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ABSTRACT OF THE DISSERTATION

Effect of Environmental Conditions on Composition and Photochemistry of Secondary
Organic Aerosols

By
Mallory Lynn Hinks

Doctor of Philosophy in Chemistry

University of California, Irvine, 2017

Professor Sergey Nizkorodov, Chair
Atmospheric aerosols represent one of the greatest uncertainties in predicting the Earth'’s
future climate. Secondary organic aerosols (SOA) are particularly complicated because they
are highly susceptible to change upon exposure to different conditions, such as varying
temperatures and relative humidities (RHs), sunlight, and different atmospheric pollutants.
The goal of this work was to increase our understanding of the contribution of SOA to the
Earth’s radiation budget by exploring how different environmental conditions can affect

aerosol properties and processes.

The first project investigated the effect of viscosity on photochemical kinetics of probe
molecules embedded in laboratory-generated SOA. Temperature and RH of the system were
varied independently to adjust the viscosity of the SOA and the samples were irradiated. At
lower temperatures and humidities both systems exhibited lower photoreaction rates,
suggesting that increased viscosity hinders the motion of the molecules in the SOA slowing
down their photochemical reactions. This means that molecules trapped inside SOA in cold,

dry parts of the atmosphere will photodegrade slower than in warm and humid areas.
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The next stage of this work was to study the effect of RH on the mass loading and composition
of SOA formed from toluene photooxidation. When the RH was increased from 0% to 75%,
the yield of toluene SOA made under low NOx conditions decreased by an order of
magnitude. High resolution mass spectrometry revealed a significant reduction in the
fraction of oligomers present in the SOA made under humid conditions compared to dry
conditions. These results suggest that water vapor suppresses oligomer formation in low
NOx toluene SOA, reducing aerosol yield. This means that concentrations of toluene SOA in

the atmosphere will be dependent on the RH and NOx concentrations.

The last stage of this work investigated the interaction between SOA and ammonia. SOA
made from toluene, n-hexadecane, or limonene in a chamber was exposed to gaseous
ammonia while the mass loading and composition was monitored. These experiments
indicated that ammonia could be taken up into SOA, leaving less ammonia in the atmosphere
to neutralize atmospheric acids. This leads to a reduction of inorganic aerosols in the

atmosphere.
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CHAPTER 1

INTRODUCTION

Portions of this chapter are reproduced with permission from:
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1.1: GENERAL BACKGROUND ON ATMOSPHERIC AEROSOLS

Atmospheric aerosols are made up of a collection of solids, liquids, and gases suspended in
the atmosphere. Aerosols attract a lot of attention from scientists because they represent
one of the greatest uncertainties in predicting the Earth’s future climate.l2 Aerosols can
influence the Earth’s radiative budget directly by scattering or absorbing incoming solar
radiation.1-3 These direct effects depend on the optical properties of the aerosol particles,
such as the extinction and absorption coefficient of the materials from which the particles
are made.1-3 For instance, black carbon (soot) and brown carbon (large, heavily conjugated
organic molecules) in particles effectively absorb light* and contribute to the overall
warming of the climate.>¢ Aerosols can also influence climate through indirect effects by
acting as cloud condensation nuclei (CCN) and ice nuclei (IN). The concentration of CCN in
clouds can impact the lifetime and radiative properties of the clouds.!-3 In addition to their
climate effects, aerosol particles have been shown to negatively impact human health.7-13
Long-term exposure to fine particulate matter (PMzs, particles < 2.5 pm in diameter) has
been shown to increase the risk for lung cancer,® cardiovascular mortality,’-8 and a decrease

in overall life expectancy.® Lastly, aerosols can severely limit visibility in urban areas.14-16

Organic aerosols, which are made up of organic compounds containing mainly carbon,
nitrogen, oxygen, and hydrogen, dominate the total amount of particulate matter in the
atmosphere.17-19 These aerosols can enter the atmosphere through two general pathways.
Primary aerosols are emitted directly via processes such as the burning of fossil fuels or
biomass.20 Secondary aerosols are formed by gas-phase and multi-phase chemical reactions

in the atmosphere. However, the distinction between these two types of aerosols becomes



less well-defined as the air mass containing aerosols travels around the globe. Primary
aerosols can evaporate under ambient conditions, converting a substantial portion of their
mass to the gaseous species.20 These vapors can then undergo chemical reactions similar to
those typical of secondary aerosol processes, and the products of these reactions can
condense back onto particles.2? Therefore, aerosols that have been “aged” in the atmosphere
for some time may exist in a “grey” area somewhere between the original labels of primary

or secondary.

The term “secondary organic aerosols” (SOA) covers a wide range of ambient aerosols. They
form when volatile organic compounds (VOCs) react with oxidants such as ozone, hydroxyl
radical, or nitrate radical to form successively lower volatility products that condense into
the particle phase of SOA.21-23 The chemical and physical properties of the resulting SOA are
highly dependent on the starting VOC, the oxidant, and the conditions of oxidation. Ozone
and hydroxyl radical play a major role in this process in the daytime, while nitrate radical is
the main oxidant during the nighttime hours.1®¢ These reactions can occur in gas-phase,
aqueous phase of cloud flog droplets,24 and/or involve more than one phase, as in multi-

phase chemistry.2>

The VOCs that act as SOA precursors are emitted from both anthropogenic and biogenic
sources. Biogenic VOCs capable of forming SOA include isoprene (CsHs), monoterpenes (a
diverse group of compounds with the chemical formula C10H1s), sesquiterpenes (which have
the formula CisH24), and larger compounds. Global emissions of isoprene are estimated at
about 600 TgC (teragram carbon) per year.2¢ [soprene alone makes up the largest portion

(70%) of the total biogenic VOC emissions by mass.2” Monoterpenes, as a group, make up



about 10% of this total and sesquiterpenes contribute 2.5%.27-28 Although isoprene was
initially assumed to not contribute significantly to aerosol formation in the atmosphere,2?
even a small yield of isoprene SOA is significant on the global scale.3? Because of their large
SOA yields, monoterpenes are expected to contribute to a large portion of the total
atmospheric SOA mass.31 Sesquiterpenes have been shown to have even higher SOA yields,
but their contribution is relatively small because of the low emissions of sesquiterpenes
comparted to isoprene and monoterpenes.32-33 [n this work, the focus was placed on
monoterpenes. Some of the most important monoterpenes include a-pinene and d-limonene,
which comprise 34% and 9% of total monoterpene emissions by mass, respectively.?” These

compounds are generally emitted by tree leaves and saps.34-36

Anthropogenic VOCs encompass a wide range of chemical compounds, which can include
alkanes, aromatics, and olefins.3” These VOCs are emitted mainly from industrial solvent
usage, and from combustion engines.'® Benzene, toluene, and xylenes are an important
component of anthropogenic VOC emissions because they are used as a surrogate group for
the aromatic VOCs as a whole.37 These compounds are expected to contribute significantly
to the total SOA mass in the southern California air basin.3! Toluene and xylenes, in
particular, have been shown to produce SOA with relatively high yields.31. 38 Therefore,
benzene, toluene, and p-xylene were selected to represent anthropogenic VOCs in this work.
The structures of the biogenic and anthropogenic VOCs used in this work are provided in

Figure 1.1.
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Figure 1.1. Structures of common biogenic and anthropogenic VOCs.

The oxidation of VOCs produces highly complex SOA. Laboratory experiments have shown
that the oxidation of a single VOC can produce secondary organic material (SOM) made up of
thousands of different compounds. 39-42 However, the ambient environment is much more
complicated. When SOA particles are produced in the atmosphere, there could be many
different VOCs being oxidized in parallel. Therefore, the chemical composition of ambient
SOA is even more varied and complex than the SOA studied in the laboratory. Nevertheless,
laboratory-generated SOA represent convenient models for studying chemical processes in

SOA under controlled conditions.
1.2: ATMOSPHERIC AGING OF SOA

The properties of SOA continue to change long after the initial formation, which generally
increases their complexity. The physical and chemical processes driving this change are
collectively referred to as particle “aging”.43-44 [t was already mentioned in section 1.1 that
aging processes can contribute to the blurring of lines between primary and secondary
aerosols. More importantly, when particles are exposed to different conditions in the
atmosphere, their chemical composition and physical properties may change. Ambient SOA

particles are regularly exposed to a variety of environmental conditions, which prompt the



change in chemical composition, and hence properties. For example, sunlight is an ever-
present driver of chemical change to SOA particles because of its ability to produce gaseous
free radicals that react with particles*? and induce photochemical reactions directly in the
particles.#* Not all aging processes are driven by sunlight, however. SOA particles may
encounter reactive gaseous pollutants in the atmosphere, such as ammonia, aldehydes,
peroxides, epoxides, etc., and uptake of these pollutants onto aerosol surfaces can alter the
chemical and physical properties of SOA.*> As particles are exposed to temperatures ranging
from -50 °C to over 25 °C, relative humidities (RH) from nearly 0% to over 100%, and diurnal
cycle of irradiance, it is important to understand the mechanism of aging processes over a

broad range of environmental conditions.

Arguably one of the most important climate effects of aging chemistry is the change of the
particle absorption coefficient. During aging processes driven by solar irradiation, the
absorption coefficient of the SOA may either increase*® or decrease.*’-4° In most cases,
however, the absorption coefficient is thought to decrease when SOA is exposed to actinic
radiation, a process referred to as photobleaching.#8 Furthermore, irradiation may alter the
size or mass of the particles,>0-53 which affect the light-scattering ability of the particles.
These changes in optical properties are driven by the changes in the chemical make-up of
SOA.#5, 48, 50-56 As the SOA particles are irradiated, embedded photolabile molecules are
broken down into smaller photoproducts. This process has been shown to reduce the
peroxide content>? 56 of the SOA as well as cause particles to lose mass by emiting volatile
photoproducts such as formic acid.>® Under aqueous conditions, wherein SOA compounds

are dissolved in cloud or fog droplets, irradiation can reduce the concentration of nitrogen-



containing organic compounds®* and high molecular weight compounds in the SOA

particles.>2

As will be discussed in detail in section 1.3, the SOA particle phase or viscosity is expected to
be highly dependent on both temperatures? and RH.58-72 Furthermore, RH has significant
impacts on particle mass loading and composition, which will be discussed in section 1.4

with a more comprehensive literature review in section 4.1.

Heterogeneous aging of SOA mainly involves the reactive uptake, or mass transfer from the
gas phase to the particle phase, of other atmospheric pollutants. This type of aging includes
oxidative aging, which occurs when atmospheric oxidants are taken up by SOA particles,
changing their physical and chemical properties.#3 One process that has not been studied as
extensively is the uptake of reducing agents, such as ammonia, onto SOA particles. This

process will be discussed further in section 1.5.

1.3: EFFECTS OF AEROSOL PHASE

Investigations into the phase state of secondary organic aerosol (SOA) suggest that under
certain conditions, both atmospheric and laboratory-generated SOA particles may behave as
semi-solids or amorphous solids rather than liquids.58-72 This realization has important
implications for our understanding of processes occurring within SOA. Viscosity is expected
to play a role in many of these processes, including the dynamics of particle growth,3.73 gas-
particle partitioning,’4-7¢ diffusion kinetics of water, oxidants, and other compounds,®# 68, 77-
79 particle aggregation,®> and reactive uptake on particle surfaces.89-84 Diffusion limitations

imposed by the increased viscosity of SOA have already been shown to impact the particle



growth rates and mechanisms as well as the oxidation rates of organics within the SOA.5% 63,
68,7577 However, it has been shown that between 40% and 90% RH the diffusion of molecules
within toluene SOA particles is fast enough to achieve equilibrium gas-particle partitioning.8>
This suggests that, under typical ambient conditions (~50% RH) diffusion limitations will
not be as relevant.8> Under dry conditions in the atmosphere, on the other hand, these

findings will be more pertinent.

The effect of temperature on the viscosity of SOA has not been extensively studied. However,
temperature is known to change the viscosity of many different types of materials. A
decrease in temperature from 20 °C to 0 °C will decrease the viscosity of a-pinene/03 SOA
by roughly two orders of magnitude as discussed in Lignell et al.8¢ This estimate was based
on the glass transition viscosity of SOM and the average glass transition temperature of
major products of a-pinene ozonolysis. 5% 87 Recently, Rothfuss et al. measured the viscosity
of aerosol surrogates as a function of temperature and determined that the viscosity of their
sucrose/SDS system decreases by roughly two orders of magnitude upon increasing the
temperature from ~78 °C to ~88 °C.57 Therefore, we expect that the viscosity of ambient SOA
is highly dependent on the temperature of the surrounding atmosphere. Specifically, as the

temperature of the system increases, the viscosity of the SOA should decrease.

The effect of RH on SOA viscosity has been studied more extensively and is also expected to
have a significant effect on the viscosity of SOA particles.>8-60.63-72 Water molecules entering
the particles act as a plasticizer, decreasing the viscosity of the material. As the RH of the

system increases, the SOM from which the particle is made will decrease in viscosity.



Additionally, the viscosity of SOA is highly dependent on the chemical composition of the
particle, and generally increase with the degree of oxidation of the SOA compounds.88
Therefore, the VOCs that the SOA are produced from will have a large role in determining the
SOA viscosity. The viscosity of SOA made from a-pinene or limonene has been shown to be

much lower than the viscosity of SOA made from toluene or benzene.*6 89

1.4: EFFECTS OF WATER ON SOA

RH has significant effects on SOA extending beyond affecting the viscosity of the particle
material. A detailed discussion of the current literature on effects of water on SOA
composition and concentration is provided in section 4.1. Briefly, RH can alter the
composition and concentration of SOA in the atmosphere in multiple ways. Water vapor can
directly participate in VOC oxidation reactions.?® For instance, it can react with stabilized
Criegee intermediates formed during ozonolysis.?? In addition, water present in hygroscopic
particles can lead to hydrolysis of organic compounds and other particle-phase reactions.?!
It can also have a strong effect on acidity of particles and can affect acid-catalyzed processes
occurring in particles.?? Finally, under supersaturated conditions, aqueous chemistry
occurring in cloud and fog droplets promotes photolysis driven conversion of small water-
soluble molecules into non-volatile products that would not form in the absence of liquid
water,2* as well as photodegradation of dissolved SOA compounds.52 54 93-94 Due to the
multiple effects of RH on the SOA formation mechanism, the SOA yield could potentially

either increase or decrease as a function of RH.



1.5: EFFECTS OF AMMONIA ON SOA

One important pollutant that aerosol particles will commonly encounter in the atmosphere
is ammonia. It enters the atmosphere from a variety of sources including automobiles,
industry, and biomass burning.?>-%7 However, the largest contribution of ammonia to the
atmosphere comes from agriculture, including animal waste and fertilizer application.?>-97

Agriculture accounts for roughly half of the total ammonia emissions globally.?5-97

In southern California, the amount of ammonia emitted by automobiles is on the same order
of magnitude as the amount of ammonia emitted from agricultural sources.’® However,
automobiles are decentralized while agricultural sources of ammonia are more localized.
Thus, ammonia coming from automobiles will be in low concentrations distributed across a
large area, and ammonia coming from agricultural areas in southern California will be in high
concentrations in a small area.?® Therefore, the impacts of ammonia are important to

understand in those areas.

Atmospheric ammonia is well known to neutralize acids, such as nitric acid or sulfuric acid
producing inorganic salts. These salts can then aggregate to form inorganic aerosols. These
inorganic aerosols, as opposed to organic aerosols, are generally made up of ammonium,
nitrates, sulfates, sodium, and chloride. This acid-neutralization process contributes

significantly to PMzs in southern California.?9-100

Recent evidence has shown that ammonia can react with compounds in SOA by mechanisms
other than simple acid-base chemistry. Biogenic SOA made from limonene that was exposed

to ammonia was observed to undergo a browning process as a result of chemical reactions
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between ammonia and carbonyl species with in the secondary organic material (SOM). This
process leads to the formation of highly-conjugated, light-absorbing, nitrogen-containing
organic compounds (NOC). 101-105 The general mechanism involves the reaction of ammonia
with carbonyls within the SOA to produce primary imines and amines, which may stabilize
by intramolecular cyclization into heteroaromatic products based on imidazole, pyrrole,

indole, etc.106

Liu et al. recently reported chemical uptake coefficients for ammonia onto a-pinene SOA and
m-xylene SOA.107 The uptake coefficients were calculated from the change in nitrogen mass
in the SOA particle before and after exposure to ammonia. Additionally, a different Liu et al.
studied the formation of SOA from gasoline-powered vehicle exhaust in the presence and
absence of ammonia. They found that particle mass loading increased rapidly in the presence
of ammonia.1%8 The increase was observed to be much higher in the presence of ammonia
compared to its absence.1%8 These studies have demonstrated the need to investigate this

process in more depth and incorporate these effects into air quality models.

Itis important to understand the interactions between SOA and ammonia, given that various
global trends point toward an increase in ammonia emissions. The global human population
is expected to continue growing in the future, which will increase agricultural production.
The number of cattle and buffalo, which contribute to the largest amount of ammonia due to
livestock waste, is expected to increase by 360 million relative to the 1999 cattle population
(1.497 billion animals).19° These trends indicate that the concentration of ammonia will
increase significantly over the next few decades, particularly in areas where the surrounding

human population is growing the fastest. According to the Food and Agriculture
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Organization of the United Nations, annual ammonia emissions from livestock are expected
to increase by 60% (or 18,000 metric tons) by 2030 from 1999 levels.19? This increase will
be most evident in developing countries, where the annual ammonia emissions are projected
to increase by 17,000 metric tons.10? Additionally, ammonia emissions have been shown to
increase significantly under warmer temperatures.110-112 A projected increase in
temperature of 2-4 °C due to climate change could lead to overall increases of up to 27% in
ammonia emissions.113 This increase in temperature is also expected to increase emission of
VOCs from most sources,!14 which will lead to more SOA. Because both ammonia emissions
and SOA production will be increasing in the coming decades, it is important to understand

how their interactions will affect particle concentration and composition.

The variable nature of SOA makes their effect on climate and human health difficult to
predict. Understanding how SOA particles change under different conditions will help us
better understand them and allow us to more easily model their behavior. By reducing the
uncertainty in the effect of SOA and other types of aerosols on climate and ultimately health,
we will be better prepared to implement the necessary regulations to combat climate change

and prevent unnecessary deaths.
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CHAPTER 2

EFFECT OF VISCOSITY ON PHOTODEGRADATION RATES INSIDE COMPLEX
SECONDARY ORGANIC AEROSOL MATERIAL

Portions of this chapter are reproduced with permission from: Hinks, M. L.; Brady, M. V;
Lignell, H.; Song, M.; Grayson, ]. W.; Bertram, A. K;; Lin, P.; Laskin, A.; Laskin, J.; Nizkorodov,
S. A, Effect of viscosity on photodegradation rates in complex secondary organic aerosol
materials. Physical Chemistry Chemical Physics 2016, 18 (13), 8785-8793.
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2.1: INTRODUCTION

Recent investigations into the phase state of secondary organic aerosol (SOA) have
suggested that under certain conditions, both atmospheric and laboratory-generated SOA
particles may behave as semi-solids or amorphous solids rather than liquids.58-63 This
realization has important implications for our understanding of processes occurring within
SOA material. The rheological properties of organic aerosols, such as viscosity, are expected
to play a role in the dynamics of particle growth,®3 73 gas-particle partitioning,’47¢ diffusion
kinetics of water, oxidants, and other compounds,®* 68 77-79 the dynamics of particle
aggregation,® and reactive uptake on particle surfaces.89-83 Diffusion limitations imposed by
the increased viscosity of SOA have already been shown to impact the particle growth rates

and mechanisms as well as the oxidation rates of organics within the SOA.>9 63,68,75,77

Environmental conditions such as temperature and relative humidity (RH) are expected to
have a significant effect on the viscosity of SOA particles.>8-60.63-69 Ag either temperature or
RH of the system is increased, the secondary organic material (SOM) from which the particle
is made will decrease in viscosity. For example, Renbaum-Wolff et al. reported that the
viscosity of a-pinene/03 SOM increases by several orders of magnitude upon reducing the
RH from 90% to 30%.50 The effect of temperature on the viscosity of SOM has not yet been
studied, but we estimate that a decrease in temperature from 20 °C to 0 °C will decrease the

viscosity of a-pinene/03 SOM by two orders of magnitude, as discussed in Lignell et al.86

The goal of this work is to investigate the effect of SOM matrix properties on the
photochemical kinetics of photolabile, organic molecules within the SOM by varying the

temperature and RH. Experiments were performed on three types of organic matrix
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including a-pinene/03 SOM (PSOM), limonene/03 SOM (LSOM), and aged limonene/03 SOM
obtained by exposure of LSOM to ammonia (brown LSOM). These particular systems were
selected for two main reasons. First, PSOM and LSOM are common SOA materials in both
outdoor and indoor environments: a-pinene is the most important precursor to global SOA
and limonene is the most important indoor SOA precursor.115-116 Second, brown LSOM was
selected to test both the effect of exposure to ammonia on the viscosity of LSOM and to
examine a different type of photochemistry. (We did not do experiments with PSOM exposed
to ammonia because reaction of PSOM with ammonia, unlike that of LSOM, does not lead to
browning.)*8 Although the elemental composition of LSOM and PSOM components is quite
similar, with average O/C ratios of 0.39 and 0.37 respectively, the viscosity of PSOM is likely
to be greater than that of LSOM because the products of a-pinene ozonolysis tend to be more
structurally rigid.3% 106 Similarly, brown LSOM may be physically and chemically different
from LSOM because it contains products of reactions of NH3 with carbonyls.106
Understanding how viscosity of SOA may play a role in the photochemical kinetics of
different types of atmospheric molecules trapped within them is important in order to better

predict the lifetimes of toxic pollutants.

Ideally, these experiments should be done with submicron aerosol particles, similar to the
ones found in the atmosphere, in order to maintain the correct time scale for the gas-to-
particle exchange of volatile products and reactants (e.g., molecular oxygen dissolved in the
particles) of the photochemical processes occurring in particles. However, experiments
performed with aerosol particles would be more difficult and suffer from potential
interference from competing gas-phase photochemical processes.#* We have chosen to

simplify the experiments by working with the bulk phase of SOM collected on a substrate.
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For photochemical reactions that involve only condensed-phase reactants and products,

bulk SOM experiments should provide the same information as experiments with aerosols.

As PSOM and LSOM photodegrade relatively slowly, a strongly absorbing, nitroaromatic
pollutant 2,4-dinitrophenol (2,4-DNP) was dispersed in the SOM films to serve as a
photochemical probe molecule. This compound enters the environment predominantly from
pesticide use, manufacturing plants, biomass burning, and motor vehicles.117-120 It is known
to be present in surface and atmospheric waters and in organic matter. Although mixing of
2,4-DNP and biogenic SOA is unlikely, we use 2,4-DNP just as probe of SOM matrix effects on
photochemistry. The photodegradation of 2,4-DNP upon UV irradiation is accompanied by a
decay in its absorbance at 290 nm and an increase in absorbance in the visible region of the

spectrum, where PSOM and LSOM do not absorb, due to the formation of photoproducts.8¢

2,4-DNP is expected to photodegrade by a mechanism shown in Reactions 2.1-2.4. As 2,4-
DNP is irradiated, it is excited to a triplet state (Reaction 2.1) and proceeds to abstract a
hydrogen atom from a neighboring molecule possessing weakly-bound hydrogen atoms
(Reaction 2.2). Saturated hydrocarbons, aromatic hydrocarbons, and water are not suitable
hydrogen donors in this reaction, whereas alcohols and aldehydes readily participate in the
H-atom transfer. We assume that the rate of reaction 2.2 may be diffusion (and thus
viscosity) limited. Diffusion limitations in a more viscous matrix would allow more time for
competing deactivation (Reaction 2.3) to occur, thus preventing formation of 2,4-DNP
photoproducts (Reaction 2.4). For example, 2,4-DNP* would need just a few nanoseconds to
diffuse 0.6 nm (a reasonable estimate for the distance to the closest abstractable H-atom) in

a moderately viscous solvent such as octanol (viscosity ~ 7x10-3 Pa s), but it would need
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several milliseconds to diffuse the same distance in PSOM (viscosity ~ 104 Pa s). The latter
time is more than sufficient for the dissipation of the electronic excitation energy into heat.
The excited states lifetime of 2,4-DNP has not been reported, but based on the triplet
lifetimes of related nitrobenzene and nitrophenols (ortho, meta, and para) determined by
Takezaki et al. we expect it to be < 1 ns.121 Therefore, diffusion limitations may arise in

materials with viscosity comparable to that of PSOM.

Excitation: 2,4-DNP + hv — 2,4-DNP* Reaction 2.1
Reaction: 2,4-DNP* + R-H —» 2,4-DNP-H + R Reaction 2.2
Competing Deactivation:  2,4-DNP* — 2,4-DNP + heat Reaction 2.3
Formation of Products: 2,4-DNP-H — products Reaction 2.4

Our previous study examined the photochemistry of 2,4-DNP at a range of temperatures in
three different environments: water, octanol, and PSOM.86 It was found that the rate of
photochemical degradation of 2,4-DNP in PSOM was more strongly affected by temperature
than the same reaction in octanol. We proposed that viscosity of the matrix is a key factor
affecting the rates of photoreactions occurring in PSOM. However, other interpretations of
the observations could not be excluded, for example, a different reaction mechanism in PSOM
compared to octanol. To further investigate the possible matrix effects on the
photochemistry of 2,4-DNP, we extended our measurements to various temperatures and

RHs in two different types of matrices - PSOM and related material LSOM.

The third system examined in this study is brown LSOM formed by exposing fresh LSOM to
ammonia vapors and drying the sample. It has a distinctive absorption band at 510 nm that,

in combination with tails of UV absorption bands extending into the blue region of the
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spectrum, give the material a characteristic brown color.101,103-104,106,122 T,ee et al. found that
an aqueous solution of brown LSOM readily photobleaches after several minutes of exposure
to UV radiation; the peak at 510 nm decays and the brown color disappears.48 Because this
system photodegrades quickly and possesses a distinct UV-absorbing functionality, an
additional probe molecule was not used. Although the molecular nature of the actual
chromophore is not presently known, it is likely to be an oligomeric, nitrogen containing

compound formed by condensation reactions between SOA carbonyls and ammonia.106

We find that all three model systems exhibit similar behavior wherein photodegradation rate
is increased at higher temperature or higher RH. While the temperature effects can result
from a number of factors, the fact that there is also an RH dependence suggests that viscosity
is an important factor in photochemical reactions taking place within matrices. Increased
viscosity may be hindering the motions of the molecules in the SOM and therefore slowing

down the photochemical reactions in which they participate.

2.2: EXPERIMENTAL

For these experiments, it was necessary to collect a large amount of SOM in a short amount
of time. Therefore, a continuous aerosol flow reactor was used. The 20 L flow tube produces
high quantities of SOA by dark ozonolysis of an SOA precursor volatilized under a flow of dry
air. A diagram of the flow tube is given in Figure 2.1 below. Ozone was produced using a
commercial ozone generator at a mixing ratio of 70 ppm. The precursor, either a-pinene
(98%, Alfa Aesar) or limonene (97%. Sigma-Aldrich) was introduced to the flow tube by

injecting the liquid via syringe pump into a dry air flow. The precursor evaporates into the
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air flow and is carried into the flow tube, where it reacts with the ozone, producing SOA. The

residence time of the flow tube was about 4 minutes.

Ozone
Generator

oryair s L
DryAirﬂ—LlTI_I—-' <

Vacuum
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Syringe Pump
with VOC
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Figure 2.1. Diagram of the flow tube.

After leaving the flow tube, the SOA passed through a charcoal denuder to strip away excess
ozone and VOCs. Then the SOM was collected on a 25 mm CaF2 window with a Sioutas
impactor equipped with a single stage D (0.25 pm cut point at 9 SLM collection flow rate).
The original collection stage for the Sioutas impactor was designed for collection on foil
substrates, so this collection stage was customized to accept a much thicker substrate like
CaF2 windows. A collection time of 45 minutes typically produced about 2 mg of SOM
deposited on the window. As the SOA is impacted onto the window, it accumulated in a line
as shown in Figure 2.2. Then the SOM was prepared for the photochemistry experiments as

described below.
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Figure 2.2. SOA after impaction of A) a-pinene SOA and B) limonene SOA made in the aerosol
flow tube.

Three sets of experiments were performed in this study. The three systems investigated
consisted of a-pinene SOM with 2,4-DNP, limonene SOM with 2,4-DNP, and brown limonene.
For the 2,4-DNP experiments, the SOM was embedded with 2,4-DNP using a 100 pL aliquot
of 2,4-DNP in methanol. Then the SOM/2,4-DNP system was made into a thin film using one

of two methods.

In the earliest experiments with a-pinene SOM, the film was made using the “sandwich
technique”, where the SOM and 2,4-DNP was pressed between two CaF2 windows. However,
this method was not ideal. It resulted in the formation of bubbles within the film during
longer photochemical experiments. These bubbles sometimes interfered with the UV-vis
measurements of the film. Photos of the SOM in each stage of this preparation process is

shown in Figure 2.3.
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Figure 2.3. Photos of a-pinene SOM made in the flow tube. A) Fresh SOM collected in an X
pattern. B) Sandwich technique for making SOM films. C) The bubbles produced within the
film during long experiments between two (damaged) CaF2 windows.

To address this issue, I used a different method for forming films, termed the “open-faced
sandwich technique”. This method combined the embedding step with the film making step.
A 100 pL aliquot of 2,4-DNP in methanol was pipetted onto the window. The methanol
dissolves the SOM and as it evaporates distributes the SOM evenly across the window surface
while simultaneously leaving the 2,4-DNP embedded within the SOM (Figure 2.4). This

method was used for the limonene SOM/2,4-DNP system.

Figure 2.4. A) Freshly collected limonene SOM from the flow tube and B) open-faced
sandwich film of limonene SOM embedded with 2,4-DNP.
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The brown limonene SOM system was prepared by creating an “open-face sandwich” thin
film of freshly made LSOM by pipetting 100 uL of methanol onto the window. Then the
window with the thin film of LSOM was placed in a small petri dish, which was then placed
inside a large petri dish filled with 30 mL of 0.1 M ammonium sulfate (>99%, EMD). Then the
lid to the large petri dish was placed over both petri dishes. This technique allows the LSOM
to absorb the vapors (estimated to contain 300 ppb ammonia using the AIM-II model)
without touching the solution. The entire unit of petri dishes was stored in a dark cupboard
for two days. Then the sample was removed, placed in a temperature and RH controlled
photoreaction box, also known as Scott’s Solid State Setup or SSSS. Inside the SSSS, the thin
film of LSOM was dried under a flow of dry air for an hour, after which the sampled had
browned. A picture of the brown limonene sample before and after NH3 treatment is shown

in Figure 2.5.

Figure 2.5. A) Freshly collected limonene SOM from the flow tube and B) limonene SOM after
exposure to NH3z and drying (“Brown” limonene SOM)

After each sample was prepared, it was irradiated inside the SSSS. A diagram of this setup is
shown in Figure 2.6. The sample was situated on top of a quartz microscopy slide within the

SSSS. The temperature of the slide was controlled using a circulating water cooler connected

22



to an aluminum heat sink. This water cooler technique was able to achieve temperatures
ranging from 0 °C to 25 °C. However, we were interested in doing experiments below 0 °C.
In order to reach even lower temperatures, two Peltier coolers (TE Technology, Inc. TC-48-
20) were used in tandem with the water cooler. Throughout the experiment temperature

was monitored using a type-K thermocouple mounted on the microscope slide.

Schott WG295
and BG1 filters

]

Optical fibers from

Xe arc from Xe-lamp
lamp | .
Q Focusing Lens
=== Sample

r_€ - D
] Cooling Block

Nafion t t Purgable Enclosure

Tubing
e [ I
t— 1

—_— Optical fibers to USB
Dry Air— | 4000 spectrometer

Figure 2.6. A schematic diagram of the SSSS used to irradiate each sample at a range of RHs
and temperatures.

The RH within the SSSS was adjusted by mixing flows of dry (<2% RH) and wet (>98% RH)
air. Dry air was split into two separate flows. The flow rate of each flow could be controlled
independently through two mass flow controllers. One flow passed through a Nafion

drier/humidifier (PermaPure) while the other flow passed through standard %" Teflon
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tubing of the same length. The humidified air was recombined with the dry air as the flows
entered the box of the SSSS. The resulting RH could be tuned by adjusting the flow through
each mass flow controller. A Vaisala HMP237 humidity probe was used to measure the

viscosity inside the SSSS.

A 150 W xenon arc lamp (Newport model 66902 lamp housing) was used as the irradiation
source in these experiments. In order to restrict the light coming from the xenon arc lamp to
the wavelengths that are most relevant for tropospheric photochemistry, the light produced
by the lamp was first reflected by a 280-400 nm dichroic mirror and passed through a 295
nm long-pass filter (Schott WG295) and UV band-pass filter (Schott BG1). This resulted in a
wavelength range of 290-400 nm. This light was then piped into the SSSS using a liquid light

guide (Edmunds #53-691) at a 15° angle with respect to the film normal.

We used a custom spectrometer setup to record absorptions spectra of the sample film. This
setup consisted of a D2/W light source coupled to an Ocean Optics USB4000 spectrometer.
The radiation from the light source was piped into the SSSS, across the sample, and to the

spectrometer using 600 pum optical fiber cables.

In order to study the effect of RH on viscosity and gain insight into the effect of viscosity on
photochemical kinetics occurring with SOA particles we collaborated with Allan Bertram’s
group at University of British Columbia (UBC). SOM samples made in the flow tube were
collected using the Sioutas impactor onto substrates coated with trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (Sigma-Aldrich). These substrates were coated by the Bertram group.

As the SOA particles were collected onto the hydrophobic substrates from the flow tube, they
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coagulated into supermicron SOM particles. The substrates with the supermicron particles

were sent to UBC to perform poke-flow viscosity measurements.

The poke-flow measurements were performed on the samples in a RH-controlled flow-cell.
A needle mounted on a micromanipulator was allowed to pass through a small hole in the
flow-cell to poke the particles. When a particle was poked with the needle a hole appeared
in the previously hemispherical shape. When the needle was removed, the hole slowly
shrank as the particle returned to its original shape. The entire process was monitored and
recorded with a reflectance optical microscope (Zeiss Axio Observer, 40x objective)
equipped with a CCD camera. The poke-flow time was defined as the time needed for the
hole to shrink to half of its diameter immediately after the needle was removed. Photos of

this process are shown in Figure 2.7 below.

Figure 2.7. Optical microscope images of an SOM particle A) before poking, B) immediately
after being poked, and C) after recovering % of the initial hole diameter.

Simulations of fluid flow were carried out using COMSOL Multiphysics (version 4.3a) to
convert T(exp, flow) values into viscosity.67. 123 In the simulations, a half-torus geometry with an

inner radius, R, and a tube radius, r, were required. These values were set to match the
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experiments, and the viscosity was varied until the modeled flow time, Tmod, flow), was equal
to T(exp, flow). The physical parameters needed for these simulations include: slip length (the
interaction between the fluid and solid surface), surface tension and density of the SOM, and
the contact angle at the particle-substrate interface. Upper and lower limits of the

parameters used in these simulations are provided in Table 2.1.

Table 2.1. Physical parameters used in the simulations to determine viscosities of a-pinene-
derived SOM (PSOM) and limonene-derived SOM (LSOM). R and r indicate the radius of the
tube and the radius of the inner hole, respectively, for a half-torus geometry.

Slip length Surface tension Density | Contact angle
(nm) @ (mNm?)P (gem?) ¢ ()4

Valueslfor 5 40 130 70 (1lfr < 2R),
lower limit 90 (ifr > 2R)

PSOM .
Values for 10000 75 130 90 (if r < 2R),
upper limit ' 70 (ifr > 2R
Values.for 5 23 147 60 (1.fr < 2R),
lower limit 80 (if r > 2R)

LSOM :
Values for 10000 72 167 80 (if r < 2R),
upper limit ' 60 (ifr > 2R)
Values for 65 (if r < 2R),
Brown | lower limit > 23 147 80 (if r > 2R)
LSOM | Values for 80 (if r < 2R),
upper limit 10000 72 1.67 65 (if r > 2R)

aRefs, 124-137

bFor PSOM, surface tension values were based on the viscosity of model compounds.138 For
LSOM and brown LSOM, surface tension values were based on the estimated surface tension
of liquid limonene at 293 K (as the lower limit) and the surface tension of pure water at 293
K (as the upper limit) values from ACD/Labs (chemspider.com) and Engelhart et al.139

¢ For PSOM, density values are based on Chen and Hopke, 2009.140 For LSOM and brown
LSOM, density values are based on values from Kostenidou et al.141

d Contact angles (70-90° for PSOM and 60-80° for LSOM) were determined using 3-D
fluorescence confocal images of the SOM particles on the substrates.
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Previous validation experiments with sucrose-water particles and high viscosity standards
have shown that the poke-flow technique combined with simulations of fluid flow is capable
of providing both lower and upper limits of viscosity that are consistent with literature or
measured values when the viscosity of particles are in the range of 5x102 to 3x10°¢ Pa s.123
The major source of uncertainty in the viscosity of the SOM arises from uncertainty in the
physical properties of SOM that are used in simulations (i.e., values shown in Table 2.1).

Particle to particle variability of T(exp, flow) is typically small.

2.3: RESULTS AND DISCUSSION

The absorption spectra of (a) 2,4-DNP in LSOM and (b) brown LSOM taken during the course
of photodegradation are presented in Figure 2.8. The absorption spectra for 2,4-DNP in
PSOM is very similar to 2,4-DNP in PSOM, so the absorption spectra is not included in Figure
2.8. The inset of each graph corresponds to the absorbance decay at the representative
wavelength for each system (290 nm for 2,4-DNP in LSOM and PSOM, and 510 nm for brown
LSOM). The combined absorbance from the SOM and the reactant can be expected to follow

Equation 2.1,

A(t) = Asom + Ag[B + (1 — B)xe ] Equation 2.1

where Asom is the absorbance due to the SOM matrix, assumed to be unchanged by
photolysis, Ao is the starting absorbance due to the reactant, k is the photodegradation rate
constant, and f is the ratio of the absorption coefficient of the photolysis product(s) to that
of the reactant at the wavelength of interest. (The value of 8 is 0 for non-absorbing products,

smaller than 1 for weakly absorbing products, 1 at the isosbestic point, and larger than 1
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when products absorb stronger than the starting compound.) Since we were interested only

in the values of k, the observed decays were fit using the simplified equation:

kt

A(t) = const, + const,Xe” Equation 2.2

to obtain rate constants for each set of experimental conditions. The use of Equation 2.2
automatically accounts for any uncompensated wavelength-independent offsets in the

absorbance measurements.

[t should be noted that in the case of 2,4-DNP, the decay in absorbance at ~250 - 320 nm is
accompanied by an increase in the broad absorption band in the visible range (~400 - 450
nm) indicating formation of a brown carbon product (a result of reduction of one of the -NO2
groups to -NHz group as discussed below). The rate constants k determined from Equations
2.1 and 2.2 at 290 nm (decrease in absorbance, S < 1, const2> 0) and 420 nm (increase in

absorbance, > 1, constz < 0) were the same within the uncertainties of the fitting.

The increase in the visible absorbance of the irradiated 2,4-DNP samples is an important
observation for two reasons. First, it confirms recent findings that photochemical processing
is capable of altering the light absorption properties of brown carbon.48-49 142 Second, it
shows that, depending on the system, photochemical processes in brown carbon are capable
of creating light-absorbing compounds, not just destroying (photobleaching) them. Our work
provides evidence that brown carbon has a dynamic absorption spectrum that can be altered

on atmospherically relevant time scales via photochemistry.
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Figure 2.8. Representative absorption spectra recorded during the photodegradation of A)
2,4-DNP in LSOM and B) brown LSOM. The insets show the decay of A) the 290 nm peak of
2,4-DNP and B) the 510 nm peak characteristic of the brown LSOM chromophore where the
red trace is the experimental decay and the black trace is the fit to Equation 2.2. The arrows
indicate the wavelength at which spectra were fit to Equation 2.2 to get the rate constants.

To investigate the mechanism of 2,4-DNP photodegradation, we performed LC-PDA-MS
(liquid chromatography coupled to a photodiode array detector and an electrospray
ionization high-resolution mass spectrometer) measurements on irradiated samples of 2,4-
DNP in isopropanol (0, 30, and 60 min of irradiation in a quartz cuvette by the same light

source as used for the film experiments). Isopropanol was used as the solvent in this analysis
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because it allowed for a simpler spectrum than SOM would have, as SOM is very complex and
is made up of many different molecules that would yield a complicated background
spectrum.3® The full results of the LC-PDA-MS analysis, as well as experimental details, are
provided in the supporting information section. We assigned the observed products of
photodegradation of 2,4-DNP by analogy with photochemistry of related compounds,
nitrobenzene and 2-nitrophenol. Based on the m/z values and UV-vis absorption spectra of
the eluted peaks, we were able to assign products to the structures shown in Figure 2.9. We
emphasize that we did not have standards for any of these compounds for unambiguous
identification, so the assignments should be regarded as tentative. Nevertheless, our results
strongly suggest that photoreduction of -NO2 group(s) in 2,4-DNP is the main mechanism of
photodegradation. We observed peaks corresponding to an -NH:2 (aniline) product as well
as to an -NO (nitroso) intermediate which is expected for this process. Based on the UV-vis
absorption spectra (Figure A.9 in the appendix) the compounds containing an aniline group
are likely the ones responsible for the brown color of the 2,4-DNP photodegradation
products after the irradiation and cause the growth of the visible absorption band at ~400-
450 nm. The formation of aniline products has significant implications for understanding the

environmental fate of 2,4-DNP because of the high reactivity of aniline compounds.
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Figure 2.9. Products tentatively identified by LC-PDA-MS after 2,4-DNP photolysis in

isopropanol. Details leading to the assignments are provided in the supporting information
section.

Regarding the kinetics of 2,4-DNP photodegradation, as discussed in Lignell et al. ¢ the
effective activation energy of reactions with low intrinsic barriers is determined by the
surrounding matrix’s viscosity, which depends strongly on temperature. The
photodegradation of 2,4-DNP fits this profile - it has low activation energy in octanol and
much higher activation energy in PSOM, likely due to the high viscosity of the PSOM film.86
The activation energy of each system studied in the current work was determined using the
Arrhenius plot shown in Figure 2.10. This plot illustrates the relationship between
temperature and rate constant for each system (including 2,4-DNP in PSOM shown
previously in Ref. 8¢) under dry conditions. The results indicate that the activation energy of
the photodegradation of 2,4-DNP in LSOM (24 * 1 kJ/mol) is lower than that in PSOM (48 +
6 kJ/mol). If these activation energies are actually viscosity-dependant, then this suggests
that PSOM has a higher viscosity than LSOM. Another observation of the current work is that
both of the reactions that occurred in LSOM (2,4-DNP and brown LSOM) had similar

activation energies (24 * 1 kJ/mol and 16 * 5 kJ/mol, respectively) implying that the
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viscosities of LSOM and brown LSOM are similar. This would be consistent with minor

compositional differences between the two materials.106
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Figure 2.10. Arrhenius plots of the photodegradation rate of 2,4-DNP in PSOM (red), 2,4-
DNP in LSOM (blue), and brown LSOM (green) under dry conditions. The slopes correspond
to activation energies of 48, 24, and 16 k]J/mol, respectively. Markers with no error bars
represent experiments that were performed once. All other markers are the average of 2-6
data points obtained at each temperature.

In order to test this hypothesis, the viscosities of LSOM and PSOM generated in our flow tube
were experimentally determined from poke flow experiments at different RHs, specifically,
by measuring how quickly a half-sphere of SOM returns to its original shape after being

distorted by a needle. The results of these experiments are shown in Figure 2.11.
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Figure 2.11. A) Average experimental flow time from the poke-flow experiments as a
function of relative humidity. The markers correspond to the average of 4-11 individual poke
flow measurements. The error bars represent one standard deviation for the repeated
measurements. B) Simulated ranges of viscosities as determined by upper and lower limits.
The error bars are dominated by uncertainties in the fitting parameters listed in Table 2.1.

Figure 2.11a depicts the average experimental flow time, which is taken for the equivalent
area diameter to decrease to 50 % of its initial diameter. The PSOM had a longer
experimental flow time than either LSOM or brown LSOM. For example, under dry conditions

the experimental flow time of PSOM is longer by approximately an order of magnitude than
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the experimental flow times of LSOM and brown LSOM, strongly suggesting a higher
viscosity. Unlike the clearly differ