation Particle Counter (CPC, TSI 3776). In the size measurements the bin width
was 0.8 nm. For the particles studied in this work (typical size ~50 nm), this
represented 1.6% uncertainty on each size measurement and a little less than 3%
uncertainty on the determination of each diameter growth factor.

Several series of experiments were performed to characterize the photo-
sensitized SOA growth where the composition of the seeds, type and concentra-
tion of VOC, relative humidity, irradiation time, and residence time of the
aerosol in the reactor were varied. The seeds were made of ammonium sulfate
{Aldrich = 99%) and/or organic acid {Succinic acid, Aldrich = 99%) to which was
added glyoxal {0.1 M, Aldrich, 40% w/w in water) or a photosensitizer such as
1H-Imidazole-2-carboxaldehyde {“IC”, Aldrich 98%), 1H-Imidazole {“IM”, Aldrich
= 99%) and 4-Benzoylbenzoic acid (“4BBA”, Aldrich 99%) in a 1:10: 1 weight
ratio. The seed solutions were prepared with 18 MQ distilled water {Millipore).
The VOCs investigated for this study were limonene, o-pinene, B-pinene,
isoprene, toluene, cyclohexene, ethanol, acetaldehyde, acetone and n-butanol.

To verify that the SOA produced in this work resulted specifically from the
presence of photosentisizers, “blank” experiments were routinely performed in
which the seed particles did not contain any photosensitizer, and all other
conditions were the same. Furthermore, control experiments were carried out
to 1) investigates the potential production of organic particles from the irradia-
tion of the VOCs in the absence of seed particles, 2) check for the potential
generation of gas-phase oxidant during the experiments, and 3) determine the
photo-stability of the seed particles. For these, a NO, detector {Thermo 42C
chemiluminescent analyser, detection limit of 0.4ppbv) and an O; monitor
{Thermo 49C, detection limit is 1ppbv) were connected to the outlet of the reactor.

3 Results and discussion

The control experiments showed that no particles were produced when VOCs were
irradiated in the absence of seed particles in the reactor. They also showed that
neither NO, species nor O; were produced inside the reactor during the irradia-
tion experiments, thus confirming the absence of gas-phase oxidants and thereby
excluding gas-phase oxidation of the VOC in the experiments.

3.1 Autophotocatalytic SOA growth from glyoxal

In a first series of experiments, seed particles were produced from atomizing
aqueous solutions containing a mixture of ammonium sulfate (0.95 mM),
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Fig.1 Diameter growth of particles containing ammonium sulfate (0.95 mm), succinic acid (10.6 mm),
Glyoxal (Gly) (0.1 M) at pH = 9 and exposed to UV-A light and 1.8 ppmv of limonene for 19 min. in the
flow reactor. Experiments with freshly mixed seeds (solid line) are compared with those where the
solution was left to react for 24 h after the addition of glyoxal (dotted line).

succinic acid (10.6 mM) and glyoxal (0.1 M). The dried and size selected particles
were exposed to 1.8 ppmv of limonene and near-UV light in the reactor, and the
particle diameter obtained at the end of the reactor was monitored in real time
(Fig. 1). In this experiment, succinic acid was used as a proxy for the organic
fraction of atmospheric particles, thus allowing for more “realistic” conditions. In
some experiments, the seeds were produced from freshly mixed solutions while in
others the solutions were left to react for 24 h after the addition of glyoxal with
continuous stirring, all other conditions being identical. In most glyoxal experi-
ments, the pH of the seed solution was adjusted to 9 by adding small amount of
2M NaOH solution. In some cases, the pH was left at 5.6 to study the effect of this
parameter on SOA growth.

With the freshly mixed solutions, a significant growth of the particle diameter
was observed after an induction time of 20-45 min following the addition of
glyoxal (time 0 in the experiments), and reached a constant value after about
100 min. Beyond this time and even after 24 h, the particle mean diameter
remained constant (Fig. 1). The seeds produced with the aged mixtures exhibited

+
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Fig. 2 Formation mechanisms for the different imidazoles produced in the Glyoxal/AS/water system
proposed by Yu et al.*® and Kampf et a/.?®
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Table 1 Experimental conditions and SOA Diameter Growth Factors {DGF, %) obtained for 1.8 ppmv of
limonene with different photosensitizers (Gl — glyoxal, SUA — succinic acid and AS — Ammonium sulfate)

Dry particle Particle diameter  Diameter

Photosensitizer diameter after irradiation growth factor

concentration  pH of
Composition (mM) solution Dp,(nm)  Dp (nm) DGF (%)
IC 3 74 49.6 Particle evaporates —

in the flow tube

AS 0 5.4 49.6 49.6 0
AS-SuA 0 S0 49.6 49.6 0
GL-AS-SuA 100 5.6 49.6 57.3 13.4

100 9 49.6 66.1 24.9
IC-AS-SuA 1.3 5.6 49.6 68.5 27.6

1.3 9 49.6 68.5 27.6
IM-AS-SuA 1.8 5.6 47.8 49.6 3.6
BI-AS-SuA 0.93 5.6 49.6 51.4 3.5
4BBA-AS-SuA 0.4 5.6 49.6 55.2 10.1

some photochemical properties directly and led to particle growth in the flow
tube, identical to those obtained with the freshly mixed seeds after 100 min,
within the uncertainties (Fig. 1). The total diameter growth observed with the
freshly mixed seeds {(lowest to highest average mean diameter) was about 24.9 +
3%. The 20-45 min induction time observed before particle growth indicated that
glyoxal was not directly responsible for the SOA growth, but rather some of its
reaction products. SOA growth was also found to be larger with the seeds at pH =
9(24.9 £ 3%) than at pH = 5.6 (13.4 £ 3%), indicating that this parameter directly
affected the rate of formation of the relevant products.

The condensation of glyoxal with ammonia in condensed-phase ammonium is
known to produce light-absorbing compounds,®**>****® potentially acting as
photosensitizers. These products have been identified as imidazole (IM)*
imidazole-2-carboxaldehyde (IC),***” and 2,2-bilH-imidazole (BI)** and their
proposed formation mechanism in aerosols shown Fig.2.2**”

In atmospheric related studies, the yields of this imidazole and its derivatives
are generally low and unlikely to contribute significantly to SOA mass.?***’
However, these compounds have strong molar absorptivities and can thus
significantly affect the optical properties of solutions or aerosols even at small
concentrations.*?>"*%% These compounds could thus be the photosensitizers
responsible for SOA growth in the experiments in this work. This is reinforced by
the timescale and effect of pH on the observed SOA growth, which are in very good
agreement with the rate constant of the reaction for glyoxal in NH," salts®®
producing the imidazoles and with the timescales for particle-phase imidazole
formation in other flow tube experiments.*»*®

To confirm the role of imidazoles as photosensitizers and determine their
efficiency in SOA formation a second series of experiments was performed in
which either (IM), (IC) or {BI) was added to the ammonium sulfate seeds con-
taining succinic acid. These seeds were flown into the reactor to be exposed to 1.8
ppmv of limonene and UV-A light at a relative humidity (RH) of 15%. Table 1
summarizes the seed composition and particle growth obtained in these
experiments.
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Fig. 3 Effect of light intensity and irradiation time on SOA growth in the reactor: (a) growth factor as
function of number of lamps (solid line) and lamp intensities (dotted line), (b) growth rate as function of
time of exposure (concentration x irradiation time). In both cases, the seeds contained IC (1.3 mM)-SuA
(10.5 mM)-AS (0.95 mM) and constant limonene concentration.

In Table 1, the Diameter Growth Factor (DGF(%) = ((Dp — Dp,)/Dp) x 100)
where Dp is the particle diameter after irradiation and Dp,, is particle diameter in
the dark) is calculated for different seed particles and photosensitizers.

The aqueous solutions containing only a photosensitizer (IC) evaporated over
the timescale of our experiments, thus did not produce any stable seeds to
perform SOA experiments. The seeds containing only ammonium sulfate or
ammonium sulfate/succinic acid but no glyoxal or photosensitizer and exposed to
limonene and UV-A light (“control experiments”) led to no particle growth. This
confirmed that the SOA growth observed in the other experiments was not due to
the gas-phase oxidation of the VOCs. By contrast, all the experiments where the
seeds contained a photosensitizer displayed some particle growth, evidencing the

Table 2 Diameter growth factors of SOA particle composed of IC-SUA-AS in Milli-Q water. The bin
width on each particle size measurement is 0.8nm

Particle
Dry diameter Diameter
Vapour Residence particle after growth
pressure” pHof time diameter irradiation factor
@20 °C Concentration the
Type of VOC (Bar) (ppm) solution Rt (min) Dp, (nm) Dp (nm) DGF (%)
Limonene 0.0017 1.8 5.6 19 49.6 68.5 27.6
Isoprene 0.622 4 5.6 19 49.6 51.4 3.13
200 5.6 19 49.6 63.8 22.26
a-Pinene 0.0051 63 5.6 19 49.6 61.5 19.35
f-Pinene 0.00267 63 5.6 19 49.6 59.4 16.5
Toluene 0.028 352 5.6 19 49.6 51.4 3.5
Cyclohexene 0.2133 6 5.6 | 1 49.6 49.6 0
>500 5.6 19 49.6 49.6 0
Ethanol 0.0551 688 5.6 19 49.6 49.6 0
n-Butanol 0.0063 470 .6 19 49.6 49.6 0
Acctaldehyde 0.321 2.4 5.6 19 49.6 49.6 0
Acetone 0.066 + 5.6 19 49.6 49.6 ]

“ CAMEO chemical datasheet.
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critical role of this photosensitizer. The most efficient particle growth was
observed with IC and was even slightly larger (27.6%) than in the glyoxal experi-
ments (24.9%). With the two other imidazoles studied (IM) and (BI), the SOA
growth observed was small, <5% or below the detection limit. IC was thus iden-
tified as the glyoxal product most likely to act as a photosensitizer in the glyoxal
experiments. This efficiency could be due to a combination of the aromatic group
of the imidazole and the carbonyl group, the latter being known to have strong
photosensitizing properties.*

Thus, in the atmosphere, the partitioning and reaction of glyoxal in ammo-
nium sulfate particles would produce an efficient photosensitizer, IC, which, in
turn would trigger SOA growth by photo-induced reactions in or at the surface of
the particles. SOA growth from gas-phase glyoxal in the atmosphere would thus be
autophotocatalyzed.

3.2 Investigating the mechanism

The effect of various experimental conditions on the particle growth was char-
acterized by further experiments. The effect of light intensity on SOA growth was
studied in the reactor by using different numbers of UV lamps. The results
showed that particle growth increased linearly with light intensity (Fig. 3a).

Particle growth was also found to depend on VOC concentration and the
residence time (Rt) of the particles in the flow tube. For instance, an increase in
isoprene concentration from 4 to 200 ppmv led to an increase in particle size from
3.13 to 22.3% (Table 2). These parameters affected the SOA growth from limo-
nene, a-pinene, and B-pinene in the same way.

The growth rate of SOA, GR, was also determined as the ratio ADy,/At, where
AD,, is the difference of the mean particle diameter in the dark and under irra-
diation, and At their residence time in the reactor. Different residence times
between 5 and 20min were thus tested. The results are presented in Fig. 3b and
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Fig. 4 Particle growth obtained from seeds containing imidazole-2-carboxaldehyde, succinic acid and
ammonium sulphate exposed to 1.8 ppmv of limonene and UV-A light in different carrier gases: air (solid
line), pure oxygen (dashed dotted line), and pure nitrogen (dotted line).
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show that GR, the particle growth in the flow tube, increases linearly with time of
exposure. These results allow us to extrapolate our laboratory experiments to
smog chambers and even atmospheric time scales.

In alimited series of experiments, the uptake of limonene from the gas in the flow
tube was tentatively measured using a high resolution TOF PTR-MS (Ionicon
Analytika, Gmbh). This uptake was found to be below the detection limit, which
would correspond to an uptake coefficient equal or lower than 10 . In spite of this,
seemingly small uptake, the increase of particle mass and volume in similar exper-
iments was shown with an Aerosol Mass Spectrometer (AMS, Aerodyne) to result
exclusively from the trapping of non-condensable organic species, here the VOC.*®

3.3 Investigating the mechanism: effect of the VOCs molecular structure

The potential selectivity of the mechanism responsible for SOA growth towards
certain molecular structures was studied by performing experiments with 10
different VOCs. The results are summarized in Table 2: SOA growth was only
observed with limonene, isoprene, o-pinene, B-pinene and toluene, but not with
cyclohexene, n-butanol, ethanol, acetaldehyde and acetone within the residence
time of our experiments.

Limonene was found to be the most efficient SOA precursor, achieving a
particle growth of 27.6% for the smallest concentration (1.8 ppmv). Isoprene,
a-pinene, B-pinene, and toluene resulted in particle growth ranging from 22.3 to
3.5%, but for larger concentrations than limonene (6-352 ppmv). The results in
Table 2 would suggest that photo-induced SOA growth is associated with unsat-
urated VOCs. However, no growth is observed for cyclohexene, even when it is at
concentration exceeding 500 ppmv. The results thus suggest that, more specifi-
cally, the photo-induced reaction mechanism is favoured for compounds con-
taining unsaturated tertiary carbon atoms (isoprene, terpenes with endocyclic
and/or exocyclic unsaturated tertiary sites, and toluene), over those containing
secondary carbons only.
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Fig. 5 Proposed reaction mechanism for the formation of active radicals in the photosensitized SOA
growth.
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3.4 Investigation of mechanism: role of carrier gas

To investigate the role of oxygen in the mechanism responsible for the observed
SOA growth, a few experiments were performed using pure oxygen or pure
nitrogen {containing = 50 ppmv of O,) as a carrier gas instead of air. Using IC as
photosentisizers and limonene as VOC (1.8 ppmv), the SOA growth obtained was
much more limited in both pure nitrogen {3.5%) and pure oxygen {(6.9%) than in
air {27.6%) (Fig. 4).

The very limited growth obtained in pure N, compared to in air indicated that
O, plays an important role in the mechanism of SOA growth, possibly in the
production of reactive species (radicals) resulting from the exchange between the
photosensitizer and the VOCs. Oxygen is known to be essential in the photo-
chemistry of dissolved organic matter with photosensitizers such as humic acids,
which proceeds by the formation of singlet oxygen (*0,)*** and superoxide.*®
Singlet oxygen is known to be produced by the electronic energy transfer between
the excited triplet state of the photosensitizer, produced upon UV-vis light
absorption, and the ground triplet state of molecular oxygen. Singlet oxygen
would react with all unsaturated hydrocarbons and aromatic compounds.®” But
both singlet oxygen and superoxide could potentially be involved in the mecha-
nisms responsible for SOA growth in this work.

The very small SOA growth observed in a pure oxygen carrier would seem to
exclude the involvement of singlet oxygen as the formation of this intermediate
should be favoured by large oxygen concentrations. But at high oxygen concen-
trations the relaxation and deactivation of the singlet oxygen by the ground triplet
state might become significant®**® and could impede particle growth.

The involvement of singlet oxygen in the mechanism was further investigated
by performing experiments where different singlet oxygen quenchers, sodium
azide (NaNj, Aldrich, =99.5%, 1.8 mM)* and hydrated nickel chloride
(NiCl, - 6H,0, MERCK, min 98%, 1 mM),** were added to ammonium sulfate seeds
containing imidazole-2-carboxaldehyde in air carrier. The SOA growth obtained in
these experiments was identical with the one obtained in their absence.

The lack of SOA growth from cyclohexene {Table 2) and the lack of effects of the
singlet oxygen quenchers seem to exclude the involvement of singlet oxygen in the
mechanisms. An alternative mechanism, shown in Fig. 5, could involve the direct
interaction of the triplet state of the photosensitizer with the VOC** to produce
radicals on the surface of the aerosol particle. This mechanism is similar to the
one proposed by Canonica ef al.** The radicals produced would then be stabilized
by proton transfer and reaction with ground state oxygen. The proton transfer
may also directly be produced by the abstraction of a-hydrogen to leave an allyl
radical that is then stabilized by the tertiary carbon. In this redox reaction,
molecular oxygen would create more reactive radicals for SOA growth, which
would be limited in pure nitrogen. The excited triplet state of the photosensitizer
could also potentially be quenched by ground state molecular oxygen which
would account for the lower SOA growth in pure oxygen carrier.

3.5 Atmospheric relevance

Both glyoxal and ammonium sulphate containing particles are ubiquitous in the
atmosphere. SOA formation from glyoxal is thus expected to occur via ionic
reactions in the aerosol particles, resulting in an exceptionally large apparent
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Henry's law constant'”** as well as via photosensitized reactions triggered by the
condensed phase production of IC, as demonstrated by this work.

The SOA growth obtained in this work can be compared with those observed in
the atmosphere, such as the one observed in the MCMA-2003 campaign in Mexico
City, which was largely attributed to glyoxal reactions in the aerosols.* On 9 April
2003 a steady SOA growth corresponding of 3.3 pg m *h ' *»* was observed over
6 h of sunlight, and varying between ~2 and 5.2 ugm *h ™. In our experiments, a
SOA mass growth of 3.2 ugm * hr " was obtained when exposing seed particles to
1.8 ppm of limonene for 19 min. As the total concentration of VOCs expected to
contribute to these processes (tertiary alkenes, branched aromatic...) in Mexico
City might not exceed 100 ppbv**® the new processes might account for 5 to 10%
of the SOA growth observed at this location. This estimate indicates that these
new processes might make a significant contribution to SOA mass in the atmo-
sphere. But further investigation is now needed, in particular of the SOA mass
produced as a function of VOC concentrations, in order to refine this estimate.

4 Conclusions

In this work, photo-induced SOA growth resulting from the interaction of glyoxal
with ammonium sulfate seeds was demonstrated and investigated. Among the
different light-absorbing products formed by the reactions of glyoxal in ammo-
nium salts, imidazole-2-carboxaldehyde was found to be the most efficient
photosensitizer for initiating SOA growth. SOA formation from glyoxal in the
atmosphere is thus expected to be autophotocatalytic: the partitioning and
reactions in ammonium-containing seeds producing photosensitizers, which, in
turn, leads to further photo-induced growth of SOA.

In this study we found that SOA growth from seeds containing IC was linearly
dependent on VOC concentration, and irradiation time and intensity. Different
VOCs also gave very different SOA growth, those having unsaturated tertiary
carbon, such as terpenes, isoprene and toluene, having the highest yields. The
potential role of singlet oxygen or the photosensitizer triplet state as the key
species controlling the SOA growth was investigated but needs to be studied
further. The SOA mass obtained in the experiments suggests that these photo-
induced processes could account for most of the SOA growth attributed to glyoxal
chemistry in regions such as Mexico City. These processes need, however, to be
further characterized, especially over longer time scales.
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5  Excited triplet state study of IC

The photophysical and photochemical properties of IC were investigated by means of a laser flash
photolysis setup to better characterize the mechanism of photosensitization in the presence of
limonene. Different parameters were studied based on the experimental setup stated in section 3.4

such as:

e concentration;
e quencher (such as limonene, halides, nitrate);

e effect of degasing.

This method relies on the use of high-energy laser pulse of short duration photolysing molecular

entities.

5.1 Laser flash photolysis of IC

The transient absorption spectrum of *IC* was obtained between 300 and 500 nm. *IC* absorbs
strongly between 310 and 400 mm. The Solvent does not contribute absorption to *IC* at least in the
range of absorption maxima. The absorption maximum of *IC* falls at 330 nm. *IC* exhibits the some
absorption in both water and water-acetonitrile mixed solvent regardless of solubility and degasing

process and duration.
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Figure 5-1 Transient absorption spectra observed after flash excitation
of 0.25 mM IC; (a) with and without limonene in water-
acetonitrile (3:2); (b) solvents with and without limonene; (c)
absorption maxima at Amax = 330 nm_for different concentration
of IC.

No transient absorption peak appear during solvent excitation with in the excitation wavelength

range. Even if, limonene is present in the Solvent without IC, no absorption peak was observed.

The spectrum has been drawn to obtain the first order kinetics for each wavelength by means a
mono-exponential function. The excited triplet state decay of IC follows first order kinetics with a
corresponding rate constant of (7.73 + 0.04) x 10° s'. The corresponding lifetime of the triplet state
of IC, according to the equation:

! (Eq. 5-1)

T=F

was found to be (1.29 = 0.007) us in a deoxygenated IC solution for which the longer triplet lifetime
allows for the reaction with a reactant molecule (Zhao et al., 2013). The result agreed with the recently

published result about the triplet lifetime of IC (Tinel et al., 2014).
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5.2 Triplet state quenching of IC

The influence of potential quencher, i.e., limonene and cyclohexene, on the lifetime of the triplet state
were studied. The addition of limonene to the IC solution resulted in the faster decrease of the triplet
state absorption of IC, while the addition of cyclohexene had no effect. Increasing concentration of
limonene resulted in a decreasing triplet state lifetime. Furthermore, Figure 5-2a showed that degasing

a solution affects the triplet lifetime of IC.
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Figure 5-2 Triplet-triplet absorption of IC in water-acetonitrile (3:2);
(a) effect of degasing, (b) in the presence of cyclohexene.
Ground state molecular oxygen can indeed quench the excited triplet state of IC. In other word,
the excited triplet state of IC can react with ground state molecular oxygen and hence degasing the

aqueous solution of IC play a role to determine the reaction rate constant and its lifetime.

The relative absorption spectrum of *IC* in the absence and presence of cyclohexene is given
in Figure 5-2b. Cyclohexene can therefore react only very slowly with excited *IC explain its poor

contribution in photosensitized SOA growth.

In the contrary, limonene interacts strongly with the excited triplet state of IC. Addition of

different limonene concentration to a solution of 0.25 mM IC, in Figure 5-3a, showed that the transient
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absorption of the excited triplet state and its lifetime decreased. The triplet lifetime of IC follows the
concentration of limonene in the solution, decrease with increasing limonene concentration. The rate

of deactivation of triplet state of IC by limonene is (1.8 + 0.065) x 107 s! (Figure 5-3b).

T T T T
0.5+ 1,20 ib)
044 1,18 1 i
3
& o3l 116 ] i
£ K
=~ S 1,14 1
% 0.2 x i
®» =3
a o 1,12
g A
5 4
4 1,10 4
< 00+
0.25 mM IC 0.25 mM IC + 8 mM limonene 1,08 T T T T T T T
01 0.25 mM IC + 4 mM limonene  0.25 mM IC + 12 mM limonene 0,006 0,007 0,008 0,009 0,010 0,011 0,012

T T T T é [Limonene] (mM)

4
Time (us)

Figure 5-3 The change in the first order rate constant of IC for different
limonene concentration in a degassed solution; (a) transient
absorption of excited triplet state of IC (0.25 m M). In the
presence of (4 mM-Red), (8 mM — Blue) and (12 mM-pink)
limonene; (b) first order rate constant as a function of limonene

concentration.
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6  Photosensitized NO/NO: conversion in the SOA growth

The nitrogen oxides, nitric oxide (NO) and and nitrogen dioxide (NO>), are extremely important in
the atmospheric chemistry of radicals and the production and destruction of tropospheric ozone
(Crutzen, 1979). Photolysis of NO; is one of the most important conversion pathways in this regards.
Moreover, atmospheric radical reactions with NO can also contribute to the NO/NO2 conversion.
From Table 1-2, the conversion is very fast according to the reaction HO> + NO = NO: + OH, and
very slow in NO + Oz = NO; reaction. Such processes in the atmosphere could affect NOx
concentration by converting NO into NO; (Figure 6-1), and in turn affect the SOA growth. This study

was aimed to investigate the formation of HO» during photosensitized SOA growth as it was proposed

o
NO -
NH I
(/\/ o HOZIOZL—-N02 + OH
hy
0z
3 *

in Figure 4-10.

N

7%

o, 2

NO

;__N02+ RO

Figure 6-1 Simplified photosensitized reaction mechanism for SOA

growth.

107



Photosensitized NO/NO2 conversion in the SOA growth

6.1 Effect of photosensitized SOA growth on NO concentration

To investigate the formation of HO, during photosensitized SOA growth in the aerosol flow tube, NO
gas was used by taking the following assumptions. 1) NO is stable towards aerosol flow tube light
wavelength range. 2) The reaction with molecular oxygen and VOCs such as limonene is almost
negligible. 3) The NO> formation from the reaction of HO; and NO is substantial, and hence the NO»
concentration would increase. The gaseous HO> produced via triplet state chemistry of photosensitizer
(IC) on the aerosol surface is thus reacted with NO in NO containing environment. The NO reaction
can also proceed with other peroxyl radicals depending on the reactivity of peroxyl radical. 4)
Photolysis of NO; can occur in the flow tube. As a result, acrosol flow tube experiments were
performed, which were identical to those presented in chapter 4, but where NO was added in the gas
(1.01 ppmv in N, the linde group). In these experiments, the seed particle was composed of IC and

AS, and the VOC used was limonene (500 ppbv).

The concentrations of NO, NO> and NOx were monitored in real-time using the NOy analyzer

described in Section 3.1.5.

As shown in Figure 6-2, the irradiation of aerosol particles containing a photosensitizer (IC)
performed in the absence of limonene (VOC), led to no change in the NO and NO; concentration. By
adding limonene, rapid consumption of NO and production of NO> was observed. The conversion of
NO and formation of NO: on the IC containing aerosol is not only strongly activated by light but also

by the presence of limonene.
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Figure 6-2 The concentration change of NO (black dots) and NO2 (blue
dots) during photosensitized reaction on the surface of aerosol
particle. The red in the graph showed the instantaneous reaction
in the dark which proceed without NO: photolysis.
On the contrary, there is an immediate increase in NO2 concentration and extra decrease in NO
concentration followed by rapid decrease and increase, respectively, after UV light is turned off. This

might be because of the instantaneous chemical reaction between the already produced radicals and

oxidants, and NO, but without photolysis of NO».

The photolysis rate coefficient, Jnoz2, of NOz in the flow tube was calculated from its quantum
yield (Gardner et al., 1987, Troe, 2000) and absorption cross-section (Sander et al., 2002), and actinic
flux of the UV lamps measured inside the flow tube at specific wavelength and temperature using the

following equation (Eq. 6-1):

Jno, = f SO o(DF(A)dA (g, 6-1)
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where Inoz is the first order photolysis rate coefficient of NO; (s!), ®(1) is the quantum yield of NO2,
o()) is the absorption cross-section of NO2 (cm? molecule), and F()) is the spectral actinic flux

density of lamps in the flow tube (photon cm™ s™') at a given wavelength.

For the quantum yield and absorption cross-section of NO», we used the already available data
from the literature ((www.uv-vis-spectral-atlas-mainz.org) but the actinic flux of the lamps in the flow

reactor was measured using calibrated iDUS CCD camera.

NO, + hv (A < 420 nm) - NO + 0( 3P) (R. 6-2)
For a given temperature, T = 293 + 2 K, the first order photolysis rate coefficient, Jno2, was
calculated in the wave length range of the flow tube emission (300 — 420 nm) and found to be 6.75 x
107 57! and corresponds to a photolysis lifetime with respect to O(*p) formation of 2.5 minutes. The

average NOx concentration in the flow tube could be lowered due to photolysis.

0+ HO, - OH + 0, (R. 6-3)
M

0+0,-0;+M (R. 6-4)
M

0+NO->NO,+M (R. 6-5)

where M in (R. 6-4 and R. 6-5) is any third molecule that stabilizes the excited intermediate before it

dissociate back to the reactant.
6.2 Investigation of photosensitizer thin film in the coated-wall reactor

The interaction between photosensitized reaction product and NO gas was further investigated using
the coated-wall reactor, where photosensitizer and/or organic matrix was placed as a thin film, as
described in section 3.3. The thin film consisting of a photosensitizer and/or an organic acid as a
matrix was evenly coating the inner walls of small reactor (20 cm x 1.1 cm id), placed in a temperature

controlled reactor. The temperature of the reactor was kept at 293 +2 K. 790 ppbv of gaseous limonene
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and NO gas were passed through it. The maximum contact time, depend on the maximum flow, was
3.6 s. As it was done in the aerosol flow tube, the first order photolysis rate of NO2 was calculated
and it is found to be 2.5 x 103 s™!. The contact time is, however, very fast, photolysis of NO> in a
coated flow tube might not be happened. Besides, the extra peak appeared in aerosol flow tube (Figure
6-2) while turned off the light. Further more, the coated flow tube is used to increase the surface area

interaction.

The composition of organic thin film for different ratio of photosensitizer and organic acid
matrix was used as specified in Table 3-2 and 1 mg of photosensitizer, and/or adipic acid that behaves

similarly with succinic acid in SOA, were typically coated onto the inner flow tube wall.

During the irradiation we observed a substantial loss of NO and a corresponding formation of
NO: on the surface of thin film (Figure 6-3a). The high conversion of NO indicates that NO is oxidized
by photochemically produced radicals in the organic film. This indirectly confirms that there might
be hydroperoxyl radical production during irradiation of photosensitizer in the presence of hydrogen
or electron donor, VOC. The blank experiment in a clean flow reactor (Figure 6-3b) attested that the
interaction only happened when photosensitizer and hydrogen donor (VOC) were present at the same

time.
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Figure 6-3 Nitric oxide profile in the flow reactor in the presence of

790 ppbv of gaseous limonene, (a) Coated flow reactor (4-BBA
+ AA, 1:1); (b) clean flow reactor.
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Figure 6-4 The [NO] and [NO:] change on the solid 4-benzoylbenzoic

acid coated film in the presence of 790 ppbv of gaseous
limonene and light; Blue — [NO:] and black — [NO].
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The NO/NO:> conversion due to photosensitizer (4-BBA) coated film persist for longer time. As
seen in Figure 6-4, the conversion continued for more than 15 h in the presence of gaseous limonene
and light. The photosensitization processes can proceeds throughout the day. However, 4-BBA was
used in the coated flow tube instead of IC because of it solubility and solvent interaction in water and

ethanol, respectively.

6.3 Photosensitized aerosol surface reaction and HO; flux

It is evidenced that photosensitized surface reaction might induces HO> in the system. The HO> flux
that could be produced from the surface reaction according to the mechanism proposed in Figure 4-10

will be now calculated.

To deduce the HO; flux during photosensitized SOA growth, two approachs were used; the
bottom-up approach for which the particle size change is due to limonene consumption and NO/NO>

approach in which NOz is produced from NO-HO; reaction.

The HO; flux from the surface of the particle was calculated from the change in size of the
particle due to VOC condensation. The change in volume of particle during SOA growth, assume
particles are spherical in shape, is given by:

4
AV = §n(r13 —13) (Eq. 6-6)

where AV is the change in volume (cm?), and 11 and o are particle diameter after and before growth,

respectively (cm).

The total AV for the change in diameter from 51.4 nm to 68.5 nm in the presence of 500 ppbv

of gaseous limonene and 40 min of residence time is equal to 1.46 x 107> cm?/cm.
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The number of VOC molecule (limonene in this case) interacted with the triplet state of IC in
order to induce this volume change is proportional to the number of HO2 molecule comes out from

this volume change, and thus the number of HO> molecules produced (n) is then defined by:

gy AV.dn, NV _
n(molecule cm™) = — (Eq. 6-7)

where d is the average density of aerosol (g/cm?), n, is the number of particles involved (#/cm?), N is
the Avogadro number (molecule/mole), and M is the molecular weight of VOC used limonene

(g/mol).

The flux of HO, (molecule cm™ s™!) resulting from the photosensitizer-VOC interaction in light
is 2.78 x10*'2 molecule cm™ s™'. The measured value of VOC (limonene) taken by the surface using
PTR-MS was negligible or below the detection limit and was assumed to be less than 1% and the

calculated value here is nearly 0.1%.

Likewise, the HO; flux from the photosensitizer coated flow reactor surface is calculated by
assuming that the number of NO> molecule produced during NO + HO> = NO» + OH is proportional
to the HO2. Consequently, the HO> flux is calculated from the concentration of NO: by taking the
surface area of thin film in to account for a give contact time. The resulting HO» flux is then equal to

4.62 x 10" molecule cm? s,

The photosensitized emission of HO: in the atmosphere is estimated by taking the typical SOA

surface in the atmosphere is ca. 10° cm? cm™ (Seinfeld and Pandis, 2006). The estimated HO»

3

emission from photosensitized process is therefore 2.8 x 10 cm™ s7!, which is comparable to the

typical HO2 emission in the atmosphere ca. 1.4 x 10" cm™ s™! (Hofzumahaus et al., 2009).
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The result obtained from both condition showed us, there is significantly large amount of HO>

production during photosensitized reaction.

6.4 Contribution of NO for SOA mass

The photo-induced reaction between excited triplet state photosensitizer and VOC produces large
enough amount of HO; radicals and hence SOA growth, and a lot more besides in the presence of NO
in the system (Figure 6-5). In addition to the consumption of NO due to photosensitized SOA growth

(Figure 6-2), additional aerosol growth was also observed.

Through the reaction:

sources of HO» are potential sources of OH radical (Finlayson-Pitts and Pitts, 1997). As a result of the

formation of OH radical in the system, extra SOA growth is expected.
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Figure 6-5 Comparative SOA growth with (Blue) and without (Black)

Moreover, the photolysis of NO, produce atomic oxygen O(*p) which will react with molecular
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NO in the system for the seed containing IC and AS in the

presence of 500 ppbv of gaseous limonene, the residence time

for both condition was 40 min.

oxygen to produce ozone in the system according to the reaction (R.6-4).

The ozone formed in the flow tube can possibly react with VOCs, NO, NO and other radicals
which potentially affect the measurement at the exit of the flow tube. However, the formation of

ozone in the system, and the unreacted ozone was measured at the exit of the flow reactor. The

measurement result is shown in the following figure (Figure 6-6).

116

Dia. (with NO) (nm)



Photosensitized NO/NO2 conversion in the SOA growth

Dark UV-light Dark
« %
+ %
6 . ’\‘Q ,::'::
d R ARE }
A . e
L3 4
*
— 44 x
N + . 4
< *
g 3" e
= R
2 2- 4 ¢
& .
~ 4 < hd 1
> e .
*
9} « + Ve 1XN
0 Y O TR . £ .
TR ST g
2
I ' I 1 1 1 1 1
0 50 100 150 200 250 300 350
Time (min)

Figure 6-6 The unreacted ozone produced during SOA growth in the
presence of NO.
Ozone production during photochemical reaction in the presence of NO is significant, ~20 ppbv,
to make change in the system. However, this value corresponds to the unreacted O3 in the flow tube

with limonene and/or something else, and hence the actual value must be higher in this regard.

The extra SOA growth is therefore due to the cumulative effect of the products during
photosensitized aerosol surface reaction. The SOA growth in the presence of NO initiated not only by
HO; and RO, radicals but also by OH radicals, O3, NO and other possible radicals. The contribution

ofradicals and ozone to the extra SOA growth in the presence of NO was summarized in the following

table (Table 6-1).

Table 6-1 Summary of particle growth in different conditions, Rt = 40min

Seed. . External Cyclohex Particle Size DGF
compositi VOC . ane as o
oxidant (%)
on OH

Dp()
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Type Conc. Type Conc. scavenge Dark UV
(ppm) (ppb)  r(ppm)
IC-AS limonene 0.5 - - - 496 49.6 68.5 27.6
IC-AS limonene 0.5 - - 1000 49.6 496 68.5 27.6
IC-AS limonene 0.5 NO 80 - 49.6 49.6 200 75.2
IC-AS limonene 0.5 NO 80 1000 49.6 49.6 >250 >80.2
IC-AS limonene 0.5 O3 87 - 49.6 105.5 105.5 53
IC-AS Toluene 225 - - 49.6 496 533 6.9
IC-AS Toluene 225 O3 100 - 49.6 573 57.3 13.4

IC-AS Toluene 225 O3 100 1000 496 496 533 6.9

These experiments were to examine the relative contributions of O3 and the OH radical to the
aerosol growth and formation. In Table 6-1 the SOA growth in the presence of gaseous limonene and
cyclohexane as OH radical scavenger, behaved the same in the absence of OH radical scavenger. The

photosensitized SOA growth is due to HO; radical.

The presence of NO induced a considerably large SOA growth regardless of the presence of OH
scavenger. Addition of OH scavenger in the NO containing system does not decreased the particle
diameter in light rather it increased. OH scavenger does not behave as usual in NO containing
environment. The reaction of the OH radical with cyclohexane in the presence of NO leads to the
formation of cyclohexanone and cyclohexyl nitrate that potentially contribute for more SOA mass

loading (Aschmann et al., 1997b, Takagi et al., 1981).

On the other hand, the SOA growth induced by O3 in the absence of NO is not proportional with
that of NO induced growth. It prompts less SOA growth, indicating that the growth in NO containing

environment is not only due to Os.

Addition of OH scavenger does not affect O3 induced growth in the presence of limonene but
the O3 induced growth for toluene hindered by OH scavenger. This suggests that there is no direct (or
very slow) reaction between toluene and O3 inducing SOA growth. Ozonolysis of aromatic

compounds in ambient atmosphere is very slow (Izumi and Fukuyama, 1990, Atkinson, 2000). Indeed,
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the extra growth in toluene-O3 system in the absence of OH scavenger is due to the formation of OH
radical through the reaction HO> + O3 = OH + 20, and OH is important aerosol formation pathway
for aromatic compounds (Atkinson, 2000). The RH of particles in the flow tube during NO and O3

experiment was < 15%.
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7  Aerosol composition: Contributing Reaction for SOA aging

The composition of SOA depends on the chemical compounds involved during their formation and
growth. The light-particle contact time and light intensity is another parameter for the aged aerosol
composition in our experiments. This chapter mainly focuses on the chemical composition of aged
aerosol in the flow tube, and consists of mostly on the article published by “Environmental Science
and Technology”(Rossignol et al., 2014), on the chemical compounds that are formed during

photosensitized chemistry leading to organic aerosol growth.

A sample of aerosol particles was collected from the out let of the flow tube and prepared for
the ESI-(=)HRMS and UPLC/(+) HESI-HRMS analysis based on the procedure given in section 3.2.
In addition to this, bulk experiments using small cylindrical quartz reactor were also performed in

order to compare the major products identified from the aerosol sample.
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7.1 General consideration

Five important conditions have taken in to consideration to analyze the composition of aged aerosol

in aerosol flow tube.

1. Composition of seed particles: The experiments were started with a known concentration and
composition of seed particles. In most of our experiments, the seeds composed of AS
(0.95mM) and IC (1.3mM) unless otherwise specified. Furthermore, the blank experiments
were performed in a solution containing IC (ImM) and limonene (10 mM).

2. Gas phase oxidants: it is shown that the SOA growth in the flow tube is purely
photosensitized, without any gas phase oxidants (OH, O3, NOy).

3. Light conditions: light intensity and irradiation time plays a role in photosensitized SOA
growth. There was a significant difference in aerosol size when exposed to light. The aerosol
samples were collected in both dark and light conditions.

4. VOC: the type and concentration of VOC can be used to assess the role of individual
hydrocarbon precursors in secondary organic aerosol growth mechanism and thus to the
composition analysis. VOCs having unsaturated tertiary carbon induced growth (section 4.2).
Limonene was preferentially used to study the composition because of its possible contribution
for SOA growth.

5. Oxygen content: the oxygen content of the carrier gas has taken in to consideration in

identifying the major products that contribute for aerosol growth.

On top of these conditions, the photochemistry of IC also considered towards different VOCs,

as is explained in Chapter 5.
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7.2 Results and discussion

7.2.1 Photosensitized radical formation

Bulk and flow tube experiments were performed to identify major products of the reaction between
the IC triplet state and limonene. In the bulk experiments, direct (+)ESI-HRMS analysis showed the
formation of nitrogen-containing products as well as a range of oxygenated species. Among them, the
formation of a major product at m/z 233.1643 = 0.0001 was observed in the positive ionization mode.
The high resolution of the instrument coupled with a mass accuracy estimated to be below 4 ppm
under our experimental conditions allowed us to identify C14H21ON," (exact mass 233.1648, Appm =
—2.3) as the unique matching positive ion, which corresponds to a C14H200N> neutral compound. The
compound detected at the exact mass m/z 233.164 might thus be a radical-radical recombination
product of IC (C4H4ON2) and limonene (C1oHi6). This would be consistent with the expected reactivity
of the IC triplet state, proceeding most probably via a hydrogen transfer leading to the formation of
alkyl radicals (section 4.2.8). This hydrogen transfer can be either a direct transfer or proceed via an
electron transfer followed by a proton transfer. To account for these results, formation mechanisms
proceeding via the photosensitized formation of two radicals, an IC and limonene radical, are hereby
suggested Figure 7-1. Due to the presence of endo and exocyclic unsaturated tertiary carbon in
limonene, the UPLC/(+)HESI-HRMS analysis of bulk samples was broad and correspond to the
formation of several isomers. However, the detection of such recombination product(s) highlights the

photosensitized formation of radicals from limonene and IC bulk solutions.
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Figure 7-1 potential formation mechanisms of the recombination
product of IC and limonene detected at mass m/z 233.164 in the
bulk experiments from molecular limonene and IC triplet state.

In the flow tube aerosol samples, the mass at m/z 233.164 was also observed by means of
UPLC/(+)HESI-HRMS analysis, but at a lower level, which precluded a direct quantitative
comparison with the bulk experiments. However, two additional masses were also detected i.e., at m/z
193.072 and m/z 191.056. These masses only match with neutral compounds having as chemical
formulas CsHgO2N4 and CsHeO2N4, respectively, and could therefore correspond to recombination

products of IC (C4H4ON») with itself via hydrogen transfer from the fundamental state of IC to its
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triplet state. These two recombination products of IC were not detected in bulk experiments. The high
IC concentration in the seed particles in the flow tube experiments, results in a high probability of the
IC triplet state reacting with another IC molecule as compared to the bulk experiments in which IC
was 10 times less concentrated than limonene. It is difficult to infer from these experiments if the
formation of IC-limonene and IC-IC recombination products is atmospherically relevant as the IC and
limonene concentrations used here are high compared to expected atmospheric concentrations.
However, the presence of these recombination products both in the bulk and in the flow tube samples
indicates that the photosensitized chemistry of IC initiates radical chemistry in the aerosol phase
and/or at the gas/particle interface under realistic irradiation conditions. In addition, the results of the
bulk experiments showed explicitly that the IC triplet state is able to react with limonene through

hydrogen abstraction as seen in Figure 7-2.
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Figure 7-2 Quenching reaction of 3IC* by limonene which leads to the

formation of peroxyl radicals.

7.2.2 Photosensitized limonene oxidation products

In addition to the recombination products, the SOA analysis by means of UPLC/(-)HESIHRMS

revealed the formation of a range of highly oxygenated products with a majority of compounds bearing
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between Cg and Cio carbon chains and up to 6 oxygen atoms. These oxygenated compounds kept the
Cio carbon skeleton of limonene and contained 4 to 6 oxygen atoms, which are remarkable in that they

cannot be explained by classical gas-phase ozonolysis or photo-oxidation chemistry (Leungsakul et

al., 2005).
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Figure 7-3 Photosensitized limonene oxidation mechanism initiated by

b

C1oH140;3

hydrogen abstraction from limonene molecule by the IC triplet
state and based on peroxy radical chemistry.
In Figure 7-3, allylic radical stabilized by electron donor alkyl group. Oxygen reacts with allylic
radicals to form peroxyl radicals, which will condense o the seed aerosol. Depending on the presence
of oxygen in the system, the radicals formed at the first stage will further oxidize to form more

oxygenated products. The presence of such compounds clearly shows that limonene reacts in the
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particle upon uptake and not in the gas phase. The formation of similar oxygenated products was

confirmed in the analysis of bulk experiments.

This study showed that the presence of such photosensitizer in the ambient atmosphere could
affect the daytime SOA growth, the C/O ratio and volatility of organic fraction of the aerosol via the

formation of highly oxidized products.

Experimental conditions, Results and further discussion are given the paper
(Rossignol S., Aregahegn K.Z., et al., 2014)
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Glyoxal Induced Atmospheric Photosensitized Chemistry Leading to

Organic Aerosol Growth
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ABSTRACT: In recent years, it has been preposed that gas phase glyoxal
could significantly contribute to ambient organic aerosol (OA} mass
th_mugh multiphase chemistry. Of particular interest is the reaction
between glyoxal and ammenium cations produci_ng ]ightfabsorbi_ng
compounds such as imidazole derivatives. It was recently shown that
imidazole-2-carboxaldehyde (IC) can act as a photosensitizer, initiating
aerosol growth in the presence of gaseous volatile organic compounds.
Given the potential importance of this new photosensitized growth
pathway for ambient OA, the related reaction mechanism was investigated
at a molecular level. Bulk and flow tube experiments were performed to
identify major products of the reaction of limonene with the triplet state of
IC by direct (+}ESIHRMS and UPLC/(+)}HESI-HRMS analysis.
Detection of recembination products of IC with limonene or with itself,
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in bulk and flow tube experiments, showed that IC is able to initiate a radical chemistry in the aerosol phase under realistic
irradiation conditions. Furthermore, highly oxygenated limonene reaction products were detected, clearly explaining the observed
OA growth. The chemistry of peroxy radicals derived from limonene upon addition eof exygen explains the formation of such low-

volatile compounds without any traditional gas phase exidant.

B INTRCDUCTION

Organic aeroscl {OA) represents an impertant fraction (20 to
90% in mass) of the total budget of atmospheric aerosols, and
its oxygenated fraction, considered as mainly of secondary
origin, i significant in many locations.”” A detailed knowledge
of the formation and aging pathways of secondary organic
aerosol (SOA} is thus eritical to accurately assess their impact
on visibility, health and climate. Traditionally, SOA formation
has been described as proceeding only through gas phase
oxidation of volatile organic compounds (VOC) forming low
volatility products, which then partiion between gas and
particulate phases. However, in recent years it has beceme
J'_ncreasi_ngly apparent that this simple model was not sufhcient
te accurately reproduce the OA mass observed and its oxidation
state™? Important efferts were thus made to explain and close
the gap between observations and modeling. The classical
approach including only anthropegenic and biegenic VOCs
{aromatic compounds, isoprene, limonene, pinene, and so
forth} has been widened to include semi- and low-volatile
precursors, thus bringing the calculated SOA masses closer to
observations.”™” However, in addition to these condensation
processes, it has also been pointed out that very volatile
compounds such as glyoxal can significantly contribute to SOA
mass through multiphase chemistry. As glyoxal and other small
dicarbonyl species are emitted in large amounts during
oxidation of VOCs,® the existence of condensed phase sinks
for these gases is indeed able to explain an important part of the

VACS Publications @ 2014 American Chemical Societ

missing SOA mass in modds,g_u for example, at least 15% of
the 8OA mass in the specific case of glyoxal uptake in Mexico
city (MCMA-2003 campaign).'®

It was shown that glyoxal uptake inte droplet and water
containing aerosol particles leads tc the formation of low
volatility species, and thus to SOA formation, through three
main processes: (1} oligomer formation, (2} photochemical
radical oxidation, and (3} condensation with ammonium
cations (NIL') and amines leading to nitrogen-containing
prcducts.n’m Oligomer formation occurs via acetal formation
{C—0—C bond formation).13‘15_17 Photochemical oxidation of
glyoxal is initiated by hydrogen abstraction by OH radical and
leads to the formation of small organic acids, such as glyoxylic
acid or formic acid, but alse to the formation of larger
oxygenated products through organic radical recombination in
concentrated solutions.'® These two pathways (o]igomerization
and photochemical oxidation), are particularly interesting as
they form low volatﬂity products that can match with the hlgh
oxygen to carbon ratio (O/C) detected in ambient aerosols,
not yet well reproduced in models. Although this condensation
pathway is certainly minor relative to SOA mass ft::nrn;ﬂ;'u:m,IS
glyoxal reactivity toward ammeonium cations and amines has
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gained interest in recent years due to the fact that it leads to the
formation of compounds absorbing in the UV-—visible
region.!”"*?® Noziére et al.'” showed that the reaction of
glyoxal with NH," ions indeed forms light-absorbing nitrogen-
containing species. Among these nitrogen-containing products,
Galloway et al.” have identified 1H-imidazole-2-carboxalde-
hyde (IC), which absorbs UV radiation at 4 = 290 nm. A
number of laboratory studies have further confirmed the
formation of products bearing an imidazole ring,**** including
IC.'*** It was also shown that these minor products were
nevertheless able to impact optical and radiative properties of
ambient aerosols.>®

However, the formation of such light absorbing species can
also induce new photochemical processes within the aerosol
particles and/or at the gas/particle interfaces. Monge et al*®
found experimental evidence of a photoinduced pathway for
organic aerosol growth. The growth was observed when seeds
containing light absorbing material [e.g, humic acid or 4-
(benzoyl)benzoic acid] were exposed to light and gaseous
VOCs, suggesting a reactive uptake for the latter under
irradiation. Interestingly, a similar observation was made with
IC-containing seeds by Aregahegn et al*® who, based on the
works of Canonica et al,”’ suggested a photosensitized
mechanism where radical chemistry is initiated by the reaction
of a VOC with the triplet state of IC.

Given of the potential importance of this new photo-
sensitized pathway for SOA production and aging, we aimed to
understand the reaction mechanism leading to the aerosol
growth as reported by Aregahegn et al*® A first series of
experiments investigated the reactivity of the IC triplet state
toward limonene, chosen as a key VOC compound, using laser
flash photolysis. Bulk experiments were then carried out to
identify the products of the reaction between the IC triplet
state and limonene, using direct electrospray ionization
(positive and negative modes) coupled to high resolution
mass spectrometry [{+)ESI-HRMS] and ultraperformance
liquid chromatography coupled with heated (+)ESI-HRMS
[UPLC/(+)HESI-HRMS]. Finally, aerosols produced in flow
tube experiments, similar to those of Aregahegn et al,?® were
analyzed by UPLC/{+)HESI-HRMS and compared with the
bulk experiments to identify the organic products responsible
for SOA growth.

B EXPERIMENTAL SECTION

Laser Flash Photolysis Experiment. The reactivity of
excited IC toward limonene was investigated using a classical
laser flash photolysis apparatus.”® IC triplet state was produced
upon excitation under UV irradiation and its deactivation over
time was followed by monitoring its absorption in the presence
or absence of limonene. The photolysis excitation source was
the third harmonic (266 nm, pulse width ~7 ns)} of an Nd:YAG
laser (Surelite IT 10, Continuum, U.S.) operated in a single-shot
mode. During these experiments, the laser pulse energy was
limited at 20 m] per pulse to reduce photolysis of the
photosensitizer. It was experimentally observed that under this
energy threshold the upper limit of the fraction of IC depleted
by each pulse was negligible (<0.14 yM). Ground state IC
extinction coefficient was calculated as €y¢6,, = 4698 M~
cm ™. The laser output passed through the aperture in the short
axis {4 mm path length) of a fully masked quartz flow cell. The
working water-acetonitrile (1:1) solutions containing IC {0.25
mM, 97%, Sigma-Aldrich, U.S.) and various amounts of
limonene (0 mM, 4 mM, 8 mM and 12 mM, (R)-{+)-limonene
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97%, Sigma-Aldrich, U.S.) were deoxygenated for at least 1 h.
They were introduced into the flow cell {volume of 450 L) by
means of a peristaltic pump, with a flow rate of 1.6 mL min~’,
ensuring a complete purge of the exposed volume every 17 s.
This limited the exposure of the introduced solution to 3—4
laser shots and maintained a constant temperature in the flow
cell. All connections on the apparatus were made from either
glass or PTEE tubing, ensuring a clean liquid flow. The
transient absorption of the excited IC produced upon 266 nm
excitation was followed by means of time-resolved absorption
spectroscopy at 330 nm in the absence and presence of
limonene. The analyzing light, provided by a 75 W high-
pressure Xenon arc lamp (LOT-Oriel, Germany), passed
through the two apertures of the long axis of the flow cell (1
cm path length). The light was then collected by a 1/4 m
monochromator {DK240, Spectral Products, U.S.) equipped
with a 2400 grooves/mm grating and detected by a
photomultiplier (PMT, H7732-10, Hamamatsu, Japan). The
PMT signal was passed through a high-speed current amplifier/
discriminator (Femto, Germany) and the AC and DC
component recorded on a 300 MHz oscilloscope (TDS3032¢,
Tektronix, U.S.). The digitalized signal was then transferred to
a computer for further processing. The analysis of transient
absorbance decays as well as the fitting was performed on
OriginPro (version 8.5).

Bulk Experiments. A water-acetonitrile solution {1:1, v/v,
Elga ultrapure water, France/Fischer Chemical, UK.} contain-
ing IC (1 mM, 97%, Sigma-Aldrich, US.) and limonene (10
mM, {R)-(+)-limonene 97%, Sigma-Aldrich, U.S.) was placed
in a small cylindrical quartz reactor (volume of 15 mL) and
exposed to light in a box equipped with 7 UV-lamps {Cleo 20
W, emission range 280—400 nm, Philips, Netherlands) for 23 h.
At different intervals, two 400 yL samples were diluted by a
factor 25, in a water—acetonitrile solution (1:1, v/v) or pure
water for direct analysis in {+)ESI-HRMS and analysis by
UPLC/{+)HESI-HRMS, respectively.

Flow Tube Experiments. Photosensitized growth of
aerosols was carried out using a horizontal double wall aerosol
flow tube made of Pyrex (13 cm id. X152 cm length) kept at
293 + 1 K by means of a circulating water bath. The carrier gas
was dry air (purity 99.9990%, Air Liquide, France), introduced
at a total flow rate of 0.4 L min~" allowing an aerosol residence
time of 50 min. The flow tube was surrounded by 7 UV-lamps
(Cleo, Philips, Netherlands) with a continuous emission
spectrum over 300—420 nm and a total irradiance of 3.7 X
10% photon em™ s™%. A complete description of this aerosol
flow tube setup is given elsewhere.”

For physical characterization of the aerosol growth, a
monodispersed aerosol (“seed particles”) was generated from
an aqueous solution containing IC (1.3 mM, 97%, Sigma-
Aldrich, U.8.) and ammonium sulfate {0.95 mM, 99.0%, Sigma-
Aldrich, US.). The atomized solution {atomizer 3076, TSI,
U.S.) was then dried using a Silica gel 20 diffusion drier and an
initial seed particles diameter of 50 nm was selected using a
Differential Mobility Analyzer (DMA 3081, TSI, U.S, impactor
size 0.0588 cm, aerosol flow = 0.3 L min~", sheath flow = 3 L
min~'). This monodispersed aerosol contained typically 5000
particles cm™ and corresponded to a total mass of a few ug
m™>, It was flown into the reactor where it was exposed to
gaseous limonene and, when required, to UV light. A limonene
concentration of around 0.9 ppm was generated using a
permeation tube placed in a temperature controlled oven

(Dynacal, Valco Instruments Co. Inc, U.S. using VICI

dx.doi.org/10.1021/es405581g | Environ. 5ci. Technof, 2014, 48, 3218-3227
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Figure 1. Transient triplet—triplet absorption of the excited IC followed at 330 nm in a water—acetonitrile (1:1) misture in the absence of imonene
zs a quencher (black}, in the presence of 4 mM of imonene (red}, 8 mM of limonene (blue} and 12 mM of imonene (pink}. Inset: linear fitting of
cotresponding In{A Aq.) = f£). Apy: madimum absorbance observed for each data seties.

Metronics, U.S.,, Dynacalibrator, model 150). The particle size
distribution and concentration obtained at the outlet of the
flow tube were monitored using a Scanning Mobility Particle
Sizer (SMPS 3080, TSL U.S.}, consisting of a DMA (TSI 3081}
and a Condensation Particle Counter (CPC, TSI 3776).

For the aerosol sampling and subsequent chemical analysis,
we decided to increase the seed particles concentration in order
to improve the signal-to-neise ratic of the ESI-HRMS. At the
flow tube inlet, the DMA was removed to generate a
pelydispersed dry aeroscl. Particles were then collected at the
flow tube outlet on a Teflon filter (47 mm Flucropore
membrane filters, 0.45 g FH, Merk Milipore, US.) using a
stainless steel filter holder (Aerosol standard filter holder, 47
mm, Merk Millipore, U.S.}. Two experiments of 16 h were
systematically and consecutively performed; first, a "blank”
consisting of introducing both seed particdes and gaseous
limenene but without light, and second, a "sample” was
collected with the light on. The filters were subsequently
solvent extracted under ultrasenication {40 min} in 7 mL of a
water-acetonitrile solution (4:6, v/v) in an Erlenmeyer,
matntained at low temperature in an ice bath, Extracts were
then concentrated te 1 ml under a gentle stream of nitrogen
and were subsequently analyzed by UPLC/(+ }HESI-HIRMS.

ESI-(+)HRMS and UPLC/(+)JHESI-HRMS Analysis. The
UPLC/{+}HESI-HRMS system comprised a Dionex Ultimate
3000 ultraperformance liquid chromatograph {UPLC, Thermo
Scientific, U.S.} coupled to a Q-Exactive high resolution mass
spectrometer (HRMS, Thermo Scientific, U.S.} equipped with
a heated electrospray ionization (HESI} source. Half of the
bullke samples (diluted in water—acetonitrile mixture} were
analyzed by direct infusion of the diluted solutions inte the
nonheated electrospray source (ESI-(+}HRMS analysis) at a
flow rate of 30 L min~". Source voltages of +3.5 kV and —2.6
kV were applied for the positive (+) and negative (=)
ienization modes, respectively. The remaining bulk fraction and
the flow tube samples were analyzed by means of UPLC/
(£ }HESI-HRMS. The chromatograph was equipped with a
HSS T3 Acquity UPLC column (1.8 gim, 2.1 X 100 mm}. The
mobile phase was (A} acidified water (Fischer Chemical, UK,
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+ 0.1%, v/v, formic acid, Sigma-Aldrich, U.S.) and (B} acidified
acetonitrile (Fischer Chemical, UK, + 0.1%, v/v, formic acid,
Sigma-Aldrich, U.5.}. A 16 min gradient was applied: eluent (B}
was kept at 1% for 2 min and was then ncreased to 90% mn 10
min, this ratio was maintained for 2 min before returning to the
initial condition for 2 min. The flow rate was 0.3 mL min~".
Source voltages of +3.7 kV and —3.0 kV were applied for the
positive (+} and negative {(—) ionization modes respectively. All
acquisitions were performed in full MS mode with a scan
ranging from #/z 50 to m/z 750 and a resolution set to 140
000. Specific MS® spectra were acquired in direct infusion mode
applying a normalized cellision energy level of 35%. The data
were processed using Xealibur 2.2 software. The Q-Exactive
mass spectrometer was mass calibrated using commerdial
Calmix solutiens (Thermo Scientific, US.}. To achieve good
accuracy for low masses (<4 ppm) commercially used mass lists
were completed with mass 74.09643 for the positive mode and
masses 59.013 85 and 514.284 40 for the negative mode. All of
the exact mass assignments to chemical formula were done
considering carbon, hydrogen, oxygen, nitrogen, sedhun, and
potassium as potential elements and with a mass aceuracy
below 4 ppm. All of the proposed chemical formulas comply
with the octet rule (i.e, an integer double bond equivalent) for
the related neutral compounds.

B RESULTS AND DISCUSSION

Triplet State Chemistry of IC. This first series of
experiments was performed to verify the hypothesis proposed
by Aregahegn et al®® that the excited triplet state of [C could
react with limonene. The formation of an IC triplet state under
UV-irradiation was demonstrated elsewhere by Tinel et al®
The triplet—triplet [C abserption monitored at 330 nm showed
a monocexponential decay. By adding increasing amounts of
limonene to the IC containing solution, the decay of the
transient absorption was observed to be faster (Figure 1}.
These results confirmed that limonene quenches the IC triplet
state, Le., introducing a reaction that may proceed via electron
or hydrogen transfer in agreement with Aregahegn et al?®

di.doi.org/1 01021 /2540558 1g | Environ. Soi. Tachnol 2014, 48, 3218-3237
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Figure 2. Temporal evolution of the median diameter of particles during a flow tube experiment. Monodisperse seed particles (IC/ammonium
sulfate) were exposed to gaseous limonene continuously (0.9 ppmv) and to UV light between 165 and 277 min. Error bars correspond to 2 times the
geometrical standard deviation. Arrows and dotted vertical lines mark the theoretical aerosol residence time at two critical points: when the lamps

were switched on (A) and off (C).
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Figure 3. Average mass spectra obtained in (+)ESI-HRMS for bulk experiment at initial time and after 23 h of irradiation (average on ~70 spectra

on 1 min acquisition time in direct infusion). Inset: time evolution of m/z 233.164 abundance.
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Photosensitized Aerosol Growth. In order to produce
SOA from photosensitization for chemical analysis, flow tube
experiments similar to those presented by Aregahegn et al >
were performed. Monodisperse IC/ammonium sulfate aerosol
seeds and gaseous limonene were first injected and irradiated. A
typical profile for the evolution of the median diameter of the
particles at the flow tube outlet is shown in Figure 2. As
expected, a significant particle growth was observed when seed
particles were exposed to both limonene and UV light. In the
dark (from initial time to A in Figure 2), the median diameter
was constant and very close to the seed particle diameter
selected at the inlet of the flow tube (S0 nm). Under
irradiation, this diameter increased during a period correspond-
ing to the residence time of the aerosol in the flow tube (50
min, from A to B in Figure 2), to reach a value of 68 nm,
corresponding to a diameter growth factor of around 25%
(calculated as the ratio of the difference between the final and
the initial and final diameters). When the lamps were
subsequently turned off (from C in Figure 2), the median
diameter decreased, during a period corresponding to the
residence time, returning to its initial value, confirming the key
role of light in the growth of IC containing particles exposed to
gaseous limonene. The observed growth was consistent with
that obtained by Aregahegn et al?® The experimental
parameters (seeds composition, limonene concentration,
irradiation, and residence time) were consequently chosen to
explore the composition of the grown aerosols from an initial
polydisperse seed aerosol. This grown aerosol was collected and
extracted by the method described in the Experimental Section
for chemical analysis.

Photosensitized Radical Formation from 3IC*. Bulk and
flow tube experiments were performed to identify the major
products of the reaction between the IC triplet state and
limonene. In the bulk experiments, direct (+)ESI-HRMS
analysis showed the formation of nitrogen-containing products
as well as a range of oxygenated species. Among them, the
formation of a major product at m/z 233.1643 + 0.0001 was
observed in the positive ionization mode (Figure 3). The signal
intensity for this ion rose faster during the first 2 h of the
experiment than during the last 21 h, however still increasing
with time (Figure 3 inset). The high resolution of the
instrument coupled with a mass accuracy estimated to be
below 4 ppm under our experimental conditions allowed us to
identify C;4H, ON," (exact mass 233.1648, Appm = —2.3) as
the unique matching positive ion, which corresponds to a
C,4H,,ON, neutral compound. An MS* mass spectrum of m/z
233.164 was acquired (Figure 4) and its fragmentation pattern
reveals the formation of a major fragment at m/z 97.0394 +
0.0001. This fragment corresponds to a C,;H;ON," chemical
formula (exact mass 97.0396, Appm = —2.5) and can
consequently be attributed to an IC fragment (C,H,ON,).
The compound detected at the exact mass m/z 233.164 might
thus be a radical—radical recombination product of IC
(C4H,ON,) and limonene (C,yH,4). This would be consistent
with the expected reactivity of the IC triplet state, proceeding
most probably via a hydrogen transfer leading to the formation
of alkyl radicals.”® This hydrogen transfer can be either a direct
transfer or proceed via an electron transfer followed by a
proton transfer. To account for these results, formation
mechanisms proceeding via the photosensitized formation of
two radicals, an IC and limonene radical, are hereby suggested
(Figure §). The position of the transferred hydrogen on the
limonene structure could be mechanism dependent. In
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Figure 4. MS* mass spectrum of m/z 233.164 in (+)ESI-HRMS.

principle, the weaker C—H bond in the limonene molecule
should be on the secondary allylic carbons or on the tertiary
allylic carbon.®® Accordingly, these hydrogen atoms will be
preferentially transferred in case of a direct transfer. If the
mechanism proceeds first via an electron transfer, then the
abstracted electron will preferentially be located on the
endocyclic double bond as the corresponding radical cation is
stabilized by both tertiary and secondary carbons. Using the
available data, it remains difficult to suggest which of the
proposed pathways is most dominant. Furthermore, the
chromatographic peak obtained for m/z 233.164 by UPLC/
(+)HESI-HRMS analysis of bulk samples was broad and bore
shoulders that could correspond to the formation of several
isomers. In any case, the detection of such recombination
product(s) highlights the photosensitized formation of radicals
from limonene and IC the bulk solutions.

In the flow tube aerosol samples, the mass at m/z 233.164
was also observed by means of UPLC/(+)HESI-HRMS
analysis, but at a lower level, which precluded a direct
quantitative comparison with the bulk experiments. However,
two additional masses were also detected i.e.,, at m/z 193.072
and m/z 191.056 (Table 1). These masses only match with
neutral compounds having as chemical formulas CgHzO,N, and
CgH4O,N,, respectively, and could therefore correspond to
recombination products of IC (C,H,ON,) with itself via a
pathway depicted in Figure 6. The high IC concentration in the
seed particles in the flow tube experiments, results in a high
probability of the IC triplet state reacting with another IC
molecule leading to hydrogen transfer from the fundamental
state to the triplet state. This hydrogen transfer likely involves
the carbonyl hydrogen as the corresponding C—H bond
dissociation energy is in the same order of magnitude as an
allylic transfer.®® This hydrogen transfer subsequently leads
either directly to the recombination of the two just formed
radicals to give the recombination product detected at m/z
193.072, or to the recombination of two radicals having
undergone hydrogen abstraction to give the compound
detected at m/z 191.056. These two recombination products
of IC with itself were not detected in bulk experiments. A
simple concentration effect can be invoked here, as in the bulk
experiments, IC was 10 times less concentrated than limonene.
On the contrary, in flow tube experiments, seed particles were
only composed of dry IC and ammonium sulfate exposed to 0.9
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from molecular limonene and IC triplet state.

ppm of gaseous limonene leading to the predominance of IC-
IC recombination products over IC-limonene ones.

1t is difficult to infer from these experiments if the formation
of IC-limonene and IC-IC recombination products is
atmospherically relevant as the IC and limonene concentrations
used here are high compared to expected atmospheric
concentrations. However, the presence of these recombination
products both in the bulk and in the flow tube samples
indicates that the photosensitized chemistry of IC initiates
radical chemistry in the aerosol phase and/or at the gas/particle
interface under realistic irradiation conditions. In addition, the
results of the bulk experiments showed explicitly that the IC
triplet state is able to react with limonene through hydrogen
abstraction.

Highly Oxygenated Limonene Oxidation Products.
Both bulk and flow tube experiments provided evidence of
radical formation from the IC triplet state. Here, results of the
flow tube experiments will be preferentially discussed to explain

3223

the observed aerosol growth. In addition to the recombination
products, the SOA analysis by means of UPLC/(-)HESI-
HRMS revealed the formation of a range of highly oxygenated
products with a majority of compounds bearing between Cg
and C,, carbon chains and up to 6 oxygen atoms (Table 1). No
attempt was made here to elucidate their chemical structure nor
to quantify them. However, the fact that these oxygenated
products were formed in only S0 min without any gas phase
oxidant is noteworthy. Of particular interest are the compounds
that kept the C,, carbon chain of limonene and contained 4 to
6 oxygen atoms, which are remarkable in that they cannot be
explained by classical gas-phase ozonolysis or photooxidation
chemistry; the terminal double bond of limonene implying
necessarily some fragmentation reducing the carbon num-
ber.'7** The presence of such compounds clearly shows that
limonene reacts in the particle upon uptake and not in the gas
phase. The formation of similar oxygenated products was
confirmed in the analysis of bulk experiments, with
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Table 1. Detected Exact Masses in the Grown Aerosols Coming from a Flow Tube Experiment by UPLC/(+)HESI-MS

ionization mode detected mass (m/z)

(+) 233.164 C4H,00N,
(+) 193.072 CsHsO,N,
(+) 191.056 CgHsO,N,
(- 151.113 CioH,60
(=) 167.108 CioHis0,
(=) 183.102 CioHie05
=) 181.087 CioH1405
(=) 199.098 CioHi604
(=) 197.082 CioH1404
(=) 215.092 CioH 1605
(=) 213.077 CioHi405
(=) 231.087 CioHi604
=) 229.072 CioH11O5
(=) 185.082 CoH,,0;
(-) 183.066 CoHy,04
(=) 169.087 CoH1404
(-) 155.071 CsH)204
(=) 187.061 CyH,,05

chemical formula®

R, (min) area® (X 10° au.) light/dark ratio®
7.53 26 459
6.61 1100 101
527 820 380
8.99-9.41 1.7 (9.41) 344
7.06—7.31-7.60 7.6 (7.31) 89
8.05—8.14 36 (8.05) 97
8.35 10 40
6.88 280 14
6.64 26 73
5.80—6.15 86 (6.15) 203
6.10—6.46—6.65 19 (6.65) 37
491-5.14 49 (491) 1245
5.89 11 106
7.26 330 130
5.19-5.31-5.84 15 (5.19) 333
7.73 26 40
633 23 9
5.53 220 340

“Neutral chemical formula corresponding to the positively or negatively charged chemical formula determined form detected exact mass. b case of
several retention times, the area of the main peak is given (peak retention time in brackets). “Ratio of the peak area detected in the irradiated sample
on the peak (or the noise) area detected at the same retention time in the nonirradiated sample.
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Figure 6. Potential formation mechanisms of the recombination
products of IC with itself detected in flow tube sample.

corresponding ion intensities increasing with time. Because of
their expected low volatility, due to the presence of up to 6
oxygen atoms on the limonene structure, these oxygenated
products are expected to participate to the observed SOA
growth.

On the basis of the IC radical chemistry evidenced in this
work and the previous observation that molecular oxygen is
necessary for SOA growth,"‘6 a mechanism explaining the
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formation of such compounds and based on peroxy radical
chemistry is suggested. This mechanism is initiated by the
direct abstraction of a hydrogen atom on limonene by the IC
triplet state leading to the formation of a stable allylic radical.
The addition of molecular oxygen leads to a peroxy radical that
can evolve toward a large range of oxidation products®
including compounds retaining the same number of carbons as
limonene. As an illustration, the formation mechanism of the
three compounds C,,H,,0,, C,oH;,0, and C,(H,,0;, detected
at m/z 199.098, m/z 197.082, and m/z 181.087, respectively, is
presented in Figure 7. This mechanism underlines that the
observed products are the result, after ring-opening, of
intramolecular isomerization (1,5 hydrogen shift®*) which are
particularly favored in the case of limonene. The number of
possible 1,5 hydrogen shifts is indeed numerous in the
limonene structure because of the chain of 7 carbons and the
isopropene side chain. Furthermore, the first step of the
mechanism is controlled by the formation of an allylic radical,
especially stable in the case of limonene and any other VOC
bearing unsaturated tertiary carbon. This mechanism would
thus be consistent with the previous observations of Aregahegn
et al.* that aerosol growth was mostly observed with this type
of compounds.

Atmospheric Implications. Light-induced reactive uptake
of VOCs was previously observed and presented as a
potentially important atmospheric pathway, but still unac-
counted for in SOA mass budget, by Monge et al*® and
Aregahegn et al?¢ However, the data reported here is, to our
knowledge, the first proposed photosensitized mechanism
based on actual reaction products. In this work, the
identification of various recombination products has clearly
shown that the presence of IC in the aerosol phase can initiate
radical chemistry under near-UV irradiation. The IC triplet
state is able to abstract hydrogen from limonene molecules
leading to their reactive uptake with subsequent oxidation, and
similar mechanisms can be inferred for the other unsaturated
and branched VOCs studied by Aregahegn et al.2® Such VOCs
(e, bearing a branched allylic or a branched aromatic
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structure) are emitted in large amounts by biogenic and
anthropogenic sources.’®™*® Their direct uptake into the
particulate phase without the need of previous gas phase
oxidation and partitioning steps and the subsequent fast
formation of highly oxygenated products, could lead to
significant SOA formation even if other reactants are present
in the particulate phase,”® or if photosensitizers are present at
trace quantities. Recent studies have shown that IC can indeed
be formed within a time scale relevant for atmospheric
processes (1 to 2 h), even if the reaction may not be complete
and depends on involved reactant concentrations>">*>¢

Furthermore, one may suppose that the recently evidenced
near UV light-absorbing material formation via particulate
phase chemistry of carbonyls with ammonium ions and
amines,'’ %*** potentially involves a variety of additional
still unknown photosensitizers.

Beyond the reactive uptake of VOCs (or even SVOCs
bearing hydrogen available for abstraction), in situ photo-
sensitizer formation could also efficiently impact the chemistry
of the particulate phase. Until now, the only source of radicals
considered for the particulate phase was the transfer of oxidants
from the gas phase (OH, O;, NOj, and halogens), photo-

3225 dx.doi.org/10.1021/es405581g | Environ. Sci. Technol. 2014, 48, 3218-3227

135



Aerosol composition: Contributing Reaction for SOA aging

Environmental Science & Technology

Fenton chemistry, and nitrate photolysis.*”*" The photo-
induced processes studied in this work could represent a
previously unaccounted for in situ particulate phase source of
radicals. Furthermore, previous works reported experimental
evidence potentially supporting such photosensitized pro-
cesses”’ In the SOA produced by glyoxal uptake in the
presence of ammonium sulfate seeds, Galloway et al.”! observed
the formation of IC and, only in the presence of light, the
coformation of highly oxidized organic species (e.g, glyoxylic,
glycolic, formic acid). As no oxidant was added, no clear origin
of these products, OH or some other radical mechanisms, has
been evidenced. Formation of IC could thus be involved. In
these experiments, as glyoxal was the only VOC to be added,
the reaction of the IC triplet state would have to be with
glyoxal. Moreover, this reaction is expected to be as efficient as
with limonene because C—H bond dissociation energy on an
aldehydic carbon is of the same order of magnitude as on an
allylic carbon.®® In that case, the in situ IC formation via glyoxal
reactivity could interestingly be able to influence daytime fate of
glyoxal within the particulate phase, enhancing its irreversible
loss.

The results of this work suggest that, generally speaking, the
presence of photosensitizers in ambient aerosol might influence
(1) the daytime SOA growth via the reactive uptake of VOCs
and (2) the O/C ratio and volatility of the organic fraction of
the aerosol via the fast formation of highly oxidized products.
As these two points are critical to assess SOA budget and
properties, further research is now required to estimate the
magnitude of these processes in real environments. In
particular, it would be interesting to compare the rate of
light-induced uptake of VOCs due to these processes and those
of their gas phase oxidation processes. The comparison
between these different pathways in the atmosphere could
also be based on the identification of different tracers. The
identification of other potential photosensitizers is also
necessary.
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8 General conclusions and perspectives

This study was devoted to the investigation of the photosensitized reactions that contribute to SOA

formation and aging in a simulated aerosol flow reactor.

Despite its contribution for the formation of SOA and light absorbing compound(s), the
multiphase chemistry of glyoxal was never studied before for the photosensitizing properties it may
convey to tropospheric aerosols. Therefore, the photosensitized SOA growth as well as the
identification of photosensitizer arising from condensed phase chemistry of glyoxal are reported here
for the first time. Although some studies showed that glyoxal leads to an increase in SOA mass in the
presence of light (Volkamer et al., 2009), the reaction product that is responsible for such SOA growth

was not identified beforehand.

It is shown here that imidazole-2-carboxaldehyde drives photosensitized SOA mass and particle
size increase in the presence of reactive gaseous volatile organic compounds. This study was
performed with an aerosol flow tube and in the presence of appropriate particulate photosensitizer,
gaseous VOC and light. The aerosol flow tube allowed to employ experimental conditions that were
close to atmospheric ones. The influence of experimental parameters such as light, VOC type and
concentration and relative humidity were investigated. It was observed that organic particles were
growing with light in the presence of VOC and photosensitizer (imidazole-2-caroxaldehyde), with no
new particle formation and without traditional gas phase oxidants (OH, NOx and O3). However, this
work evidenced that imidazole-2-carboxaldehyde photosensitized SOA growth requires molecular

oxygen in the system.

The SOA growth obtained in this work can be compared with those observed in the atmosphere,

such as the one observed in the MCMA-2003 campaign in Mexico City, which was largely attributed
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to glyoxal reactions in the aerosols (Volkamer et al., 2007). On 9 April 2003 a steady SOA growth
corresponding of 3.3 ug m™ h'! (Volkamer et al., 2006, Volkamer et al., 2007) was observed over 6 h
of sunlight, and varying between ~2 and 5.2 pg m™ h™'. In our experiments, a SOA mass growth of
3.2 ng m™ hr'! was obtained when exposing seed particles to 500 ppbv of limonene for 40 min. As the
total concentration of VOCs expected to contribute to these processes (tertiary alkenes, branched
aromatic.) in Mexico City might not exceed 100 ppbv (Fortner et al., 2009, Velasco et al., 2007) the
new processes might account for 5 to 10% of the SOA growth observed at this location. This
estimation indicates that these new processes might make a significant contribution to SOA mass in
the atmosphere. Regarding the SOA size change, this study found that ca. 20 nm SOA growth was
observed in the presence of 500 ppbv of limonene within 40 min of irradiation time. Such observation
convey to aged aerosol some autophotocatalysed properties that could be a significant process in the
troposphere. But further investigation is now needed, in particular of the SOA mass produced as a

function of VOC concentrations, in order to refine this estimate.

From the grown particle composition analysis, highly oxygenated VOC products and some
nitrogen containing compounds were found. The imidazole-2-carboxaldehyde based photochemistry,
therefore, evidenced that molecular oxygen is necessary for SOA growth; a mechanism explaining
such phenomenon was proposed and is initiated by direct abstraction of hydrogen atom from the added
VOC by the excited triplet state of imidazole-2-carboxaldehyde leading to the formation of allylic
radical (in the case of limonene). The peroxyl radical due to the addition of molecular oxygen leads

to a large oxygenated products that leads to increase in mass and size of SOA particles.

The photochemistry of imidazole-2-carboxaldehyde was further characterized by using Laser
Flash Photolysis (LFP) technique. The triplet-triplet absorption maximum falls on 330 nm with the

first order decay rate constant of (7.73 £ 0.04) x 10° s'. The corresponding lifetime of IC was found
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to be 1.29 us in which the value agreed with recently published value (Tinel et al., 2014). Furthermore,
the quenching rate of excited triplet state of imidazole-2-carboxaldehyde by limonene was (1.8 +0.06)

x 107 s!, decreased the decay rate by four.

The interaction between excited triplet imidazole-2-carboxaldehyde and VOCs in the flow tube
can produces peroxyl radicals, hydroperoxyl and alkyl peroxy radical. Gaseous hydroperoxyl radicals
(HO) are produced during photocatalytic process in the presence of oxygen in the system. The HO»
flux produced during SOA growth initiated by imidazole-2-carboxaldehyde is estimated at around

2.78 x 10'? molecule cm™

s”' under irradiation between 300 and 420 nm at 500 ppbv of gaseous
limonene and <15% of RH. The HO: production was evidenced by the addition of nitric oxide (NO)

that showed a decrease in NO concentration and resulted a production of NO».

Altogether, this study clearly demonstrates that in-situ generated products called imidazole-2-
carboxaldehyde from tropospheric dicarbonyls (i.e. glyoxal) induced photosensitizing properties that
induces fast and significant SOA growth. The mechanism involves the use of light to initiate the
formation of excited triplet state of imidazole-2-carboxaldehyde that will interact with VOC through
hydrogen abstraction. In the presence of molecular oxygen in the system, the photosensitizer
regenerated back to its ground state by forming hydroperoxyl radical. In addition to this, the radical
formed from hydrogen abstraction undergo oxygenation to produce peroxyl radical, which will

undergo continuous oxygenation to a free radical VOC.

1H-imidazole-2-carboxaldehyde is the one the reaction product of glyoxal and found to be an
efficient photosensitizer. On the basis of glyoxal condensed phase chemistry evidenced in this work
that photosensitized SOA growth in the atmosphere is thus expected to be autophotocatalytic. The
presence of photosensitizer in the ambient aerosol might generally influence the daytime SOA growth

and uptake of VOCs and volatility of organic fraction and radical formations. However, further
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investigation will still be needed to complete the story of imidazole-2-carboxaldehyde based

photosensitized SOA growth and aging.

e Based on the ubiquitousness of both glyoxal and ammonium sulfate in the atmosphere,
imidazole-2-carboxaldehyde might be found in the real atmosphere but the production rate and
atmospheric concentration of imidazole-2-carboxaldehyde need to be well quantified.

e Apart from the traditional gas phase oxidants initiated SOA formation and aging,
photosensitized SOA growth can also be possible in the real atmospheric conditions. It is now
proofed that photosensitized processes in the presences of hydrogen donor produce
hydroperoxyl radicals. The HO; flux from imidazole-2-carboxaldehyde sensitized SOA
growth in the presence of 500 ppbv of limonene in our system was estimated in indirect way.
Direct HO; production measurement would be interesting to estimate photosensitized
production of HO> in the real atmosphere.

e Imidazole-2-carboxaldehyde can be considered as a triplet photosensitizer, nevertheless,
further investigation of photochemical and photophysical properties are needed for its
formation efficiency in the atmosphere as well as laboratory studies.

e Estimating the magnitude of the reactive uptake of VOCs onto the aerosol surface during
photosensitized SOA growth, which in turns the determination of the rate of light induced
reactive uptake of VOC, would be an interesting area of research in this regards.

e Apart from the conversion of NO/NO; and contribution to SOA mass increases, the
mechanism of further SOA mass increase due to the addition of NO was not precisely defined.
Indeed, products like OH radical and O3 are formed which can strongly contribute for SOA

growth. However, mechanistic investigations are still required.
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