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ABSTRACT

In this study, research has been conducted to investigate the formation and impacts
of aerosols in the atmosphere. Experimental studies were performed to elucidate the role
of organic functionality in the nucleation and growth of nanoparticles. The experiments
were performed by utilizing a flow reactor and different organic acids to represent the
distinct functionality of organic molecules, i.e., from monocarboxylic, dicarboxylic, to
tricarboxylic acids and with/without the presence of hydroxyl functional groups and
methyl functional groups. Gaseous species in the flow reactor were monitored by ion-drift
chemical ionization mass spectrometry, aerosol size and number concentration after the
flow reactor were measured by differential mobility analyzer, condensation particle
counter, and particle size magnifier, and the chemical composition of nanoparticles was
analyzed using thermal desorption ion-drift chemical ionization mass spectrometry. To
corroborate with the laboratory measurements, theoretical calculations were performed to
determine the bonding energies of the organic acid–H2SO4 dimers and to estimate the
structures of the critical nuclei of the water-H2SO4-organic acid nucleation systems. Both
experimental and theoretical results demonstrate that the impacts of the organic species
on new particle formation are strongly dependent on the functionality of the organic
molecules. Larger carboxylic functional acids (i.e., dicarboxylic and tricarboxylic acids)
exhibit enhanced aerosol nucleation, because of the formation of strong hydrogen bonding
with H2SO4. However, organic acids without the presence of hydroxyl functional groups
do not facilitate the growth of newly formed nanoparticles. Organic acids with the
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hydroxyl functional groups enhance nucleation and growth of nanoparticles, because of
increased intermolecular hydrogen bonding interactions. Finally, an animal model was
used to investigate the effects of prenatal exposure to ultrafine particulate matter (smaller
than 0.1 μm or PM2.5) on two common strains of mice. The time-mated mice were housed
in a particle filtered air chamber (clean) and an exposure chamber (polluted) with added
aerosols for 6 hours a day from gestation day 0 to 18. The aerosol mass concentration of
100 μg m-3 were used for daily exposure of 6 hours, corresponding to a 24-hour average
PM2.5 concentration of 25 μg m-3 (the recommended limit for PM2.5 by the World Health
Organization). Following birth, the offspring of both clean and polluted chambers were
challenged with either phosphate buffered saline (PBS) or house dust mite (HDM) in PBS,
from 0 to 4 weeks of age, and 72 hours after the final dose they were euthanized on
postnatal day 31. Mice exposed in utero to PM2.5 and challenged with HDM did not
respond with as robust airway inflammation as clean air exposed mice challenged by
HDM, indicating an immunosuppressive effect in the lungs. The results reveal that in utero
ultrafine PM exposure increases infant susceptibility to respiratory infection and impacts
overall long-term pulmonary health.
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NOMENCLATURE

ACI

Aerosol-Cloud Interaction

ARI

Aerosol-Radiative Interaction

AzA

Azelaic Acid

CCN

Cloud Condensation Nuclei

CiA

Citric Acid

CLOUD

Cosmics Leaving OUtdoor Droplets

CNT

Classical Nucleation Theory

CPC

Condensation Particle Counter

CPS

Counts Per Second

DMA

Differential Mobility Analyzer

FA

Filtered Air

FoA

Formic Acid

GlA

Glutaric Acid

HDM

House Dust Mite

ID-CIMS

Ion Drift-Chemical Ionization Mass Spectrometry

IN

Ice Nuclei

MaA

Malic Acid

MBTCA

3-Methyl-1,2,3-butanetricarboxylic Acid

MC

Monte Carlo

NPF

New Particle Formation

OA

Organic Acid
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OxA

Oxalic Acid

PM

Particulate Matter

PM2.5

Particulate Matter smaller than 2.5 μm

PPB

Parts Per Billion

PPT

Parts Per Trillion

PSM

Particle Size Magnifier

RF

Radiative Forcing

RH

Relative Humidity

SA

Sulfuric Acid

SuA

Succinic Acid

TaA

Tartaric Acid

TrA

Tricarballylic Acid

TD-ID-CIMS

Thermal Desorption-Ion Drift-Chemical Ionization Mass

Spectrometer
UFPs

Ultrafine Particles smaller than 0.1 μm

VaA

Valeric Acid

VOCs

Volatile Organic Compounds

WBC

White Blood Cells
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CHAPTER I
INTRODUCTION

Atmospheric aerosols, which are defined as liquid or solid particles suspended in
air (Fig. 1.1), have profound impacts on the Earth-atmosphere system. The aerosol effects
include air quality, human health, ecosystem, weather, and climate, all of which have
important societal implications [IPCC, 2013; NASEM, 2016]. For example, aerosol
particles absorb and scatter incoming solar radiation in the atmosphere, leading to
important consequences in the earth energy budget. Such an effect, commonly referred to
as ARI, contributes importantly to cooling (by scattering) or warming (by absorption) in
the atmosphere [IPCC, 2013; Wang et al., 2013; Peng et al., 2016]. By acting as CCN and
IN, aerosols also play an important role in controlling cloud formation/development,
precipitation efficiency, albedo, frequency, and lifetime of clouds [Li et al., 2008;
Rosenfeld et al., 2008; Seinfeld et al., 2016; Fan et al., 2018]. This latter effect is often
referred to ACI, which is also critical to radiative transfer in the atmosphere. Presently,
the aerosol effects associated with ARI and ACI represent the largest uncertainty in
predictions of anthropogenic forcing on climate (Fig. 1.2) [IPCC, 2013]. In addition, fine
aerosols (i.e., particulate matter smaller than 2.5 μm or PM2.5) constitute a key component
of air pollution on local and regional scales, since high concentrations of PM 2.5 not only
cause visibility degradation but also negatively impact human health [EPA, 2004].
Exposure to fine PM has been attributed to more than 3 million premature deaths each
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year worldwide, representing one of the greatest risks to public health (Fig. 1.3) [Lim et
al., 2012]. There has been accumulating evidence that exposure to fine aerosols not only
causes acute and chronic diseases but also exacerbates adverse health effects of gaseous
criteria pollutants, including ozone (O3), sulfur dioxide (SO2), carbon monoxide (CO), and
nitrogen oxides (NOx = NO + NO2) [Kimmel et al., 1997; Kunzli et al., 2005]. In addition,
it has been suggested that ultrafine particles likely exert the most severe health effects,
since small particles are more likely to be deposited in the human pulmonary region and
to penetrate into bloodstream than large particles [Oberdorster et al., 2004; Schlesigner et
al., 2006; Araujo et al., 2008].

Figure 1.1 Aerosols are suspensions of fine solids or liquids in the atmosphere, and are
known to exist in sizes ranging from a few nanometers to several microns [Seinfeld and
Pandis, 2006]. Atmospheric aerosols may exist in the form of primary aerosols, which are
emitted directly into the atmosphere from natural sources (e.g. windblown plant particles,
dust, sea spray, volcanic emissions, wildfires, etc.) or anthropogenic sources (e.g. biomass
burning, industry, animal husbandry, etc.) [Seinfeld and Pandis, 2006].
2

Figure 1.2 Bar chart for RF (hatched) and ERF (solid) for the period 1750–2011, where
the total ERF is derived from Figure 8.16. Uncertainties (5 to 95% confidence range) are
given for RF (dotted lines) and ERF (solid lines). [IPCC 2013]

Aerosol particles are either emitted directly into the atmosphere (referred to as
primary particles) or produced in the atmosphere via gas-to-particle conversion (referred
to as secondary particles) (Fig. 1.4) [Seinfeld and Pandis, 2006]. In addition, primary and
secondary aerosols undergo chemical and physical transformations and are subjected to
transport, cloud processing, and removal from air [Zhang et al., 2015]. New particle
formation (NPF), which is characterized as a sudden high concentration burst of subnanometer sized (1-3 nm) particles in the atmosphere, represents a key source of aerosol
population in the troposphere (Fig. 1.5). Events of NPF have been observed under diverse
environmental conditions, including urban locations, forested areas, marine/coastal
regions, and remote or free troposphere [e.g., O’Dowd et al., 2004; Guo et al., 2014;
3

Bianchi et al., 2016; Wang et al., 2016]. It has been suggested that NPF contributes up to
half of the CCN population in the troposphere [Merikanto et al., 2009; Yue et al., 2011].
Also, NPF has been identified as a necessary prerequisite for the development of severe
haze (Figure 1.5), producing a large number of nanoparticles that subsequently grow into
sub-micron sized particles under polluted environments [Guo et al., 2014].

Figure 1.3 Potential general pathophysiological pathways linking PM exposure with
cardiopulmonary morbidity and mortality. [After Pope & Dockery, 2006]

NPF occurs in two distinct stages [Zhang et al., 2010]. The first step involves the
formation of a critical nucleus during the phase transformation from vapor to liquid or
solid. The second step is the growth of the critical nucleus to a larger size (>2-3nm) that
4

competes with the removal of newly nucleated nanoparticles by preexisting aerosols. The
nucleation process results in a decrease in both enthalpy and entropy (i.e., ΔH < 0 and ΔS
< 0), which is enthalpically favorable according to the first law of thermodynamics but
entropically unfavorable according to the second law of thermodynamics. Consequently,
a free energy barrier (i.e., ΔG = ΔH - TΔS > 0) needs to be overcome before the phase
transition becomes spontaneous. An additional limitation in the growth of nanoparticles is
related to the highly elevated vapor pressures over small clusters and nanoparticles. Such
a phenomenon is commonly known as the Kelvin or curvature effect, which imposes
another major restriction in the growth of freshly nucleated nanoparticles.
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Figure 1.4 Schematic representation of the formation, growth, and processing of
atmospheric aerosols. [After Zhang et al., 2014]

Figure 1.5 Aerosol nucleation and growth during the PM2.5 episodes on 25–29 September
and 2–7 October. (A and C) Temporal evolutions of particle number size distribution and
mean diameter (white dashed curve) on 25–29 September (A) and 2–7 October (C). (B
and D) PM2.5 mass concentration (black solid line), mean diameter (purple dashed line),
and PM1 (particulate matter smaller than 1.0 μm) chemical composition on 25–29
September (B) and 2–7 October (D). The shaded colors denote the mass concentrations of
the aerosol constituents, i.e., green for organics, blue for nitrate, red for sulfate, yellow for
ammonium, purple for chloride, and black for black carbon. [After Guo et al., 2014]

6

The nucleation mechanism has been widely investigated in many interdisciplinary
areas, including biomedicine, catalysis, fuel cells, magnetic data storage, agriculture, and
solar cells. For example, nucleation and growth of nanoparticles has received significant
attention recently because of the broad applications of nanoparticles [Thanh et al., 2014].
These nanoparticles have unique magnetic, optical, electronic, and catalytic properties,
which are size-dependent and distinct from the bulk materials. Nucleation is generally
defined as the creation of molecular embryos prior to spontaneous formation of a new
phase from vapor, liquid, to solid transition [LaMer and Dinegar, 1950]. Formation of the
new phase without heterogeneities occurs through random fluctuations in vapor density,
generating molecular clusters that grow or decompose by gaining or losing a monomer.
Cluster growth occurs via a reversible, stepwise kinetic process for single or
multicomponent systems. Several theoretical frameworks have been developed to describe
the rates and mechanism by which clusters grow or decompose. The phenomenological
classical nucleation theory (CNT) considers the thermodynamics and kinetics of
nucleation, by evaluating the change in Gibbs free energy (G) for the formation a cluster
of radius r [Flood, 1934; Reiss, 1950; Zhang et al., 2012],
∆𝐺 = −𝑛𝑘𝑇𝑙𝑛𝑆 ′ + 4𝜋𝑟 2 𝜎

(1.1)

where S’ = p/pS is the saturation ratio, p is the vapor pressure, pS is the saturation
pressure over a plane surface, and  is the surface tension. The CNT utilizes the capillarity
approximation, i.e., assuming that the cluster possesses identical physical and chemical
properties as the bulk phase. For a spherical cluster, the number of molecules n is related
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to its radius n = (4/3)r3/vl, where vl is the volume of a single molecule. The free energy
reaches a maximum at the critical nucleus,
∆𝐺 ∗ =

4𝜋
3

2

𝜎𝑟 ∗ =

𝜎 3 𝜈𝑙2

16𝜋

3 (𝑘𝑇ln𝑆 ′ )2

(1.2)

The G* also corresponds to the minimum free energy required to form stable
clusters. The critical radius (r*) is defined as the minimum size, at which a cluster survives
evaporation,
2𝜎𝜈

𝑟 ∗ = 𝑘𝑇ln𝑆𝑙 ′

(1.3)

The critical nucleus is in a metastable state between the vapor and liquid, since
addition of a monomer leads to spontaneous growth, while removal of a monomer results
in decomposition of the critical nucleus. The nucleation rate (J), which is defined as the
number of stable clusters formed per unit volume per unit time (N), is expressed by an
Arrhenius type equation,
𝐽=

𝑑𝑁
𝑑𝑡

= 𝐽𝑜 exp(−

𝐺∗
𝑘𝑇

)

(1.4)

where Jo is the pre-exponential factor relevant to gaseous kinetics. Major
uncertainties of CNT lie in several simple assumptions, including that the critical nucleus
has a spherical shape and its physical properties are identical to those of the bulk phase.
Alternatively, the CNT can be formulated on the basis of the kinetics for growth
and evaporation of clusters [Zhang et al., 2012],
𝑑[𝐶𝑖 ]
𝑑𝑡

+ [
−
=  𝑘𝑖−1
𝐶𝑖−1 ][𝐴𝑖−1 ] − 𝑘𝑖− [𝐶𝑖 ] − 𝑘𝑖+ [𝐶𝑖 ][𝐴𝑖 ] + 𝑘𝑖+1
[𝐶𝑖+1 ]
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(1.5)

where [Ci] and [Ai] denote the concentrations of the cluster and monomer for step i,
respectively. Under the steady state condition, the cluster concentrations of different sizes
become time-independent, since the net rate to form each cluster is constant. The
nucleation rate is related to the growth (𝑘𝑖+ ) and evaporation (𝑘𝑖− ) rate constants for each
cluster, which are typically calculated from the gas-kinetic collision rate and the cluster
stability (i.e., the free energy change for cluster formation), respectively. Several kinetic
approaches have been developed to calculate cluster distributions and the nucleation rate
by obtaining the rate constants of formation and decomposition of clusters without explicit
expressions of the formation energy and surface tension of clusters [Zhang et al., 2012].
In addition, the dynamical nucleation theory treats nucleation on the basis of multi-step
binary collisions between nucleating molecules and clusters [Schenter et al., 1999].
Furthermore, microscopic schemes, including molecular dynamics and Monte Carlo
calculations, have been employed to predict the structure and free energy of cluster
formation according to the first principles [Zhang et al., 2012].
The nucleation theorem is a thermodynamic expression to correlate the nucleation
barrier height to the change in log vapor concentration [Kashchiev, 1998]. The kinetic
formulation of the nucleation theorem, which can be derived by differentiating the steadystate nucleation rate (Eq. 1.4) at constant temperature, is readily generalized from a single
component to a multicomponent system with a similar form [McGraw and Zhang, 2008],
𝜕ln𝐽𝑗
𝜕ln𝑆𝑗′

𝜕ln𝐽

= 𝜕ln𝑛𝑗 =  𝑔𝑗∗ +  𝛿𝑗 
𝑗

(1.6)
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where 𝛿𝑗 = Jj/J (i.e., 0 ≤ 𝛿𝑗 ≤ 1), and Ji, 𝑆𝑗′ , nj, and 𝑔𝑗∗ are the nucleation rate, the
saturation ratio, the monomer number concentration, and the critical monomer number (in
monomeric units), respectively, for species j. The kinetic nucleation theorem has been
widely applied to infer molecular compositions of the critical nucleus on the basis of field
and laboratory measured nucleation rates and vapor concentrations [Zhang et al., 2012].
Extensive efforts have been made to elucidate the fundamental mechanism
relevant to atmospheric NPF on the basis of field measurements, laboratory experiments,
and theoretical calculations [Zhang et al., 2012]. Previous field studies included ambient
measurements of ultrafine particles down to approximately 1 nm in size, gaseous
concentrations of nucleating precursors (such as H2SO4, NH3, and amines), and prenucleation clusters [e.g., Zhao et al., 2011; Yu and Lee, 2012; Zheng et al., 2015]. For
example, Yao et al. [2018] recently measured particle number size distributions down to
~1.2 nm, along with H2SO4 vapor, H2SO4 clusters (trimer and tetramer), and H2SO4–
dimethylamine clusters with up to four molecules of H2SO4 and two molecules of
dimethylamine in a polluted atmosphere. Also, numerous laboratory experiments have
been conducted using flow reactor techniques to monitor nucleation at a fixed time or a
reaction chamber to follow the evolution of nucleation [e.g., Zhang et al., 2009; Zhao et
al., 2011; Yu et al., 2012]. Noticeably, a major infrastructure, Cosmics Leaving Outdoor
Droplets (CLOUD) chamber, was established at CERN, Switzerland. The CLOUD
chamber, by integrating advanced instrumentations for measuring gases and aerosols with
a high-energy physics accelerator (proton synchrotron), is aimed at understanding aerosols
and clouds as well as their impacts on climate [e.g., Kirkby et al., 2011; Riccobono et al.,
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2014; Tröstl et al., 2016]. In addition, theoretical investigations of aerosol nucleation have
been carried out to determine the stability and dynamics of pre-nucleation clusters using
thermodynamic data from quantum chemical calculations and an atmospheric cluster
dynamics code (ACDC) [Zhao et al., 2009; McGrath et al., 2012].
This dissertation is organized according to the following outline. Chapter I
discusses the formation and transformation of atmospheric aerosols and their impacts on
human health, weather, and climate. Chapters II and III present, respectively, experimental
and theoretical investigations on the role of organic functionality in the nucleation and
growth of nanoparticles. Finally, chapter IV describes an animal model system to assess
the health effects of exposure to PM in pregnant mice.
In chapter II, experimental studies by utilizing the flow-reactor techniques are
discussed to investigate the role of organic functionality in the nucleation and growth of
nanoparticles. Gaseous species in the flow reactor were monitored by ion-drift chemical
ionization mass spectrometry (ID-CIMS), aerosol size and number concentration after the
flow reactor were measured by differential mobility analyzer (DMA), condensation
particle counter (CPC), and particle size magnifier (PSM), while chemical composition
information of the formed aerosols was gathered via thermal desorption ion-drift chemical
ionization (TD-ID-CIMS).
To corroborate with the laboratory measurements, theoretical calculations were
made to determine the bonding energies of the carboxylic acid–sulfuric acid dimers and
to estimate the structures of critical nuclei of the water-sulfuric acid-organic acid
nucleation systems (chapter III). In this chapter, theoretical calculations were performed
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to evaluate the formation of sulfuric acid-organic acid dimers as well as to estimate the
critical cluster of sulfuric-organic acid relevant to the experimental work presented in
chapter II.
Chapter IV presents a study on the effects of pre-natal exposure to UFPs on two
common strains of mice. The time-mated mice were housed in a particle filtered air
chamber (clean) and an exposure chamber with added aerosols for 6 hours a day from
gestation day 0 to 18. The aerosol mass concentration of 100 μg m-3 was used for daily
exposure of 6 hours, corresponding to a 24-hour average UFP mass concentration of 25
μg m-3 (there is no current recommended limit for UFPs). Following birth, the offspring
of both clean and polluted chambers were challenged with either phosphate buffered saline
(PBS) or house dust mite (HDM) in PBS, from 0 to 4 weeks of age, and 72 hours after the
final dose they were euthanized on postnatal day 31. Bronchoalveolar lavaging was
conducted and tissue samples were collected for analysis. Chapter V summarizes the main
findings from this dissertation and provides a closing remark along with potential future
research.
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CHAPTER II
THE EFFECTS OF FUNCTIONALITY OF ORGANIC ACIDS ON SULFURIC ACIDWATER BINARY NUCLEATION

i) Introduction
As discussed in chapter I, atmospheric aerosols are important to several issues,
including climate, visibility and human health [IPCC, 2013; Zhang et al., 2015]. Despite
considerable efforts that have been made to understand the processes of NPF, there is still
great uncertainty of the fundamental chemical mechanisms and identity of the chemical
species responsible for aerosol nucleation and growth processes [Zhang et al., 2012]. NPF
is thought to occur in two distinct stages, i.e., the formation of a critical nucleus and the
growth of the critical nucleus to a larger size (>2-3nm) that can compete with capture and
removal of newly nucleated nanoparticles by coagulation with pre-existing aerosols (Fig.
2.1).
NPF is intrinsically connected to gas-phase chemistry, since many of the chemical
species relevant to aerosol nucleation and growth are produced from photooxidation of
atmospheric trace gases, including sulfur dioxide and VOCs [Zhang et al., 2012],
SO2 + OH → SO2OH

(2.1)

SO2OH + O2 → SO3 + HO2

(2.2)

SO3 + H2O + M →

(2.3)

H2SO4 + M
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VOCs + OH (or O3) → → oxidized organics

(2.4)

Figure 2.1 Schematic representation of the transformation from the molecular complex
through the critical nucleus to 2-3 nm nanoparticle (top) and associated free energy
variation (bottom). [After Zhang et al., 2010].

The critical role of photochemistry in NPF is also reflected by the fact that most NPF
events occur during daylight hours, while nocturnal NPF is rarely observed [Junninen et
al., 2008]. H2SO4 has been considered as the most prevalent nucleating species because
of its low vapor pressure under typical atmospheric conditions [Zhang et al., 2012]. Also,
H2SO4 is prone to form hydrogen bonding with many atmospherically important
compounds, including water, basic species (i.e., ammonia and amines), and organic acids.
Such an ability to form hydrogen bonding renders H2SO4 as an ideal candidate to
14

participate in the very first step of NPF [Zhao et al., 2009]. Field measurements showed
that gaseous H2SO4 in concentrations of greater than 105 molecules cm-3 is necessary for
observable NPF in the atmosphere [McMurry et al., 2005]. In addition, several other
nucleating precursors have been implicated for NPF under diverse environments,
including ions, ammonia/amines, organic acids, and iodine oxides [e.g., O’Dowd et al.,
2002; Zhang et al., 2004; Smith et al., 2008; Qiu and Zhang, 2013; Kürten et al., 2014;
Yu and Luo, 2014; Yao et al., 2018].
Recently, there has been an increasing interest in the role of oxidized organic
species in the nucleation and growth of aerosols. Carboxylic acids are an important group
of water soluble organic compounds that have been observed in both urban and rural areas
around the world [Chebbi et al.,1996; Fu et al., 2010]. Although these organic compounds
can be directly emitted by biomass and fossil fuels burning, a large portion of carboxylic
acids are generated in the atmosphere by photo-oxidation of pinenes, cycloolefins,
unsaturated fatty acids, and alkenes [Chebbi et al., 1996; Ziemann et al., 2002]. Recently,
several theoretical studies have suggested that dicarboxylic and tricarboxylic acids may
efficiently enhance H2SO4 and water nucleation rate [Donahue et al., 2013; Xu et al.,
2012]. Several experiments have confirmed that the H2SO4 and oxidation products of
biogenic emissions can reproduce the NPF in the continental boundary layer [Riccobono
et al., 2014]. Recently, experiments carried out at the CERN CLOUD chamber show that
highly oxygenated molecules can contribute to the growth of new formation particles
[Eimear et al., 2016], but the α-pinene oxidation products may not have extremely low
saturation vapor pressures [Kurten et al., 2016]. Currently, the mechanism and chemical
15

species responsible for atmospheric NPF are still highly uncertain. In particular, consistent
chemical mechanisms to explain NPF under diverse atmospheric conditions are still
lacking. Also, available results of NPF from laboratory experiments, field measurements,
and theoretical calculations are often conflicting [Zhang et al., 2012]. Such an
inconsistency is partially attributed to difficulties in detecting the nucleating precursor
species and the chemical compositions of clusters and freshly nucleated nanoparticles by
analytical instrumentation and in calculating large pre-nucleation clusters by reliable
theoretical methods. A systematic experimental investigation on the importance of the
functionality of organic compounds to nucleation and growth of nanoparticles is still
scarce, which needs further and more detailed research.
In this chapter, experiments on the role of organic compounds in nucleation and
growth of nanoparticles have been performed. Organic acids with different functionality
were used to evaluate the impacts of organic compounds on the H2SO4-water binary
nucleation.
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ii) Methodology
Experimental Setup

Figure 2.2 Schematic representation of the experimental setup to investigate aerosol
nucleation.

Nucleation experiments were performed using an aerosol flow reactor (Fig. 2.2).
H2SO4 and carboxylic acids were introduced to the front of the flow reactor and detected
using ion drift – chemical ionization mass spectrometry (ID-CIMS). The NO3- reagent ion
was used to detect both H2SO4 and organic acids (OA) according to the following ion
molecule reactions,
H2SO4 + NO3- → H2SO4NO3-,

k2.5
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(2.5)

OA + NO3-→ OANO3-

k2.6

(2.6)

The NO3- reagent ion was produced by introducing a trace amount of nitric acid through
a corona discharge ionization source. Alternatively, the CO3- reagent ion was also used to
detect organic acid and H2SO4 molecules according to the following ion molecule
reactions.
OA + CO3- → OA- + HCO3

k2.6

(2.7)

H2SO4 + CO3-→ HSO4- + HCO3

k2.6

(2.8)

The CO3- reagent ion was produced by introducing a trace amount of CO 2 in an oxygen
flow through the corona discharge ionization source. The concentrations of H2SO4 and
organic acids were qualified by knowing the rate constants, the length of the drift tube,
and the total velocity of the reagent ions [Fortner et al., 2004].
The ion–molecule collision rate constants for the above reactions can be calculated
using theoretical methods. The ion–molecule reaction rate constants were calculated using
the classic model of ion–molecule interactions involving polar molecules. The averagedipole-orientation (ADO) theory predicts the ion–molecule collision rate constants:
k ADO  (2q /  1/ 2 [ 1/ 2  C D (2 / kT )1/ 2 ])

(2.9)

where q is the charge of the ion, μ is the reduced mass of the reactants, α is the
polarizability, and μD is the permanent dipole moment of the neutral. C has been
parameterized to have a value between 0 and 1, with the expression described elsewhere
[Zhao and Zhang, 2014]. To determine the ion–molecule collision rate constant, the
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permanent dipole moment and polarizability of the organic acids predicted from the
quantum chemical calculations were calculated under the B3LYP/6-311++G(2d, 2p) level
of theory. In this study, reaction (2.5) was mainly used to monitor H2SO4, whereas reaction
(2.7) was mainly used to monitor organic acids. The rate constant for reaction (2.5) is 1
x86-9 cm3 s-1, and the rate constant for reaction (2.7) is 1.2 x10 -9 cm3 s-1.
H2SO4 concentrations at the entrance of the nucleation zone were estimated in the
range of (1-30) x108 molecules cm-3, and organic acid concentrations were estimated in
the range of 7x105-1012 molecule cm-3. Newly formed particles were enlarged with a home
built PSM before entering the ultrafine condensation particle counter (UCPC, TSI,
3025A). The PSM was modified from the design by Vanhanen et al. [Vanhanen et al.,
2011]. Particle size distributions were measured with a nano-DMA (TSI 3085) using
UCPC.
Gas phase H2SO4 and OAs were generated by passing a dry nitrogen flow through
heated reservoirs of H2SO4 and organic acids, respectively. The flows then merged with a
humidified nitrogen flow and dry nitrogen flow in the mixing zone, which was maintained
at 373K during the experiments to prevent nanoparticles from forming. The temperature
of the H2SO4 and organic acid reservoirs were changed to vary the gas phase
concentrations of H2SO4 and organic acids, while the rest of the conditions were kept
constant. After the mixing zone, nucleation occurred in a flow tube housed within a glass
sheath flowing 283 K ethylene glycol-water solution. Newly formed particles were sent
through the PSM, and the total number concentration was measured using the UCPC. To
measure the size distribution, newly formed particles were charged with a unipolar
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210

Po

radioactive source and then size selected with the nano-DMA. The particles were then sent
through the PSM and subsequently counted by UCPC. Examples of newly formed particle
size distributions are shown in Figure 2.3.

Figure 2.3 Particle size distributions from the nucleation of H 2SO4 (16.4 ppt) and water
(27% RH) (black line) with (17 ppb) and without (red line) the presence of OxA (A).
Particle size distributions from the nucleation of H2SO4 (14.9 ppt) and water (27% RH)
(black line) with (50 ppb) and without (red line) the presence of VaA (B).
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The chemical composition of newly formed nanoparticles were analyzed using a
thermo desorption-ion drift-chemical ionization mass spectrometer (TD-ID-CIMS)
[Gomez-Hernandez, 2015]. Aerosols generated in the flow reactor were charged with a
unipolar 210Po radioactive source and then collected on a high voltage platinum coil. When
sufficient mass had been collected, the particles were thermally desorbed at 400 oC. The
CO3-/CO4- reagent ions were used to detect H2SO4, carboxylic acids and their complexes
according to reactions (2.5) to (2.8).
Reagents
10 organic acids were used in the present work. Most of the organic acids were
purchased from Sigma and used as received. Oxalic acid (OxA, > 99%), azelaic acid (AzA,
> 98%), valeric acid (VaA, > 99%), succinic acid (SuA, > 99%), malic acid (MaA, > 99%),
tartaric acid (TaA, > 99.5%), glutaric acid (GlA, >99%), tricarballylic acid (TrA, >99%).
3-methyl-1,2,3-butanetricarboxylic acid (MBTCA) were purchased from Toronto
Research Chemicals and used as received. Sulfuric acid (H2SO4, > 95%) was purchased
from EMD Millipore and used as received. Nitric acid was purchased from Ward’s
Science and was used as received. Table 2.1 summarizes the solubility, melting point,
boiling point and saturation vapor pressures of the 10 organic acids. The molecular
structures of the 10 organic acids are depicted in Figure 2.4.
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Formic Acid

Valeric Acid

Oxalic Acid

Succinic Acid

Malic Acid

Tartaric Acid

Glutaric Acid

Tricarballylic Acid

3-methyl-1,2,3-butanetricarboxylic

Citric Acid

Figure 2.4 Molecular structures for 10 organic acids used in the nucleation experiments.
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Table 2.1 Physiochemical properties of the organic acids. Solubility, melting point,
boiling point, and saturation vapor pressures of 10 organic acids. The solubility and
saturation vapor pressures were measured at 298 K.
Organic
Compounds
Formic acid
Valeric acid
Oxalic acid
Succinic acid
Malic acid
Tartaric acid
Glutaric acid
Tricarballylic acid
MBTCA
Citric acid

Solubilitya
(g L-1)
Miscible
24
98
71
590
595
540
332d
320e
675

Melting point
(C°)a
8.4
-34.5
189
188
132
169
96.5
166
153e
166

Boil
point ps0(298K) (Pa)c
(C°)b
100.8
4.7x103
186
26
dec
1.4x10-2
235
7.7x10-5
/
6.4x10-5
/
1.8x10-4
dec/ 303
1.7x10-4
/
1.4x10-4 f
dec
8.2x10-5 f
dec
3.8x10-5

a) Handbook of Aqueous Solubility Data. By Samuel H. Yalkowsky and Yan He
(University of Arizona). CRC Press LLC: Boca Raton FL. 2003.
b) CRC Handbook of Chemistry and Physics, 84th Edition. Front Cover. David
R. Lide.CRC Press.
c) Bilde M, Barsanti K, Booth M, Cappa CD, Donahue NM, Emanuelsson EU, et al.
Saturation Vapor Pressures and Transition Enthalpies of Low-Volatility Organic
Molecules of Atmospheric Relevance: From Dicarboxylic Acids to Complex Mixtures.
Chemical Reviews 2015, 115(10): 4115-4156.

23

iii) Results and Discussion
Particle size distribution
Figure 2.5 shows the size distributions of the water- H2SO4 nucleation with and
without addition of 4 organic acids, i.e., GlA (a), TrA (b), MaA (c), and CiA (d). There is
an apparent increase in the particle number concentration with the addition of all 4 organic
acids relevant to the water- H2SO4 binary nucleation system. For an increase of GlA from
0 to 260 ppt, the measured peak concentration increases from 19,000 to 40,000 particles
cm-3. For an increase of TrA from 0 to 1 ppt, the measured peak concentration increases
from 39,000 to 120,000 particles cm-3. Similarly, for an increase of MaA from 0 to 171
ppt the measured peak concentration increases from 22,000 to 98,000 particles cm-3, while
for an increase of CiA from 0 to 0.3 ppt the measured peak concentration increases from
23,000 to 100,000 particles cm-3. The structural difference between GlA and TrA is the
addition of a single carboxylic function group on the same carbon chain length (Fig. 2.4).
The structural differences between MaA and CiA are the addition of a single carboxylic
function group and the addition of 1 carbon atom (for CiA) in the carbon chain length. In
addition, both MaA and CiA contain a hydroxyl function group. Apparently, the increase
in the number of carboxylic functional groups (i.e., 2 carboxylic functional groups for GlA
to 3 carboxylic functional groups for TrA) increases the number concentration of newly
formed nanoparticles. Furthermore, with the addition of a hydroxyl functional group,
nanoparticle number concentration is significantly higher with a lower organic acid
concentration. For example, the particle number concentrations are 40,000, 65,000, and
120,000 particles cm-3 with TrA concentrations of 0, 0.5, and 1 ppt, respectively. Hence,
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Figure 2.5 shows that increasing carboxylic functional groups and hydroxyl functional
groups increase the nucleation relative to the water- H2SO4 binary nucleation system.

Figure 2.5 Size distribution of newly nucleated particles in the presence of different
carboxylic acids, H2SO4 and H2O: (A) for GlA, (B) for TrA, (C) for MaA, and (D) for
CiA. The concentration of H2SO4 was approximately ~22 ppt, and the RH was at 27%
RH.

For GlA and TrA, although the addition of these organic acids enhances the
particle number concentration, the peak particle size of newly formed nanoparticles
remains invariant, i.e., around 2.5 nm (Fig. 2.5). As a result, GlA and TrA do not appear
to increase the growth of newly formed nanoparticles. In contrast, the addition of MaA
and CiA does not only increase the number concentration of newly formed nanoparticles
but also increases the peak particle size of newly formed nanoparticles. The peak particle
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size increases from 2.5, 3.0, to 3.4 nm with the addition of 0, 85, and 171 ppt of GlA,
respectively. Similarly, the peak particle size increases from 2.5, 3.1, to 3.3 nm with the
addition of 0, 0.1, and 0.3 ppt of CiA, respectively. Hence, the addition of carboxylic
functional groups increases the particle nucleation but does not promote the particle
growth, whereas the addition of hydroxyl functional groups to the carboxylic molecules
enhances both particle nucleation and growth.
Figure 2.6 shows the size distribution of newly formed nanoparticles of waterH2SO4 nucleation with and without the addition of SuA (A), MaA (B), and TaA (C). The
3 carboxylic acids have the same carbon chain length, but the number of hydroxyl
functional groups increases from 0, 1, to 2 for SuA, MaA, and TaA, respectively. The
addition of SuA of 270 ppt increases the peak concentration from 6,000 to 10,500 particles
cm-3 but does not increase the peak particle size of 2.4 nm. The addition from 78 to 156
ppt of MaA increases the peak particle concentration from 28,000, 46,000, to 91,000
particles cm-3 and increases the peak particle size from 2.4, 3.0, to 3.4 nm, respectively.
Similarly, the addition of 10 to 20 ppt of TaA increases the peak particle concentration
from 70,000, 123,000, to 250,000 particles cm-3 and increases the peak particle size from
2.5, 3.9, to 5 nm, respectively. The addition of SuA to the water- H2SO4 system only
enhances the particle number concentration, but the peak particle size of newly formed
particles remains invariant. However, the addition of MaA and TaA enhance both particle
nucleation and growth. It is clear from Figure 2.6 that TaA increases the number
concentration and growth of nanoparticles more efficiently than SuA and MaA. Since SuA
contains no hydroxyl functional group, whereas MaA and TaA contain 1 and 2 hydroxyl
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functional groups, respectively, these results are consistent with the notion that carboxylic
functional groups enhance particle nucleation but do not promote particle growth, while
hydroxyl functional groups enhances both particle nucleation and growth, as shown in
Figure 2.5.
Interestingly, there is no apparent change in the particle number concentration or
particle size with the additions of 17 ppb OxA and 50 ppb VaA to the water- H2SO4
nucleation system (Fig. 2.3). Since OxA has only 2 carbons, the carbon chain length for
OxA is shorter than those of the other dicarboxylic and tricarboxylic acids, i.e., SuA, MaA,
TaA, GlA, TrA, MBTCA, and CiA with the carbon chain numbers ranging from 4 to 5.
Also, VaA with 5 carbon atoms and 1 carboxylic functional group is inefficient in
enhancing nucleation. Hence, our results indicate that the carbon chain length also impacts
the nucleation and growth of nanoparticles, in addition to the presence of carboxylic and
hydroxyl functional groups. Smaller carboxylic acids (such as OxA) and simple
monocarboxylic acids (such as VaA) have negligible effects on the nucleation and growth
of nanoparticles.
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Figure 2.6 Size distribution of newly nucleated particles in the presence of different
carboxylic acids, H2SO4 (22 ppt) and H2O (27% RH (solid line): (A) for SuA, (B) for
MaA, and (C) for TaA.
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Figure 2.7 Nucleation rate of GlA, TrA, and CiA as a function of the H2SO4 and organic
compounds at RH of 7%. (A) GlA concentration varied from 238 ppt (open triangles), 178
ppt (solid triangles), 119 ppt (open squares), 59 ppt (solid squares), 30 ppt (open circles),
to zero (solid circles). (B) H2SO4concentration varied from 88 ppt (open triangles), 71 ppt
(solid triangles), 53 ppt (open squares), 44 ppt (solid squares), to 35 ppt (open circles). (C)
TrA concentration varied from 0.92 ppt (open triangles), 0.69 ppt (solid triangles), 0.46
ppt (open squares) and 0.23 ppt (solid squares) to zero (open circles). (D) H2SO4
concentration varied from 93 ppt (open triangles), 70 ppt (solid triangles), 58 ppt (open
squares) and 47 ppt (solid squares), 35 ppt (open circles) to 28 ppt (solid circles). (E) CiA
concentration varied from 0.26 ppt (open triangles), 0.21 ppt (solid triangles), 0.16 ppt
(open squares) and 0.10 ppt (solid squares), 0.05 ppt (open circles), 0.03 ppt (solid circles),
to zero (open triangle). (F) H2SO4 concentration varied from 71 ppt (open triangles), 53
ppt (solid triangles), 35 ppt (open squares), to 25 ppt (solid squares).
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Nucleation rate
The particle nucleation rate is estimated as the ratio of the measured aerosol
number concentration to the time of nucleation. Figure 2.7 shows the measured nucleation
rate for GlA (A and B), TrA (C and D), and CiA (E and F) as a function of H2SO4 (left)
and as a function of organic acids (right) at 7% RH. It is evident from Figure 2.7 that the
measured nucleation rate increases with increasing concentrations of H2SO4 and organic
acids. For example, in the absence of GlA the nucleation rate increases from 2 to 1,020
cm-3 s-1 with an increase of 36 to 89 ppt H2SO4 (Fig. 2.7 A). In the presence of 238 ppt
GlA the nucleation rate increases from 25 to 9,830 cm-3 s-1 with an increase of 36 to 89
ppt H2SO4 (Fig. 2.7 A). The nucleation rate increases from 2 to 25 cm-3 s-1 with a H2SO4
concentration of 35 ppt and from 1,020 to 9,840 cm-3 s-1 at a H2SO4 concentration 89 ppt,
when the concentration of GlA increases from 0 to 238 ppt, respectively (Fig. 2.7 B). In
the presence of 0.9 ppt TrA, the nucleation rate increases from 4 to 11,500 cm-3 s-1 with
an increase of 28 to 93 ppt H2SO4 (Fig. 2.7 C). The nucleation rate increases from 0.3 to
4 cm-3 s-1 with a H2SO4 concentration of 28 ppt and from 900 to 11,500 cm-3 s-1 at a H2SO4
concentration 93 ppt, when the concentration of TrA increases from 0 to 0.9 ppt,
respectively (Fig. 2.7 D). Similarly, in the presence of CiA with the concentration of 0.3
ppt the nucleation rate increases from 10 to 1,970 cm-3 s-1 with an increase of H2SO4
concentration from 25 to 71 ppt, respectively (Fig. 2.7 E). At a H2SO4 concentration of 25
ppt the nucleation rate increases from 0.3 to 9.8 and from 330 to 1,970 cm-3 s-1 with a
H2SO4 concentration of 71 ppt, when the concentration of CiA increases from 0 to 0.27
ppt, respectively (Fig. 2.7 F). It is evident from Figure 2.7 that CiA is more efficient in
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enhancing the nucleation rate than TrA. For example, at the H2SO4 concentration of 35
ppt the addition of TrA from 0 to 0.9 ppt increases the nucleation rate from 3 to 46 cm-3 s1

, while with the addition of CiA from 0 to 0.3 ppt the nucleation rate increases from 7 to

139 cm-3 s-1. The more efficient nucleation for CiA than TrA is explained by the presence
of the hydroxyl functional group on CiA. This is consistent with the results shown in
Figure 2.6.
Figure 2.8 is similar to Figure 2.7 except at 27% RH. The trends for the measured
nucleation rate in the presence of a hydroxyl functional group are similar at the 2 RH
levels. A comparison between Figures 2.7 and 2.8 shows that the nucleation rate increases
with increasing RH. For example, the measured nucleation rates for GlA concentrations
from 0 to 238 ppt and at a H2SO4 concentration of 30 ppt range from 1 to 15 cm-3 s-1 at
7% RH and from 290 to 1,020 cm-3 s-1 at 27% RH. Also, the measured nucleation rates
for TrA concentrations from 0 to 0.9 ppt and at a H2SO4 concentration of 15 ppt range
from 0.2 to 3 cm-3 s-1 at 7% RH and from 470 to 10,570 cm-3 s-1 at 27% RH. Similarly, the
measured nucleation rates for CiA concentrations from 0 to 0.3 ppt and at a H2SO4
concentration of 35 ppt range from 7 to 139 cm-3 s-1 at 7% RH and from 1,970 to 9,000
cm-3 s-1 at 27% RH.
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Figure 2.8 Nucleation rate of GlA, TrA, and CiA as a function of the H2SO4 and organic
compounds at RH of 27%. (A) GlA concentration varied from 238 ppt (open triangles),
179 ppt (solid triangles), 119 ppt (open squares), 60 ppt (solid squares), 30 ppt (open
circles), to zero (solid circles). (B) H2SO4 concentration varied from 22 ppt (open
triangles), 14.7 ppt (solid triangles), 10.3 ppt (open squares) to 7.4 ppt (solid squares). (C)
TrA concentration varied from 0.92 ppt (open triangles), 0.69 ppt (solid triangles), 0.46
ppt (open squares) and 0.23 ppt (solid squares) to zero (open circles). (D) H2SO4
concentration varied from 18 ppt (open triangles), 13.3 ppt (solid triangles), 11.5 ppt (open
squares) and 8.9 ppt (solid squares) to 6.2 ppt (open circles). (E) CiA concentration varied
from 0.26 ppt (open triangles), 0.21 ppt (solid triangles), 0.16 ppt (open squares) and 0.10
ppt (solid squares), 0.05 ppt (open circles), 0.03 ppt (solid circles), to zero (open triangle).
(F) H2SO4 concentration varied from 35.4 ppt (open triangles), 23.6 ppt (solid triangles),
16.5 ppt (open squares), 11.5 ppt (solid squares), to 8.0 ppt (open circles).
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Figure 2.9 shows the nucleation rates for SuA, MaA, and TaA as a function of
H2SO4 (left) and organic acid (right) concentrations at 7% RH. At a constant concentration
of the organic acids, the nucleation rate increases with increasing H2SO4 concentration.
At 7% RH, the nucleation rates increase from 10 to 900 cm-3 s-1 for a SuA concentration
of 372 ppt with an increase of H2SO4 from 35 to 71 ppt, from 8 to 2000 cm-3 s-1 for a MaA
concentration of 156 ppt with an increase of H2SO4 from 24 to 60 ppt, and from 12 to
2000 cm-3 s-1 for a TaA concentration of 20 ppt with an increase of H2SO4 from 24 to 74
ppt. For the same H2SO4 concentration of 335 ppt and the same RH of 7%, the measured
nucleation rates are 10, 70, and 150 cm-3 s-1 for the concentrations of 372, 156, and 20 ppt
for SuA, MaA, and TaA, respectively. As a result, MaA is more efficient in enhancing
nucleation than SuA, while TaA is more efficient in enhancing nucleation than MaA.
Since the 3 organic acids have the same carbon chain length (4 carbon atoms) and the
same number of carboxylic functional groups (2 carboxylic functional groups) but
different number of hydroxyl functional groups (from 0 to 2 hydroxyl groups for SuA,
MaA, and TaA), the most efficient nucleation for TaA is explained by the presence of the
2 hydroxyl functional groups, consistent with the results shown in Figure 2.6.
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Figure 2.9 Nucleation rate of SuA, MaA, and TaA as a function of the H2SO4 and organic
compounds at RH of 7%. (A) SuA concentration varied from 372 ppt (open triangles), 290
ppt (solid triangles), 193 ppt (open squares) and 97 ppt (solid squares) to zero (open
circles). (B) H2SO4 concentration varied from 89 ppt (open triangles), 71 ppt (solid
triangles), 53 ppt (open squares) and 44 ppt (solid squares) to 35.5 ppt (open circles). (C)
MaA concentration varied from 156 ppt (open triangles), 115 ppt (solid triangles), 78 ppt
(open squares), and 41 ppt (solid squares) to zero (open circles). (D) H2SO4 concentration
varied from 59 ppt (open triangles), 47 ppt (solid triangles), 32.5 ppt (open squares), to
23.6 ppt (solid squares). (E) TaA concentration varied from 20 ppt (open triangles), 16
ppt (solid triangles), 10 ppt (open squares), and 5.2 ppt (solid squares) to zero (open
circles). (F) H2SO4 concentration varied from 70 ppt (open triangles), 60 ppt (solid
triangles), 35.4 ppt (open squares), to 23.4 ppt (solid squares).
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Figure 2.10 is similar to Figure 2.9 except at 27% RH. The trend for the measured
nucleation rate in the presence of a hydroxyl functional group are similar at the 2 RH
levels. A comparison between Figures 2.9 and 2.10 shows that the nucleation rate is higher
with increasing RH. For example, the measured nucleation rates for MaA concentrations
from 0 to 156 ppt at a H2SO4 concentration of 18 ppt range from 0.1 to 2 cm-3 s-1 at 7%
RH and from 400 to 2,000 cm-3 s-1 at 27% RH. Similarly, the measured nucleation rates
for TaA concentrations from 0 to 20 ppt and at a H2SO4 concentration of 18 ppt range
from 0.1 to 15 cm-3 s-1 at 7% RH and from 400 to 5,000 cm-3 s-1 at 27% RH.
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Figure 2.10 Nucleation rate of SuA, MaA and TaA as a function of the organic acid
concentration at RH of 27%. (A) SuA concentration varied from 387 ppt (open triangles),
291 ppt (solid triangles), 194 ppt (open squares) and 97 ppt (solid squares) to zero (open
circles). (B) H2SO4 concentration varied from 23.6 ppt (open triangles), 17.7 ppt (solid
triangles), 11.8 ppt (open squares) and 8.3 ppt (solid squares) to 5.9 ppt (open circles). (C)
MaA concentration varied from 156 ppt (open triangles), 117 ppt (solid triangles), 78 ppt
(open squares), and 39.1 ppt (solid squares) to zero (open circles). (D) H2SO4
concentration varied from 23.6 ppt (open triangles), 16.5 ppt (solid triangles), 11.8 ppt
(open squares), to 5.9 ppt (solid squares). (E) TaA concentration varied from 20.1 ppt
(open triangles), 15.1 ppt (solid triangles), 10.1 ppt (open squares), and 5.0 ppt (solid
squares) to zero (open circles). (F) H2SO4 concentration varied from 23.6 ppt (open
triangles), 16.5 ppt (solid triangles), 11.9 ppt (open squares), to 5.9 ppt (solid squares).
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To further quantify the effect of the organic functionality on the nucleation rate,
the enhancement factor (EF) by organic acids, which is defined by the percentage of the
increase in the particle number concentration relative to the water- H2SO4 binary system
with the addition of 1 ppt of the organic acid, is determined, as shown in Figure 2.11 and
Table 2.2. The functionality of the carboxylic acid is differentiated by the number of
carbon atoms (which characterizes the carbon chain length), the number of carboxylic acid
functional groups, and the number of hydroxyl functional groups. For FoA with 1 carbon
atom, 1 carboxylic functional group, and 0 hydroxyl functional groups denoted by (1, 1,
0) and OxA with 2 carbon atoms, 2 carboxylic functional groups, and 0 hydroxyl
functional groups denoted by (2, 2, 0), there is no apparent enhancement relative to the
water- H2SO4 binary system, i.e., the enhancement factor is close to 0. For SuA (4, 2, 0),
MaA (4, 2, 1), and TaA (4, 2, 2) acids, the enhancement factor at 7% RH is 0.001, 0.1,
and 2.3, respectively. Hence, the enhancement in the nucleation rate relative to the waterH2SO4 binary system increases with the addition of hydroxyl functional groups (from 0 to
2 hydroxyl functional groups for SuA, MaA, and TaA) to the organic acid; MaA is more
effective than SuA and TaA is more effective than MaA, consistent with the results shown
in Figures 2.9 and 2.10. The enhancement factors at 27% RH are 0.004, 0.02, and 1.8 for
SuA, MaA, and TaA, respectively. Hence, there is a similar trend of increasing
enhancement factor with the number of hydroxyl functional groups at the 2 different RH
levels.
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For GlA (5, 2, 0), TrA (6, 3, 0), and CiA (6, 3, 1) acids, the enhancement factor at
7% RH is 0.05, 17, and 80, respectively. The 3 carboxylic acids have the same carbon
chain length but different numbers of carboxylic functional groups and hydroxyl
functional groups. The enhancement factor increases significantly with the addition of a
carboxylic functional group, with TrA enhancing the water- H2SO4 nucleation system
more efficiently than GlA. The addition of a hydroxyl functional group (from 0 to 1
hydroxyl functional groups for TrA and CiA) to a tricarboxylic acid further increases the
enhancement factor, with CiA enhancing the nucleation system more efficiently than TrA.
For GlA, TrA, and CiA, the enhancement factors at 27% RH are 0.01, 24, and 117,
respectively. The addition of a hydroxyl functional group to a tricarboxylic acid further
increases the enhancement factor, consistent with the results for 7% RH.
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Figure 2.11 Enhancement factor of the nucleation rate with the addition of 1 ppt of the
organic acid relative to the water-H2SO4 binary system as a function of the organic
functionality. (1,1,0) (FoA, 104 ppb), (2,2,0) (OxA, 16.7 ppb), (4,2,0) (SuA, 372 ppt),
(4,2,1) (MaA, 156 ppt), (4,2,2) (TaA, 20 ppt), (5,1,0) (VaA, 52 ppb), (5,2,0), (GlA, 238
ppt), (6,3,0) (TrA, 0.93 ppt), (6,3,1) (CiA, 0.26 ppt), and (8,3,0) (MBTCA, 4.47 ppt). The
concentration of H2SO4 is approximately 33.5 and 7.4 ppt under 7% (blue bar) and 27%
RH (pink bar), respectively. The error bars represent the standard deviation of the
measurements (1).

For GlA (5, 2, 0) and MBTCA (8, 3, 0), the enhancement factor at 7% RH is 0.05
and 2, respectively. The 2 carboxylic acids have the same carbon chain length but different
numbers of carboxylic functional group and 2 additional methyl substitutions for MBTCA.
The enhancement factor increases significantly with the addition of a carboxylic
functional group, with MBTCA enhancing the nucleation system more efficiently than
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GlA. For GlA and MBTCA, the enhancement factors at 27% RH are 0.01 and 1.2,
respectively, also showing the same trend in the enhancement factor with an additional
carboxylic functional group.
For TrA (6, 3, 0) and MBTCA (8, 3, 0) the enhancement factor at 7% RH is 17 and
2.1, respectively. The 2 carboxylic acids have the same carbon chain length and the same
number of carboxylic functional groups, but MBTCA has 2 additional methyl
substitutions. The enhancement factor decreases with the addition of the 2 methyl
substitutions for MBTCA. At 27% RH, the enhancement factors TrA and MBTCA are 24
and 1.2, respectively, showing the same trend with the increasing methyl substitution. The
reduced enhancement factor for MBTCA is likely explained by the steric hindrance with
the 2 methyl substitutions.
Note that in Figure 2.11 H2SO4 concentrations under 7% RH and 27% RH are 33
and 7 ppt, respectively. Hence the differences in the concentration of H2SO4 and RH
jointly determine the differences in the enhancement factor measured at the 2 different RH
levels.
Overall, the results in Figure 2.8 indicate that the measured nucleation rate is
dependent on the carbon chain length, the number of carboxylic functional groups, the
number of hydroxyl functional groups, and the presence of methyl substitutions, in
addition to RH. The nucleation rate increases by about 2 orders of magnitude with an
increasing number of carboxylic groups. With the addition of 1 carbon number to the
carbon chain, the nucleation rate increases by a factor of about 5. The nucleation rate
increases by about 1 order of magnitude with an increasing number of the hydroxyl
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functional group. In addition, the methyl substitutions decrease the nucleation rate by a
factor of about 10.

Table 2.2 Summary of measured enhancement factor (EF) of the nucleation rate with the
addition of 1 ppt of the organic acid relative to the water-H2SO4 binary system as a
function of the organic functionality. The error bars represent the standard deviation of the
measurements (1).
Organic Acid
Formic acid
Valeric acid
Oxalic acid
Succinic acid
Malic acid
Tartaric acid
Glutaric acid
Tricarballylic acid
MBTCA
Citric acid

Enhancement factor at 7% RH
0
0
0
0.0071 ± 0.0022
0.103
± 0.014
2.27
± 0.14
0.0462 ± 0.002
17
±3
2.1
± 0.4
80
±9

Enhancement factor at 27% RH
0
0
0
0.0040 ± 0.0011
0.0177 ± 0.0027
1.82
± 0.31
0.0127 ± 0.0012
24
±5
1.20
± 0.07
117
±8

As discussed in Chapter I, the kinetic nucleation theorem (Eq. 1.6) relates the
number of molecules, nA, of the species, A, in the critical nucleus to the slope of the
logarithm of the nucleation rate, as a function of the logarithm of the gaseous concentration
of the nucleating species, [A],
nA ≈ ∂lnJ/∂In[A]

(2.10)

In Figure 2.8, for example, the average slopes of the logarithm of the nucleation
rate as a function of the logarithm of the gaseous concentration of H2SO4 are 6.5 and 5.5
for TrA and CiA, respectively. The average slopes of the logarithm of the nucleation rate
as a function of the logarithm of the gaseous concentration of organic acids are 1.2 and
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1.7 for TrA and CiA, respectively. In Figure 2.10, the average slopes of the logarithm of
the nucleation rate as a function of the logarithm of the gaseous concentration of H2SO4
are 6.9, 5.7, and 5.1 for SuA, MaA and TaA, respectively. The average slopes of the
logarithm of the nucleation rate as a function of the logarithm of the gaseous concentration
of organic acid are 0.6, 1.2 and 1.0 for SuA, MaA, and TaA, respectively. These results
imply that the number of H2SO4 molecules decreases while the number of organic acid
molecules increases in the critical nucleus with the addition of a hydroxyl functional
group.

Figure 2.12 The slope of the measured nucleation rate as a function of the logarithm of
concentration of organic acids as a function of the organic functionality. (1,1,0) (FoA, 104
ppb), (2,2,0) (OxA, 16.7 ppb), (4,2,0) (SuA, 372 ppt), (4,2,1) (MaA, 156 ppt), (4,2,2)
(TaA, 20 ppt), (5,1,0) (VaA, 52 ppb), (5,2,0), (GlA, 238 ppt), (6,3,0) (TrA, 0.93 ppt),
(6,3,1) (CiA, 0.26 ppt), and (8,3,0) (MBTCA, 4.47 ppt). The error bars represent the
standard deviation of the measurements (1).
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Table 2.3 and Figure 2.12 summarize the slope of the measured nucleation rate as
a function of the logarithm of concentration of organic acids. The average slopes are 0.6,
0.9, and 1.6 for SuA, MaA, and TaA, respectively. This increasing slope is consistent with
the increasing number of organic molecules in the critical nucleus with increasing
hydroxyl functional groups. Hence, there likely exist 1 SuA molecule, but 2 TaA
molecules in the critical nucleus. Similarly, the average slopes are 0.8, 1.3, and 1.4 for
GlA, TrA, and CiA, respectively. There is a slight increase in the average slope for CiA
compared to TrA, consistent with the trend of increasing slope with increasing hydroxyl
functional groups (i.e., for SuA, MaA, TaA). Hence our results imply that there are 1 GlA
but 2 TrA or CiA in the critical nucleus.
Table 2.3 and Figure 2.13 summarize the slope of the measured nucleation rate as
a function of the logarithm of concentration of H2SO4. The slopes are 4.7, 4.0, and 3.6 for
SuA, MaA, and TaA, respectively, indicating that the number of H2SO4 molecules
decrease in the critical nucleus with the addition of hydroxyl functional groups. Similarly,
the slopes for TrA and CiA are 5.7 and 3.5, consistent with the trend of decreasing H2SO4
molecules in the critical nucleus with increasing hydroxyl functional groups. For example,
the critical nucleus contains 5 H2SO4 molecules for SuA but only contains 3 H2SO4
molecules for TaA.
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Figure 2.13 The slope of the measured nucleation rate as a function of the logarithm of
concentration of H2SO4 as a function of the organic functionality. (1,1,0) (FoA, 104 ppb),
(2,2,0) (OxA, 16.7 ppb), (4,2,0) (SuA, 372 ppt), (4,2,1) (MaA, 156 ppt), (4,2,2) (TaA, 20
ppt), (5,1,0) (VaA, 52 ppb), (5,2,0), (GlA, 238 ppt), (6,3,0) (TrA, 0.93 ppt), (6,3,1) (CiA,
0.26 ppt), and (8,3,0) (MBTCA, 4.47 ppt). The error bars represent the standard deviation
of the measurements (1).
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Table 2.3 Slope of the measured nucleation rate as a function of the logarithm of
concentration of H2SO4 and organic acid. The error bars represent the standard deviation
of the measurements (1).

Organic Acid
Succinic acid
Malic acid
Tartaric acid
Glutaric acid
Tricarballylic acid
Citric acid

H2SO4 at 7% RH
6.9 ± 0.7
5.7 ± 0.6
5.1 ± 1.2
6.8 ± 0.2
6.5 ± 0.2
5.5 ± 0.5

Organic Acid
Succinic acid
Malic acid
Tartaric acid
Glutaric acid
Tricarballylic acid
Citric acid

H2SO4 at 27% RH
4.7 ± 0.2
4.0 ± 0.1
3.6 ± 0.7
5.0 ± 0.2
5.7 ± 0.2
3.5 ± 0.5

Organic acid at 27% RH
0.3 ± 0.1
0.5 ± 0.1
1.4 ± 0.7
0.4 ± 0.1
1.5 ± 0.2
1.0 ± 0.2

Organic Acid

H2SO4 average at the
two RH values
6.1 ± 1.2
4.9 ± 1.0
4.2 ± 1.4
6.2 ± 0.5
6.2 ± 0.5
4.8 ± 1.1

Organic acid average at
the two RH values
0.6 ± 0.2
0.9 ± 0.4
1.6 ± 0.7
0.8 ± 0.1
1.3 ± 0.3
1.4 ± 0.4

Succinic acid
Malic acid
Tartaric acid
Glutaric acid
Tricarballylic acid
Citric acid

Organic acid at 7% RH
0.6 ± 0.2
1.2 ± 0.3
1.7 ± 0.7
0.8 ± 0.1
1.2 ± 0.2
1.7 ± 0.3
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Analysis of chemical composition
Measurements using TD-ID-CIMS were performed to analyze the chemical
composition of newly formed nanoparticles to gain insight to the nucleation and growth
processes. Figure 2.14 shows the calibration of the TD-ID-CIMS for H2SO4 and 7 organic
acids. The overall sensitivities for H2SO4 and the 7 organic acids are comparable, allowing
for direct comparison of the molar fraction between H2SO4 and the organic acids in newly
formed nanoparticles.

Figure 2.14 TD-ID-CIMS calibration for H2SO4 and organic acids. The sensitivity of
H2SO4 and 7 organic acids in units of CPS/nM in solution measured by TD-ID-CIMS.
CO3/CO4- were used as reagent ions. The error bars represent the standard deviation of the
measurements (1).
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Figure 2.15 TD-ID-CIMS composition analysis of nano-sized particles formed from the
nucleation of carboxylic acid, water and H2SO4 system. (A) TrA- H2SO4-water system.
(B) CiA- H2SO4-water system. To ensure sufficient particle mass was collected,
nanoparticles were produced with the diameter ranging from 3 to 15 nm, a peak diameter
of 8 nm, and a peak number concentration of 106 particle cm-3.

Figure 2.15 shows the TD-ID-CIMS measurements of H2SO4 and TrA and CiA
using the CO3/CO4- reagent ion. H2SO4, TrA, the H2SO4 dimer, and H2SO4-TrA dimer are
identified at m/z = 97, 175, 195, and 273, respectively. Upon thermal desorption at 1.3
minutes, there are clear peaks for H2SO4 and TrA but a weak peak for the H2SO4 dimer.
There is no apparent peak for the H2SO4-TrA dimer. CiA and the H2SO4-CiA dimer are
identified at m/z =191 and 289, respectively. Upon thermal desorption at 0.4 minutes, there
are strong peaks for H2SO4, CiA, the H2SO4 dimer, and the H2SO4-CiA dimer. There are
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clear distinctions in the relative intensities between TrA and CiA, indicating that the molar
fraction for CiA is much larger than TrA in newly formed nanoparticles. This difference
in the relative intensities between the 2 organic acids is explained by the addition of a
hydroxyl functional group, consistent with the differences in the slopes of the logarithm
of the nucleation rate as a function of the logarithm of the gaseous concentration of the 2
organic acids. As discussed above, the slope for CiA is larger than for TrA, indicating that
there are more CiA molecules than TrA molecules in the critical nucleus.

Figure 2.16 TD-ID-CIMS composition analysis of nano-sized particles formed from the
nucleation of carboxylic acid, water and H2SO4 system. (A) succinc acid- H2SO4-water
system. (B) TaA- H2SO4-water system. To ensure sufficient particle mass was collected,
nanoparticles were produced with the diameter ranging from 3 to 15 nm, a peak diameter
of 8 nm, and a peak number concentration of 106 particles cm-3.
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Figure 2.16 shows the TD-ID-CIMS measurements of H2SO4 and SuA and TaA
using the CO3/CO4- reagent ion. H2SO4, SuA, and the H2SO4 dimer are identified at m/z =
97, 117, 195, and 273, respectively. Upon thermal desorption at 2.2 minutes, there are
clear peaks for H2SO4, SuA, and H2SO4 dimer. TaA is identified at m/z =149. Upon
thermal desorption at 1.0 minutes, there are strong peaks for H2SO4 and TaA, with no
apparent peak for the H2SO4 dimer. There are clear distinctions in the relative intensities
between SuA and TaA, indicating that the molar fraction for TaA is much larger than SuA
in newly formed nanoparticles. This difference in the relative intensities between the 2
organic acids is explained by the addition of 2 hydroxyl functional groups, consistent with
the differences in the slopes of the logarithm of the nucleation rate as a function of the
logarithm of the gaseous concentration of the 2 organic acids. As discussed above, the
slope for TaA is larger than that for SuA, indicating that there are more TaA molecules
than that SuA molecules in the critical nucleus.

Figure 2.17 displays the molar ratio of H2SO4 to organic acid within the newly
formed nanoparticles, which was determined by the relative peak intensities of the species
in the TD-ID-CIMS measurements. SuA, MaA and TaA display a trend of decreasing
H2SO4 to organic acid molar ratio, with the values of 140, 8, and 4, respectively, consistent
with that there are more TaA molecules than MaA molecules in the critical nucleus, and
more MaA molecules than SuA molecules in the critical nucleus. The decreasing molar
ratio of H2SO4 to organic acid for SuA, MaA, and TaA is anti-correlated to the slopes of
the logarithm of the nucleation rate as a function of the logarithm of the gaseous
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concentration of the 3 organic acids. This further supports that the presence of hydroxyl
functional groups in an organic molecule increases the number of organic acid molecules
but decreases the number of H2SO4 molecules in the critical nucleus.

Figure 2.17 H2SO4 to organic acid molar ratios measured by TD-ID-CIMS as a function
of the organic functionality. The error bars represent the standard deviation of the
measurements (1).

Our experimental results show that larger dicarboxylic and tricarboxylic acids with
no hydroxyl functional groups enhance the number concentration of newly formed
nanoparticles (i.e., the nucleation rate) but do not facilitate the growth of newly formed
nanoparticles, as shown for TrA (Fig. 2.5 B), GlA (Fig. 2.5 A), and SuA (Fig. 2.6 A).
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However, organic acids containing the hydroxyl functional groups promote both
nucleation and growth of newly formed nanoparticles, as shown for CiA (Fig. 2.5 D), MaA
(Fig. 2.6 B), and TaA (Fig. 2.6 C). Those experimental results are likely explained by the
greater hydrophobicity of the carboxylic functional groups compared to the larger
hydrophilicity of the hydroxyl functional groups. As discussed above, an increase in
hydroxyl functional groups promote more efficient intermolecular hydrogen bonding,
therefore enhancing the number of organic acid molecules present in the critical clusters.
The increasing hydrophilicity with the addition of the hydroxyl functional groups are also
reflected by the increasing slopes of the logarithm of the nucleation rate vs logarithm of
the organic acid concentrations (Fig. 2.12) and the decreasing molar ratios of H2SO4 to
organic acid measured by TD-ID-CIMS (Fig. 2.17). As shown in Table 2.4 and Figures
2.15 and 2.16, the molar ratios of H2SO4 to organic acid for MaA, TaA, and CiA (with
hydroxyl functional groups) are smaller, with the values of 8, 4, and 10, respectively. On
the other hand, the organic acids without the presence of the hydroxyl functional groups
enhances the nucleation by forming strong hydrogen bonds with H2SO4, but further
growth by adding additional organic acid molecules is unfavorable, because of the
hydrophobicity of the carboxylic functional groups. The growth of the organic acids
without the presence of the hydroxyl functional groups can only occur by addition of
H2SO4 molecules to the clusters, consistent with the larger molar ratio of H2SO4 to organic
acid as measured by TD-ID-CIMS. For example, as shown in Table 2.4 and Figures 2.15
and 2.16, the molar ratios of H2SO4 to organic acids for SuA, GlA, and TrA are 140, 131,
and 85, respectively.
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Table 2.4 H2SO4 to organic acid molar ratios measured by TD-ID-CIMS as a function of
the organic functionality. The error bars represent the standard deviation of the
measurements (1).
Organic acid
H2SO4-organic acid ratio
Succinic acid
140 ± 20
8±3
Malic acid
4 ± 0.5
Tartaric acid
131 ± 10
Glutaric acid
85 ± 15
Tricarballylic acid
10 ± 2
Citric acid

iv) Conclusions
Although organic species have been recognized as a major contributor to NPF in
the atmosphere, little is known about the mechanisms of NPF involving organic species.
In particular, little is known of the effects of the organic functionality on the nucleation
and growth of nanoparticles. In this chapter of the dissertation, different organic acids
were selected to represent the distinct functionality of organic molecules, i.e., from
monocarboxylic acids (FoA and VaA), dicarboxylic acids (OxA, SuA, MaA, TaA, and
GlAs), to tricarboxylic acids (TrA, CiA, and MBTCA), with (MaA, TaA, and CiA) and
without the presence of hydroxyl functional groups, and with (MBTCA) and without the
addition of methyl functional groups.
Experimental studies have been performed using an aerosol flow tube reactor
coupled to an ID-CIMS to detect gaseous H2SO4 and organic acid molecules, a combined
UCPC, PSM, and nano-DMA system to measure the number concentration and size
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distribution of newly formed nanoparticles, and a TD-ID-CIMS to measure the chemical
composition of newly formed nanoparticles.
Experimental results demonstrate that the impacts of organic species on NPF are
strongly dependent on the functionality of the organic molecules. The results show that
small or simple organic acids, such as FoA, OxA and VaA, do not enhance nucleation or
growth of nanoparticles.
Measurements of the particle size distribution shows that the presence of larger
dicarboxylic and tricarboxylic acids enhances the particle number concentration relative
to the H2SO4-H2O binary system. Tricarboxylic acids are more efficient in enhancing
formation of nanoparticles than dicarboxylic acids, and the presence of hydroxyl
functional groups in the carboxylic acid molecules further enhances the particle number
concentration, albeit to a lesser degree. Similarly, an increase in the carbon chain length
of the organic acid also enhances the nanoparticle number concentration, but to a lesser
extent than addition of carboxylic and hydroxyl functional groups. CiA, with 3 carboxylic
acid functional groups and 1 hydroxyl functional group, is the most efficient in enhancing
the formation of nanoparticles. On the other hand, organic acids without the hydroxyl
functional groups do not shift the size distribution. Whereas organic acids with hydroxyl
functional groups shift the size distribution towards a larger size. Hence, while the
carboxylic functional groups enhance the formation of nanoparticles, the hydroxyl
functional groups both enhance the nucleation and growth of nanoparticles. TaA,
containing 2 hydroxyl functional groups, exhibits the most pronounced growth of newly
formed nanoparticles.
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Our measurements show that the nucleation rate is dependent on gas phase
concentrations of H2SO4, organic acid, and RH. The nucleation rate increases with
increasing concentration of organic acid at constant H2SO4 concentration and RH, with
increasing concentration of H2SO4 at constant organic acid concentration and RH, and
with increasing RH at constant concentrations of H2SO4 and organic acids. On the basis
of the measured nucleation rate, an enhancement factor of the nucleation rate with the
addition of 1 ppt of the organic acid relative to the water- H2SO4 binary system is
determined. From SuA, MaA, to TaA (dicarboxylic acids with a carbon chain length of
4), the enhancement factor increases successively with increasing hydroxyl functional
groups from 0 to 1 to 2, respectively. Similarly, the enhancement factor is higher for TrA
than for GlA because of the addition of a carboxylic functional group, and the
enhancement factor is higher for CiA than for TrA because of the addition of a hydroxyl
functional group. The 3 carboxylic acids (GlA, TrA, and CiA) have a similar carbon chain
length of 5. The enhancement factor for MBTCA is lower than for TrA (both with a carbon
chain length of 5 and 3 carboxylic functional groups), because of the 2 methyl
substitutions. Hence, our measurements show that the nucleation rate is dependent on the
carbon chain length, the number of carboxylic functional groups, the number of hydroxyl
functional groups, the presence of methyl substitutions, and RH. The nucleation rate
increases by about 2 orders of magnitude with an increasing number of carboxylic
functional groups, by a factor of about 5 with the addition of 1 carbon number to the carbon
chain, and by about 1 order of magnitude with an increasing number of the hydroxyl
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functional group. In addition, methyl substitutions decrease the nucleation rate by a factor
of about 10.
The measured slope of the logarithm of the nucleation rate as a function of the
logarithm of the gaseous concentration of H2SO4 or organic acid is used to infer the
chemical composition of the critical nuclei according to the nucleation theorem. The slope
increases with respect to organic acid but decreases with respect to H2SO4 for SuA, MaA,
and TaA, indicating an increasing number of organic acid molecules and a decreasing
number of H2SO4 molecules in the critical nucleus because of the presence of the hydroxyl
functional groups. Similarly, the slope increases with respect to organic acid but decreases
with respect to H2SO4 for GlA and CiA, also indicating an increasing number of organic
acid molecules and a decreasing number of H2SO4 molecules in the critical nucleus.
TD-ID-CIMS spectra reveal the chemical composition and molar ratio of H2SO4
to organic acid molecules for collected nanoparticles. The measured molar ratio of H2SO4
to organic acid molecules decreases from SuA, MaA, to TaA, consistent with the chemical
compositions for the critical nuclei inferred from the measured slopes the logarithm of the
nucleation rate as a function of the logarithm of the gaseous concentrations of H2SO4 or
organic acid (i.e., decreasing numbers of H2SO4 molecules, but increasing numbers of
organic acid molecules). Similarly, the measured molar ratio of H2SO4 to organic acid
molecules decreases from GlA to CiA, also indicating that the amount of CiA molecules
increases in the collected nanoparticles because of the presence of a hydroxyl functional
group.
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Overall, our combined experiments show that the nucleation and growth of
nanoparticles depend strongly on the functionality of organic acids, which is represented
by the carbon chain length, the number of carboxylic functional groups, the number of
hydroxyl functional groups, and the presence of methyl substitutions. Larger carboxylic
functional acids (i.e., dicarboxylic and tricarboxylic acids) exhibit enhanced nucleation,
because of the formation of strong hydrogen bonding with H2SO4. However, organic acids
without the presence of hydroxyl functional groups do not facilitate the growth of newly
formed nanoparticles. Organic acids with hydroxyl functional groups both enhance
nucleation and growth of nanoparticles, because of increased intermolecular hydrogen
bonding interactions. The carbon backbone of the dicarboxylic and tricarboxylic acids
without hydroxyl functional groups is hydrophobic, and the cluster grows only by the
addition of H2SO4 and water to the carboxylic functional groups. However, the backbone
of the organic acid with hydroxyl functional groups is hydrophilic, and cluster growth
occurs both along the hydroxyl functional groups on the carbon chain and the carboxylic
functional groups by adding organic acid, H2SO4, and water molecules. As illustrated in
Figure 2.18, for an organic molecule represented by R(COOH) x(OH)y, an increase in x
only increases the nucleation, but an increase in y increases both the nucleation and growth
of nanoparticles.
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Figure 2.18 Schematic of the roles of the organic functionality in influencing the
nucleation and growth of nanoparticles. The organic molecule is represented by
R(COOH)x(OH)y, where R represents the carbon backbone of the organic species, x and
y represent the numbers of carboxylic functional groups and hydroxyl functional groups,
respectively, in the organic molecule.

Gas phase H2SO4 is generated via oxidation of sulfur dioxide by hydroxyl radical
and can be rapidly lost because of condensation to pre-existing aerosols [Zhang et al.,
2012]. The H2SO4 concentration is primarily influenced by photochemical activity and
sulfur dioxide concentrations [Zheng et al., 2011]. The life time of sulfur dioxide is on the
order of several days, allowing it to be transported from emission sources, mainly from
fossil fuel combustion at power plants and industrial facilities, to urban, rural, and forested
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areas. Field measurements in different locations around the world have indicated that the
NPF process is strongly correlated with the concentration of gaseous H2SO4 [Weber et al.,
1997; Weber et al., 1999; Zheng et al., 2011; Chen et al., 2012; Wang et al., 2015]. The
results of this experiment show that the interaction between H2SO4 and organic acids with
multiple functional groups contribute to both nucleation and growth of nanoparticles.
Different types of organic acids, including monocarboxylic, dicarboxylic, tricarboxylic
and hydroxy acids, have been measured in various regions around the world, such as
urban, forests, mountainous, and remote marine areas [Chebbi et al., 1996; Graham et al.,
2003; Mochida et al., 2003; Fu et al., 2010; Smith et al., 2010; Yatavelli et al., 2014]. This
overlap in the temporal and spatial distributions of H2SO4 and organic acids indicates that
local anthropogenic pollution can effectively impact aerosol formation and growth on the
regional and global scale. The strong interaction between H2SO4 and organic acids with
multiple functional groups implies that those organic compounds likely exhibit larger
effects on human health and direct and indirect forcings on climate than currently
recognized.
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CHAPTER III
THEORETICAL CALCULATIONS OF SULFURIC ACID-ORGANIC ACID
DIMERS AND SULFURIC ACID-ORGANIC ACID CRITICAL NUCLEI

i) Introduction
Aerosol nucleation and growth assisted by organic acids have been investigated
in several theoretical studies [e.g. Zhang et al., 2009; Zhao et al., 2009; Xu et al., 2010;
Xu et al., 2012; Elm et al., 2014; Weber et al., 2014; Xu et al., 2014]. For example, there
have been multiple studies conducted on the underlying mechanisms of organic acids in
forming large pre-nucleation clusters (e.g., ammonia/amine-containing ternary
nucleation) [Xu et al., 2010; Xu et al., 2012; Elm et al., 2016; Zhang et al., 2017].
However, the majority of these studies did not consider hydration. As water is ubiquitous
in the atmosphere and at much higher concentrations than other nucleating precursors,
the hydration effect on aerosols is significant [Loukonen et al., 2010; Xu and Zhang,
2013; Henschel et al., 2014; Zhu et al., 2014; Henschel et al., 2016]. Several previous
theoretical studies have recognized the effect of dicarboxylic acids on aerosol nucleation
involving H2SO4 or base molecules. Xu and Zhang (2012) indicated that dicarboxylic
acids promote aerosol nucleation alongside additional nucleating precursors in two
directions via the process of hydrogen bonding onto the two carboxylic groups on
dicarboxylic acids, unlike that of monocarboxylic acids. Elm et al. (2014) showed that a
pinic acid clustering with a H2SO4 molecule leaves no available sites for additional
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hydrogen bonding, closing the structure. Elm et al. (2017) also suggested that organic
oxidation products require more than two carboxylic acid groups to effectively stabilize
H2SO4 containing clusters. The hydration was shown to strengthen the SuAdimethylamine interaction by forming aminium carboxylate ion pairs [Xu and Zhang,
2013]. However, OxA-ammonia cluster hydration is somewhat unfavorable under
atmospheric conditions [Weber et al., 2014]. Dicarboxylic acid interactions with other
nucleation precursors is plainly dependent on the identity of the dicarboxylic acid and
how many molecules participate in the cluster. Clearly, available theoretical studies
focused on the effects of dicarboxylic acids on the nucleation of multi-component
systems are insufficient [Xu et al., 2010; Xu and Zhang, 2013].
In this chapter, theoretical calculations were performed to evaluate the formation
of H2SO4-organic acid dimers as well as to estimate the critical cluster of H2SO4-organic
acid relevant to the experimental work presented in chapter II.

ii) Theoretical methods
Calculations of the ion–molecule rate constants require the knowledge of the
permanent dipole moment and polarizability of the organic acids. The geometries and
harmonic frequencies were calculated using Becke’s 3 parameter hybrid method
employing the LYP correction function (B3LYP) in conjunction with the split valence
polarized basis set B3LYP/6-311++G(2d, 2p). The evaluation of the vibrational
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frequencies confirmed that all geometries obtained represented minima on the potential
energy surfaces.
Calculations were also made to determine the bonding energies of the carboxylic
acid– H2SO4 dimers and to estimate the structures of critical nuclei of the water-H2SO4organic acid nucleation systems. Geometries and harmonic frequencies were calculated at
B3LYP/6-311++G(2d, 2p). Single point energy calculations were performed on the
optimized geometries using the PW91PW91/6-311++G(3df, 3pd) level of theory. All
energies were corrected with the zero-point energies.

iii) Results and Discussion
To further understand the interaction between H2SO4 and different organic acids,
quantum chemical calculations were conducted to determine the molecular structure of
the dimers of H2SO4 and organic acids and to estimate the critical nucleus on the basis of
the measurements of the slopes of the nucleation rates as a function of gas phase
concentrations of H2SO4 and organic acids. Figure 3.1 shows the structures of the H2SO4
and organic acid dimers. The key feature of the dimers between organic acid and H2SO4
is reflected by the formation of 2 hydrogen bonds, with the organic acid molecule serving
as both a hydrogen donor and receptor. The bonding energies for the H2SO4-organic acid
dimers is summarized in Table 3.1, along with those for the H2SO4-H2SO4 dimer and
water-H2SO4 dimer for comparison. The bonding energies (E) range from -17 kcal mol1

for SuA-H2SO4 dimers to -30 kcal mol-1 for CiA- H2SO4 dimers. The Gibbs free energies
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(G) range from -6 kcal mol-1 for SuA-H2SO44 dimers to -18 kcal mol-1 for CiA-H2SO4
dimers. The bonding energies and Gibbs free energies for the H2SO4-organic acid dimers
are more negative than those of the H2SO4-H2SO4 dimer and H2SO4-water dimer,
indicating that the organic acid-H2SO4 dimers are more stable than the H2SO4-H2SO4
dimer and H2SO4-water dimer.
VaA-H2SO44 dimer (1.10 nm)

SuA-H2SO44 dimer (1.07 nm)

MaA-H2SO44 dimer (1.07 nm)

TaA-H2SO44 dimer (0.84 nm)

GlA-H2SO44 dimer (1.11 nm)

TrA-H2SO44 dimer (1.13 nm)

CiA-H2SO44 dimer (0.86 nm)

MBTCA-H2SO44 dimer (1.06 nm)

Figure 3.1 Structures of H2SO4-organic acid dimers calculated by quantum chemical
methods. The red lines represent hydrogen bonding, and the number in parenthesis denotes
the size of the dimer.
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Table 3.1 Calculated bonding energies (△E), Gibbs Free Energy (△G), and dipole
moment for sulfuric acid (SA)-organic acid (OA) dimers: SA-SA for sulfuric acid-sulfuric
acid dimer, SA-W for sulfuric acid-water dimer, SuA-SA for sulfuric acid-succinic acid
dimer, MaA-SA for sulfuric acid-malic acid dimer, TA-SA for sulfuric acid-tartaric acid
dimer, VA-SA for sulfuric acid-valeric acid dimer, GlA-SA for sulfuric acid-glutaric acid
dimer, TrA-SA for sulfuric acid-tricarballylic acid dimer, MBTCA-SA for sulfuric acidMBTCA dimer, and CA-SA for sulfuric acid-CiA dimer. The quantum chemical
calculations were performed using PW91PW91/6-311++G(3df, 3pd)//B3LYP/6311++G(2d,dp). Also included in the table for comparison are the literature values.
Complex

OA + SAOA-SA
△E
（kcal
mol−1）

△G
（kcal
mol−1）

SA-SA
SA-W
SuA-SA
MA-SA
TA-SA
VA-SA
GA-SA
TrA-SA
MBTCASA
CA-SA

-17.32
-20.14
-22.56
-18.63
-23.75
-25.07
-26.99

-6.02
-8.78
-9.60
-7.22
-12.45
-15.15
-14.85

-30.47

-18.10

Literature
△GLit.
（kcal
mol−1）
-5.59a
-2.28c, 2.08b
-4.93c
-7.46d
-7.82d

-14.40e

Dipole
Moment
(Debye)
3.3
2.7
3.5
4.5
7.6
4.1
4.4
7.6
10.8
7.9

a) Nadykto, A.B., Yu, F. Strong hydrogen bonding between atmospheric nucleation
precursors and common organics. Chem. Phys. Lett. 2007, 435, 14-18.
b) Xu, W., Zhang, R. A theoretical study of hydrated molecular clusters of amines and
dicarboxylic acids. J. Phys. Chem. 2013, 139,064312, doi: 10.1063/1.4817497.
c) Xu, W., Zhang, R. Theoretical investigation of interaction of dicarboxylic acids with
common aerosol nucleation precursors. J. Phys. Chem. A, 2012,116, 4539-4550.
d) Xu, Y., Nadykto, A.B., Yu, F., Herb, J., Wang, W. Interaction between common organic
acids and trace nucleation species in the earth’s atmosphere. J. Phys. Chem. A, 2010, 114,
387-396.
e) Riccobono, F., et al. Oxidation products of biogenic emissions contribute to nucleation
of atmospheric particles. Science, 2014, 344,717-721.
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The bonding energies for dimers of H2SO4 with SuA, MaA and TaA are -17, -20,
and -23 kcal mol-1, while the Gibbs free energy for dimers of H2SO4 with SuA, MaA and
TaA are -6, -9, and -10 kcal mol-1, respectively. These trends for the bonding energy and
Gibbs free energy indicate that the H2SO4-organic acid dimers are increasingly more stable
with the addition of hydroxyl functional groups. Similarly, the bonding energies for dimers
of H2SO4 with TrA and CiA are -25 and -30 kcal mol-1, while the Gibbs free energy for
dimers of H2SO4 with TrA and CiA are -15 and -18 kcal mol-1, respectively. Hence, the
dimer with CiA is more stable than that with TrA because of the addition of the hydroxyl
functional group. The bonding energies for dimers of H2SO4 with GlA and TrA are -24
and -25 kcal mol-1, while the Gibbs free energy for dimers of H2SO4 with GlA and TrA
are -13 and -15 kcal mol-1, respectively. Therefore, the TrA- H2SO4 dimer is more stable
than the GlA- H2SO4 dimer because of the addition of a carboxylic functional group to
TrA.
The decreasing trend in the bonding energy and Gibbs free energy from SuA, MaA
and TaA are consistent with the measured increasing number concentration of newly
formed nanoparticles (Fig. 2.6) and the increasing nucleation enhancement factors (Fig.
2.11). Similarly, the decreasing trend in the bonding energy and Gibbs free energy from
TrA to CiA is consistent with the measured increasing number concentration of newly
formed nanoparticles (Fig. 2.5) and the increasing nucleation enhancement factors (Fig.
2.9). Similarly, the decreasing trend of bonding energy and Gibbs free energy for GlA and
TrA is consistent with the increasing number concentration of newly formed nanoparticles
(Fig. 2.5) and the increasing nucleation enhancement factor (Fig. 2.11). The decreasing
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bonding energy and Gibbs free energy with increasing number of carboxylic functional
groups and hydroxyl functional groups stabilizes the organic acid- H2SO4 dimers,
decreasing the probability of the dimer to decompose and therefore increasing the
nucleation rates.
Figure 3.2 shows the estimated structures of the critical nuclei on the basis of the
slopes of the logarithm of the nucleation rate as a function of the logarithm of the gaseous
concentrations of H2SO4 and organic acids. For example, it is estimated that there are 4
H2SO4 molecules, 1 SuA molecule, and 5 water molecules in the critical nucleus. Whereas
there are 3 H2SO4 molecules, 2 TaA molecules, and 4 water molecules in the critical
nucleus. Also, the estimated numbers of H2SO4, GlA, and water molecules in the critical
nucleus are 4, 1, and 5. Whereas the estimated numbers of sulfur acid, TrA, and water
molecules in the critical nucleus are 4, 1, and 5, respectively. It is evident from Figure 3.2
that increasing numbers of carboxylic functional groups and hydroxyl functional groups
correspond to increasing number of intermolecular hydrogen bonds. For example, the
critical nuclei for GlA (D) and TrA (E) acids contain 16 and 17 intermolecular hydrogen
bonds, respectively. The increasing number of intermolecular hydrogen bonds in the
critical nucleus likely stabilizes the critical nucleus, leading to a reduced Gibbs free energy
barrier that the nucleating system must overcome to form a stabilized particle. As such,
the TrA critical cluster is more stable than the GlA critical cluster. Likewise, the SuA (A)
and TaA (C) acid critical nuclei have 14 and 16 intermolecular hydrogen bonds,
respectively, indicating that TaA critical nuclei are more stable than SuA critical nuclei.
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Figure 3.2 Estimated structures of the critical nuclei involving H2SO4-water-organic acids
predicted by the quantum chemical method. Carbon, sulfur, oxygen and hydrogen atoms
are represented by brown, yellow, red and white spheres, respectively. The number in
parenthesis denotes the size of the cluster. (A) 1 SuA, 4 H2SO4, and 5 water molecules
(1.21 nm). (B) 1 MaA, 4 H2SO4, and 5 water molecules (1.23 nm). (C) 2 TaA, 3 H2SO4,
and 4 water molecules (1.61 nm). (D) 1 GlA, 4 H2SO4, and 5 water molecules (1.27 nm).
(E) 1 TrA, 4 H2SO4, and 5 water molecules (1.54 nm). (F) 2 CiA, 3 H2SO4, and 4 water
molecules (1.43 nm). (G) 1 MBTCA, 4 H2SO4, and 5 water molecules (1.53 nm).

Table 3.2 summarizes the Gibbs free energy for the formation of the critical
nucleus for 8 organic acids. The Gibbs free energy for the formation of the CiA critical
cluster (i.e., with 2 CiA molecules, 3 H2SO4 molecules, and 3 water molecules) is the
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smallest (-50.4 kcal mol-1), whereas the Gibbs free energy for the formation of the SuA
critical cluster (i.e., 1 SuA molecule, 4 H2SO4 molecules, and 5 water molecules) is the
largest (-33.7 kcal mol-1). As shown in figures 3.1 and 3.2, the cluster size increases from
0.86 nm to 1.43 nm for the CiA- H2SO4 dimer to the CiA critical cluster. Also, the cluster
size increases from 1.07 nm to 1.21 nm for the SuA- H2SO4 dimer to the SuA critical
cluster. The dipole moment of dicarboxylic and tricarboxylic acid- H2SO4 complexes is
larger than those for H2SO4- H2SO4 dimer and water- H2SO4 dimer. The dipole moment
increases from 3.5, 4.5, to 7.6 Debye for SuA, MaA, and TaA dimers with H2SO4,
respectively. Tricarboxylic dimers with H2SO4 have a higher dipole moment than
dicarboxylic acid- H2SO4 dimers, as seen with GlA- H2SO4 (4.4 Debye) and TrA (7.6
Debye). A larger dipole moment increases the interaction of the dimers with polar
molecules, such as water, H2SO4, and other organic acids, promoting the growth of the
nucleating clusters.
As depicted in the estimated structures of the critical clusters (Fig. 3.1), the carbon
backbone of the dicarboxylic and tricarboxylic acids without hydroxyl functional groups
is hydrophobic (A, D, and E), and the cluster grows only by the addition of H2SO4 and
water to the carboxylic functional groups. In contrast, the backbone of the organic acids
with hydroxyl functional groups becomes hydrophilic, and the cluster growth can occur
both along the hydroxyl functional groups on the carbon chain and the carboxylic
functional groups by adding organic acid, H2SO4, and water molecules.
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Table 3.2 Calculated Gibbs Free Energy (△G) for the estimated critical nuclei involving
sulfuric acid (SA), water (W), organic acid (OA) at 298K. The critical cluster is
represented by xOA-ySA-zW, where x, y, and z denote the number of organic acid,
sulfuric acid, and water molecules, respectively. The quantum chemical calculations were
performed using PW91PW91/6-311++G(3df, 3pd)//B3LYP/6-311++G(2d,dp).
xOA+ySA+zW 
xOA-ySA-zW

△G
（kcal mol−1）

1SuA-4SA-5W
1MA-4SA-5W
2TA-3SA-4W
1GA-4SA-5W
1TrA-4SA-5W
1MBTCA-4SA-5W
2CA-3SA-4W

-33.7
-37.2
-34.8
-40.6
-42.1
-41.0
-50.4
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iv) Conclusion
The quantum chemical calculations show increasing stability from SuA, MaA, to
TaA dimers with H2SO4, indicating less decomposition of the organic acid- H2SO4 dimer
with the addition of hydroxyl functional groups. Similarly, the CiA-H2SO4 dimer is much
more stable than the GlA-H2SO4 dimer, because of the presence of a hydroxyl functional
group and an additional carboxylic functional group. In addition, the dipole moment
increases from SuA, MaA, to TaA-H2SO4 dimers, indicating a greater interaction with
polar molecules, such as water, H2SO4, and organic acid, to promote cluster growth. The
structures of the critical nuclei estimated on the basis of the measured slopes of the
logarithm of the nucleation rate as a function of the logarithm of the gaseous concentration
of H2SO4 or organic acid indicate that the presence of hydroxyl functional groups
increases the occurrence of intermolecular hydrogen bonding and enhances the stability
of the critical nuclei, likely leading to reduced nucleation barriers.
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CHAPTER IV
THE IMPACTS OF ULTRAFINE AEROSOL EXPOSURES ON FETAL
DEVELOPMENT IN PREGNANT MICE*1
i) Introduction
Atmospheric aerosols have numerous impacts on human health, from aggravating
allergies, to the development of serious chronic diseases, or even leading to premature
death [Dockery et al., 1993; Dockery and Pope, 1994; Gauderman et al., 2004; Kunzli et
al., 2005; Yan et al., 2014]. Inhaled aerosols can affect nearly all the vital structures of the
body, including lungs, heart, brain, and the vascular system. In 2016 the WHO attributed
4.2 million deaths to outdoor air pollution, representing 7.6% of all deaths. In the same
year 3.8 million deaths were attributed to indoor air pollution caused by the burning of
solid fuels while cooking, representing the largest environmental risk factor contributing
to ill health. Indoor air pollution in low and middle income countries accounts for nearly
10% of the mortality rate versus 0.2% in high income countries. Urbanized areas that
monitor air quality found that over 80% of their populace was exposed to air pollution
levels above the WHO limits. Though air pollution is a global issue, populations in lowincome cities are disproportionately affected, specifically in the Western Pacific and
South-East Asia regions. In the latest findings, cities with over 100,000 people in high

*Reprinted with permission from “In utero ultrafine particulate matter exposure causes
offspring pulmonary immunosuppression” by Rychlik et al., 2019. Proc Natl Acad Sci
USA, 116 (9), 3443-3448, Copyright 2019 by PNAS.
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income countries fell below WHO air qualities guidelines 49% of the time, compared to
97% of the time for middle and low income countries. 91% of the world’s populace lives
in places where air pollution exceeds the WHO air quality limits [WHO, 2016]. As the
trend towards global urbanization continues these numbers are likely to increase as well.
Calculations from a recent study attributed 1.6 million deaths each year to PM2.5 exposure
in China [Rhode and Muller, 2015]. It is projected that in total 2.5 billion years of life
expectancy was lost by the 500 million residents of Northern China, or approximately 5.5
years per person due to increased cardiorespiratory mortality [Chen et al., 2013]. Cancers,
cardiovascular disease, interference with lung function, respiratory infection, stroke and
others are all fatal afflictions that can result from aerosol exposure [Dockery et al., 1993;
Dockery and Pope, 1994; Millman et al., 2008]. The WHO attributed 29% of lung cancer,
17 % of acute lower respiratory infection, 24% of stroke, 25% of ischaemic heart disease,
and 43% of chronic obstructive pulmonary disease deaths to ambient air pollution
exposure [WHO, 2016].
The hazard to human health aerosols pose is dependent on chemical composition
and particle size. However, health studies often treat PM2.5 as a uniform pollutant
regardless of chemical composition and particle size. Particles with a diameter under 100
nm are classified as ultrafine aerosols and have a greater impact on health due to being
small enough to bypass the human body’s natural defenses and penetrate deeply into the
lungs, potentially causing inflammation and worsening heart and lung diseases
[COMEAP, 2006]. Despite contributing only minutely to the ambient aerosol mass
loading, ultrafine aerosols are often present in significant number concentration (Fig 1.5).
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The comparatively high surface area to volume and ability to form radical species of
ultrafine aerosols are suspected to trigger inflammation and cause cellular DNA damage
[Kreyling et al., 2005; Araujo et al., 2008]. Aerosol hygroscopicity and other factors may
influence aerosol uptake in the lungs [Broday and Georgopoulous, 2001]. It is essential to
understand the physical properties of particles in order to evaluate the health impacts as
the physiological response to the aerosols may depend on influential minor species more
heavily than the major components [Schlesinger et al., 2006]. The toxicity of mixed
primary and secondary gas species as well as PM is proposed to differ greatly than that of
a singular pollutant [Mauderly and Samet, 2009].
Some groups of individuals are more sensitive to PM2.5, particularly children. With
the worldwide push towards urbanization more children are gestated and born in high
pollution environments than ever before. In light of this studies are being conducted to
determine the lifetime effects of being exposed to pollutants during gestation. Significant
exposure of pregnant women to PM2.5 has been correlated with allergies, asthma,
developmental impairment, increased occurrence of intrauterine growth restriction,
increased risk of cancer in children, reduced fetal and childhood growth, and reduced birth
rate [Millman et al., 2008; Morgenster et al., 2008; Pereira et al., 2012; Lung et al., 2013].
Birth weight in particular is a critical factor in regards to neonatal survival and long term
health, with low birth weight being associated with perinatal morbidity and mortality, as
well as increased incidence of diabetes, seizure disorders, cardiovascular diseases, and
neurological disorders later in life [McCormick, 1985; McCormick et al., 1992; Norris,
2013].
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Animals, specifically rodents, have historically been used as surrogates in toxicity
studies, including PM inhalation studies. A computational comparison of particle
deposition in human and rat lungs found that for 10, 50, and 100 nm particles human lungs
retained 71, 40, and 22% of the particles respectively, while rat lungs retained 52, 31, and
18%, respectively [Bergmann, 1998]. A similar computational study about deposition of
diesel exhaust PM into both rat lungs and human lungs found similar deposition rates
despite the considerable differences in airway size and respiratory condition [Yu and Xu,
1986]. Dose and response studies between rats and humans indicate that for acute PM
exposures rats are less susceptible to inflammatory responses than humans. In response,
rats require a somewhat higher PM concentration, according to dosimetric calculations, to
achieve similar acute dose per surface area compared to humans. In chronic high PM
exposures rats suffer from overload of alveolar clearance and may be more susceptible to
adverse pulmonary effects than humans. However, since rats clear PM from the lungs
faster than humans much higher exposure concentrations are required to simulate retained
burdens [Brown et al., 2005]. The main methods of exposing laboratory animals to PM is
either by intranasal or intratracheal doses [e.g., Hong et al., 2013] or inhalation exposure
chambers [e.g., Mauad et al., 2008; Veras et al., 2008]. In the case of Veras et al., [2008]
mice were situated near a major highway and exposed to pollution pre-gestation and
during gestation, resulting in changes in the placental functional morphology. Both pregestation and gestational PM exposure resulted in significantly lower fetal weights
compared to mice in the FA exposure chamber according to a two way analysis of
variance. A similar study was conducted whereby mice were placed in open top chambers
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(filtered ~ 3 μg m-3, nonfiltered ~ 17 μg m-3) from the 10th to 120th days of life and
positioned 20 m from a high traffic roadway in Sao Paulo Brazil for 24 hours a day over
an 8 month period. Following the mating and subsequent birth of offspring the resultant
pups were divided into four test groups: those with no exposure, prenatal exposure,
postnatal exposure, and both pre and postnatal exposure. Those faced with pre and
postnatal exposure to the traffic derived PM developed decreased alveolar structure and
lung elastic properties. This indicates traffic related pollution has adverse effects on lung
growth and function [Mauad et al., 2008]. To understand the mechanism of cardiovascular
system injuries induced by PM2.5 and ozone, wistar rats were randomly categorized into
groups and exposed to PM2.5 and/or ozone [Wang et al., 2013]. The rats exposed to PM2.5
were intratracheally dosed with either 0.2, 0.8, or 3.2 mg/rat of PM collected in Shanghai,
China. After the 3rd and 6th dose heart rate and electrocardiogram were monitored for 24
hours and systolic blood pressure was measured after the 6th dose. The PM2.5 exposed rats
displayed increased systemic inflammation biomarkers and decreased heart rate
variability. These effects were further exacerbated by exposure to ozone alongside the
PM2.5 dosage [Wang et al., 2013]. In an urban Detroit community where pediatric asthma
rates were 3 times higher than the national average, Brown Norway rats, both with and
without ovalbumin-induced airway disease, were exposed to concentrated levels of PM 2.5
(313 μg m-3 and 676 μg m-3) sourced from the Detroit community for 10 hours a day, for
4 days at 676 μg m-3 and 5 days at 313 μg m-3. 24 hours after the final exposure the lungs
were lavaged with saline or removed and analyzed by inductively coupled plasma-mass
spectrometry. Rats with allergic airways had higher retention of PM when exposed to
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PM2.5 than rats with non-allergic airways, with a bias towards retaining particles derived
from local combustion sources [Morishita et al., 2004]. Exposure to PM2.5 can result in
many negative gestational and reproductive outcomes, as seen in mice by Veras et al.,
[2009]. Mice were exposed to 27.5 μg m-3 PM2.5 pre-conception and/or during pregnancy.
The exposed mice displayed an extended estrus cycle, decline in antral follicles, increased
time necessary for mating, and increased post-implantation loss rates. Fetal weight was
decreased in mice exposed both pre-conception or during pregnancy, demonstrating that
maternal exposure to PM2.5 is linked to negative pregnancy outcomes, even if exposure
only occurs pre-conception [Veras et al., 2009].
The immediate and long term health risk a fetus faces when their mother is exposed
to air pollution remain poorly understood, due to the complex processes fetus and mother
undergo during gestation and the variety of pollutants a mother can be exposed to during
the pregnancy. The study into the effects of air pollution on fetal development is young.
Combined with the complexity of atmospheric pollutants, though many effects have been
identified by epidemiological studies, there is few animal model studies that have been
conducted to determine the cellular and molecular effects of air pollution on fetal
development [Oldham et al., 2004; Veras et al., 2008; Guillette and Iguchi, 2012]. To
better understand the mechanisms by which aerosols affect human health, a series of
animal exposure studies have been carried out to investigate the physiological responses
of mother and child to PM exposure.
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Figure 4.1 Diagram of animal exposure chamber. 4.1 A shows the lid of the chamber,
with the u-shaped inlet tubing mounted to it, evenly distributed holes to produce an even
flow and expose each chamber. 4.1 B shows the exhaust line running along the bottom of
the chamber, with evenly distributed holes to aid uniform aerosol removal through the
chamber. 4.1 C shows the assembled exposure chamber.
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ii) Methodology
The exposure chambers and equipment were designed and setup in such a way as
to ensure the mice were all equally dosed, the individual compartments met federal
regulations and allowed easy access to the animals, there was adequate air flow through
the chamber, that noise was minimized, and that the system could be left running
unattended. The chamber design was inspired by Oldham et al. [2004], who demonstrated
that internal plumbing in a square chamber design was capable of maintaining a uniform
particle distribution with no stagnant areas.
The chambers were all stainless steel with perforated steel walls separating
chambers. The inlet tube was mounted to the acrylic lid in a u-shape with equally spaced
holes to facilitate even exposure of the aerosols (Fig 4.1 A). The stainless steel
construction of the chambers prevents significant uptake of aerosols onto the surfaces. The
exhaust line runs along the floor, underneath the floors for the mice, with evenly
distributed holes (Fig 4.1 B). This combination of u-shaped inlet tubing mounted on the
top of the chamber and single exhaust line along the bottom prevents stagnant areas in the
chamber and guarantees even particle distribution (Fig 4.1 C).
Conditions inside the animal research facility were strictly controlled, with
temperature, humidity, light cycles, food, water, and bedding all monitored closely. The
room air supplying the pumps was found to be extremely clean, under 100 particles cm -3
every time it was measured, resulting in essentially no particle mass concentration in the
clean air. The exact turnover rate inside the chambers depended on the dilution rate
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required for the aerosol flow rate but was always in excess of 25 turnovers an hour. The
clear acrylic lid allowed for observation of the mice during exposure, the perforated acrylic
floors were removable to provide a clean environment for the mice (Fig 4.2).

Figure 4.2 Exposure chambers

78

PM2.5 Chemical Composition
7%
10%
39%

44%

Sulfate

Nitrate

Diesel Soot

Chloride

Figure 4.3 Chemical composition of aerosol stock solution, sulfate (ammonium sulfate,
Mallinckrodt Chemicals), nitrate (ammonium nitrate >98%, Sigma-Aldrich), diesel soot
(diesel particulate matter, standard reference material 2975, NIST), and chloride
(potassium chloride 99%, EMD Chemicals).

Particles were produced by an atomizer using a solution comprised of sulfate
(ammonium sulfate, Mallinckrodt Chemicals), nitrate (ammonium nitrate >98%, SigmaAldrich), diesel soot (diesel particulate matter, standard reference material 2975, NIST),
and chloride (potassium chloride 99%, EMD Chemicals), 39, 44, 10, and 7% by mass
respectively (Fig 4.3). The aerosols were dried with a Nafion drier to prevent excessive
humidity inside the animal chambers before being mixed with clean air to achieve the
desired mass loading and then injected into the exposure chamber. A 1 LPM sample flow
was taken from the exhaust of the polluted chamber and dried with a Nafion dryer before
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the particle size distribution and number concentration were recorded by DMA and CPC,
respectively (Fig 4.4). Size distributions were recorded approximately every 3 minutes.
The average size distribution of aerosol particles for the exposure March 29 th can be seen
in Fig 4.5, with the bulk of the particles being between 20 and 70 nm. Using the density
of 1.63 g cm-3 for the aerosols (𝜌), the particle diameter (𝐷), and the total concentration
(𝑑𝑁) the mass concentration was calculated using equation 4.1.
486𝑛𝑚 1

Mass Concentration = ∫20𝑛𝑚 (6) × 𝜋 × 𝐷3 × 𝑑𝑁 × 𝜌 × ∆𝐷

(4.1)

Figure 4.4 Schematic of animal exposure layout. Pure filtered ambient air is pumped into
the clean chamber. Aerosols are generated at the atomizer and pass through a Nafion dryer
before being diluted with filtered ambient air to the desired concentration. Aerosols were
monitored via DMA and CPC.
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Figure 4.5 Average size distribution of aerosol particles in the exposure chamber on
March 29th. The bulk of the particles are between 20 and 70 nm.

Atomizers are known to increase the number of charges on the particles generated,
which may result in enhanced deposition of particles in the mice lungs than would occur
with naturally generated particles. Unfortunately it is difficult to approximate the impact
this enhancement may have. A study indicated charged 0.3 μm particles deposited 12%
more in the tracheobronchial region and 23% more in the alveolar region during normal
breathing. Under heavy breathing, exercise breathing, and sitting the deposition
enhancement varied drastically [Majid et al., 2012]. Singly charged 20 μm particles were
found to deposit 3.4 times as efficiently than neutrally charged particles and 5.3 times as
efficiently as zero charged particles, though this is not directly relatable as natural aerosols
are often charged. [Cohen et al., 1998].
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Two common strains of mice were selected, the BALB/c mice for their sensitivity
to allergens [Vooght et al., 2010] and C57B1/6 mice for their greater sensitivity to diesel
exhaust particulate matter [Li et al., 2008; Li et al., 2009].
The time-mated mice were housed in a particle filtered air chamber (clean) and an
exposure chamber with added aerosols for 6 hours a day from gestation day 0 to 18. The
aerosol mass concentration of 100 μg m-3 were used for daily exposure of 6 hours,
corresponding to a 24-hour average UFP mass concentration of 25 μg m-3. The average
aerosol mass concentration of UFPs for the exposure trials was 99.07 μg m-3 with a
standard deviation of 3.58 μg m-3 (Fig 4.6). Following birth, the offspring of both clean
and polluted chambers were challenged with either phosphate buffered saline (PBS) or
house dust mite (HDM) in PBS, from 0 to 4 weeks of age, and 72 hours after the final dose
they were euthanized on postnatal day 31.

Bronchoalveolar lavaging was performed

and tissue samples were collected.
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Figure 4.6 Daily average aerosol mass loading in the exposure chamber. The average
mass loading was 99.09 μg m-3 with a standard deviation of 3.56 μg m-3.

iii) Results and Discussion
The bulk of the experimental data and conclusions will be contained within the
dissertations of graduate students in the Department of Environmental & Occupational
Health. As such the results will be briefly summarized here to show the efficacy of the
methodology. Exposure to UFPs had no effect on litter size, birth weight, birth length, or
growth up to 4 weeks of age.
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Both strains of mice exposed to UFPs (PM) exhibited increased white blood cell
(WBC) counts from bronchoalveolar lavage fluid (BAL) over the FA group (Fig 4.7).
However, when challenged with HDM the inflammatory response was weaker than FAHDM mice. For the C57B1/6 strain mice the FA-HDM offspring had significantly higher
median BAL WBC counts than the PM-HDM offspring (Fig 4.7). PM exposed mice
treated with HDM had a similar BAL WBC count as PM exposed mice not treated with
HDM (PBS), both of which were lower than the FA-HDM group, indicating a dampened
response. A similar trend was observed in the BALB/c mice but not at a statistically
significant level. Histological examinations of the lungs further reinforced that both FAHDM and PM-HDM mice experienced inflammatory responses (Fig 4.8).
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Figure 4.7 Suppression of offspring airway inflammation response. WBCs per μL
in BAL expressed as mean ± SE (left axis) and the distribution of macrophages,
lymphocytes, eosinophils and neutrophils in BAL expressed as percentage (right axis).
(A) C57Bl/6 (N=8-14 offspring pooled from 3-5 litters, per group). (B) BALB/c (N=3-7
offspring pooled from 3 litters. *p<0.05. **p<0.01. Reprinted with permission from “In
utero ultrafine particulate matter exposure causes offspring pulmonary
immunosuppression” by Rychlik et al.
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Figure 4.8 Reduced pulmonary inflammatory response. Top row, Representative
photomicrographs of H&E and PAS-stained sections of lungs in C57Bl/6 mice exposed in
utero to FA and challenged with PBS show minimal to no inflammation and no increased
mucus production (no staining of goblet cells in PAS). Mice exposed in utero to PM and
challenged with PBS demonstrated analogous histological results. Middle row, Neonatal
mice exposed in utero to FA and challenged with HDM showed the most marked
eosinophilic and histiocytic peribronchiolar and perivascular inflammation with BALT
hyperplasia and increased mucus production with goblet cell hyperplasia. Note the
presence of mucus within the bronchiole in the PAS section. Bottom row, Neonatal mice
exposed in utero to PM and challenged with HDM showed an inflammatory response that
was similar in character to the FA-HDM mice, but on average was less pronounced in
severity of inflammation and mucus production. BALT hyperplasia was similar to FAHDM mice. [Reprinted with permission from Rychlik et al., 2018]
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Lung tissue from offspring were analyzed for genes relative to mucus production.
For C57B1/6 mice the Muc5a gene expression didn’t vary significantly between PM-PBS,
PM-HDM, FA-PBS, or FA-HDM groups. However with BALB/c mice the Muc5a
expression was significantly higher for the FA-HDM group than the PM-HDM group (Fig
4.9). The expression cytokines IL-13 and IL-17 were also measured as indicators for
inflammatory response. For C57B1/6 mice the expression of both IL-13 and IL-17 was
elevated in FA-HDM mice compared to FA-PBS mice. IL-13 and IL-17 expression was
reduced for PM-HDM mice compared to FA-HDM mice, similar in levels to PM-PBS
mice (Fig 4.9)

Figure 4.9 Dampened inflammatory response to HDM in C57Bl/6 strain. Lung tissue from
offspring were analyzed for relative expression of genes associated with mucus production
and selected cytokines. Levels of each transcript were normalized to HPRT and expressed
as the fold change in expression relative to the FA PBS group. Mean values ± SE shown
for 3 mice per group (from 3 separate litters) in C57Bl/6 (A) and BALB/c (B) strains.
*p<0.05. **p<0.01. Reprinted with permission from “In utero ultrafine particulate matter
exposure causes offspring pulmonary immunosuppression” by Rychlik et al.
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Systemic inflammatory response was measured by the cytokines circulating in
offspring serum. For C57B1/6 mice the cytokines IL-9, MCP-1, and MIP-1α were reduced
in PM-HDM offspring compared to PM-PBS offspring. PM-HDM offspring had much
higher levels of IL-10 than FA-HDM offspring. For BALB/c mice the circulation of
cytokines IL-1β, IL-4, and IL-5 were higher while IL-3 was lower in PM-HDM offspring
compared to PM-PBS offspring (Fig 4.10).

Figure 4.10 Strain differences in offspring systemic inflammatory markers. Circulating
cytokines (pg/ml serum) expressed as mean ± SE. Differences observed in levels of IL-9,
IL-10, MCP-1, and MIP-1a in C57Bl/6 strain (N=3-5 offspring pooled from 3-5 litters,
per group). Differences observed in levels of Il-1b, IL-3, IL-4, and IL-5 in BALB/c strain
(N=3-4 offspring pooled from 3-4 litters, per group). *p<0.05. **p<0.01. Reprinted with
permission from “In utero ultrafine particulate matter exposure causes offspring
pulmonary immunosuppression” by Rychlik et al.
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In summary, exposure to UFPs results in increased total white blood cell counts
from bronchoalveolar lavage fluid for both strains of mice compared to the control group.
The mice exposed to UFPs and HDM exhibited a lower inflammatory response than
control mice exposed to HDM, especially so in the C57BL/6 strain. The cytokine
expressions and concentrations in serum reflected the trend of reduced offspring
inflammatory response for mice exposed to UFPs before HDM compared to FA-HDM
mice. This shows that mice exposure in utero to UFPs and then challenged with HDM do
not respond with as robust airway inflammation as control mice exposed to HDM,
indicating an immunosuppressive effect in the lungs.
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CHAPTER V
SUMMARY OF CONCLUSIONS AND FUTURE WORK
i) The effects of functionality of organic acids on sulfuric acid-water binary
nucleation
Due to their profound impact on the climate, air quality, weather, ecosystem and
human health, aerosols represent a major scientific challenge that must be met for the
betterment of mankind. The laboratory experiments detailed in this dissertation uncovered
the role of organic functionality in the formation and growth of nanoparticles. Simple and
small monocarboxylic and dicarboxylic acids did not enhance the nucleation or growth of
nanoparticles in the H2SO4-H2O binary system at any concentration. Larger dicarboxylic
and tricarboxylic acids were found to enhance the particle number concentration, with
tricarboxylic acids being more efficient than dicarboxylic acids. The presence of hydroxyl
functional groups on the organic acid further enhanced the particle nucleation rate, but to
a lesser degree than the carboxylic acids. The addition of methyl substitution groups on
the carboxylic acid decreased the particle nucleation rate, likely due to steric hindrances.
Increasing the carbon chain length of the organic acid also enhances the particle nucleation
rate, but less than that of a carboxylic or hydroxyl functional group. However, only organic
acids with hydroxyl functional groups were found to shift the size distribution of the
measured nanoparticles towards larger particles.
Highly oxygenated organic species have been implicated in contributing to NPF.
The results of our measurements corroborate this, with the functionality of the organic
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species in question determining what role it may play in NPF. As well as organic acid,
ammonia and amines are prevalent in the atmosphere and believed to interact with H2SO4H2O binary nucleation. Future experiments on the quaternary nucleation of organic acidH2SO4-H2O-amines need to be explored to understand the interaction organic acid and
amines have with H2SO4- H2O binary nucleation.

ii) Theoretical calculations of sulfuric acid-organic acid dimers and sulfuric
acid-organic acid critical nuclei
Quantum chemical calculations were conducted to determine the molecular structure
of the dimers of H2SO4 and organic acids and to estimate the critical nucleus on the basis
of the measurements of the slopes of the nucleation rates as a function of gas phase
concentrations of H2SO4 and organic acids. The bonding energies and Gibbs free energies
for the H2SO4-organic acid dimers are more negative than those of the H2SO4- H2SO4
dimer and H2SO4- H2O dimer, indicating that the organic acid- H2SO4dimers are more
stable than the H2SO4- H2SO4 dimer and H2SO4- H2O dimer. The bonding energies and
Gibbs free energy for the dimers decrease with the addition hydroxyl functional groups,
indicating increasing stability and less decomposition with the addition of hydroxyl
functional groups to the organic acid. The dipole moment increases from SuA, MaA, to
TaA- H2SO4 dimers, indicating a greater interaction with polar molecules, such as H2O,
H2SO4, and organic acid, to promote cluster growth.
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Critical nuclei made with organic acid that contain hydroxyl functional groups,
such as TaA and CiA, form more intermolecular hydrogen bonds than critical nuclei
containing organic acid that have no hydroxyl functional groups. The additional
intermolecular hydrogen bonding in the critical nuclei is indicative of a more stable critical
nucleus, reducing the Gibbs free energy barrier that must be overcome for the nucleating
system to form a stable particle.
Future work would encompass the investigation of organic acid with varying
degrees of functionality on ammonia- H2SO4- H2O nucleation and amine- H2SO4- H2O
nucleation, reflecting the continued measurements proposed for chapter II.

iii) The impacts of ultrafine aerosol exposure on fetal development in pregnant mice
We set up and maintained an exposure chamber system for pregnant mice that either
exposes them to clean ambient air or aerosol doped air to observe the effects of maternal
exposure to ultrafine PM on unborn pups in utero. Two strains of mice, BALB/c and
C57B1/6, were used in the experiments and were housed in the exposure chambers for 6
hours a day for the first 18 days of gestation, exposed to either clean air or polluted air
(~100 μg m-3 of UFPs). The mice were exposed to aerosols made from sulfate, nitrate,
diesel soot, and chloride in ratios that replicate the mass composition of aerosols measured
in Beijing during haze events. The exposure window of 6 hours a day gives a 24 hour
average exposure of 25 μg m-3 UFPs. After birth the pups were challenged with HDM
from 0 to 4 weeks of age.
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The results of the exposures indicate that there was no effect on litter size, birth
weight, birth length or growth up to 4 weeks of age. For both strains of mice, pups born
to UFPs exposed mothers exhibited increased WBC counts from BAL fluid over the
mothers exposed to FA. However, the inflammation response to HDM was weaker for
offspring of UFPs exposed mothers than the offspring of mothers exposed to FA, being
consistent with UFPs offspring not exposed to HDM, indicating a dampened inflammatory
response. Lung tissue samples were analyzed for genes related to mucus production and
inflammatory response and for the BALB/c strain there was reduced gene expression in
the UFPs offspring compared to FA offspring, further indicating a dampened response.
These results indicate an immunosuppressive effect in the lungs of the offspring.
This work shows the significant effects in utero air pollution exposure has on the
offspring and demonstrates the need for more investigations into the health risk air
pollution poses to future generations. The apparent immunosuppression in the lungs of the
offspring should be explored further, potentially by exposure to a viral agent. Change can
be made to the mass loading of the aerosols, a larger dose may result in more severe
effects. Composition of the aerosol can be changed, making more acidic aerosols that
better represent the air pollution found in the United States. The co-exposure of particle
phase and gaseous pollutants is believed to give a synergistic effect intensifying the health
complications caused.
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