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ABSTRACT

Ambient nanoparticles (defined as smaller than 100 nm in diameter) can
disproportionally affect climate and human health relative to their mass loading in the
atmosphere.  To better understand these effects, knowledge of chemical composition is
needed. Organic aerosol constitutes a large portion of this matter and most of this
contribution is secondary, meaning that it is formed through reaction of gas phase
volatile organic compounds (VOC) with oxidants (OH, O3, NO3) to give semi- or
non-volatile products. Recently, silicon was reported as a frequent component of
ambient nanoparticles. Measurements with Nano Aerosol Mass Spectrometer
(NAMS), which provides quantitative elemental composition of particles in the 10-30
nm diameter range, showed that Si was often observed in urban and suburban
environments but rarely detected in a remote environment. The location dependence
suggests that Si in these particles is associated with human activity. One possible
source is atmospheric oxidation of cyclic volatile methylsiloxanes (cVMS), which are
commonly used in personal care products. Owing to high vapor pressure, they are
easily released into atmosphere where they may react with OH to form semi- or
non-volatile products. In this dissertation, the chemical composition and formation
mechanisms of secondary aerosol produced from the OH-initiated oxidation of
decamethylcyclopentasiloxane is studied by high performance mass spectrometry.

Firstly, high resolution ESI-MS reveals a large number of monomeric (300 <
m/z < 470) and dimeric (700 < m/z < 870) oxidation products. With the aid of high

resolution and MS/MS, it is shown that oxidation leads mainly to the substitution of a

XVi



CHs; group by OH or CH,0H, and that a single molecule can undergo many CHs group
substitutions. Dimers also exhibit OH and CH,OH substitutions and can be linked by
O, CH; and CH,CH, groups.

Secondly, aerosol formation mechanisms were studied with and without the
presence of ammonium sulfate seed aerosol.  For the unseeded experiments, chemical
characterization with high performance mass spectrometry showed that the molecular
composition changed substantially with aerosol mass loading in the 1-12 pg/m® range.
Monomers (5 Si atoms/molecule) and dimers (10 Si atoms/molecule) dominated the
mass spectra of aerosols at higher mass loadings while ring opened species (neither 5
nor 10 Si atoms/molecule) dominated the mass spectra of aerosols at lower mass
loadings. Molecular signal intensity dependencies on the aerosol volume-to-surface
area ratio suggest that nonvolatile ring opened species are formed in the gas phase and
assist particle formation through condensation, while dimers are formed by accretion
reactions within the particle phase as the particles grow. These conclusions are
supported by experiments in the presence of seed aerosol with similar siloxane aerosol
mass loading but higher volume to surface area ratio, where ring-opened species are
much less prevalent than monomers or dimers and the aerosol yield is higher.

The influence of biogenic secondary organic aerosol on Ds derived aerosol was
studied by mixing p-pinene into reactor. The results showed that aerosol chemical
composition containing both B-pinene and siloxane components is dominated by
B-pinene SOA with slowly increasing siloxane contribution in this mixed system with
increasing aerosol mass loading. Additionally, B-pinene SOA was found to serve in a
similar manner to ammonium sulfate as a seed aerosol where ring-opened siloxane

products are much less prevalent than siloxane monomers or dimers.

XVii



Chapter 1

INTRODUCTION

1.1 The Importance of Ambient Organic Aerosol

Ambient aerosol has been defined as a solid particles or liquid droplets
suspended in the air.  Aerosol particles affect the radiative budget of the Earth’s
atmosphere’ through scattering and absorption of light? (i.e., direct climate forcing
effect) and by modulating the formation and properties of clouds (i.e., indirect
climate forcing effect)®. In addition, aerosols have serious adverse effects on air
quality*, human health®, and ecosystems®. To better understand these effects,
atmospheric particles can be categorized by the size and chemical composition’.
Specifically, the size of ambient particles can vary from several nanometers up to
10um, where those from 2.5 to 10um are called coarse particles and those less
than 2.5um are called fine particles’. Fine particles have a more severe influence
on human health than coarse particles because they can penetrate into deeper
regions of the human respiratory tract during nose breathing®. ~ As a resullt,
atmospheric fine particles are strongly linked with adverse health effects. Fine
particulate matter (PM) makes up a large fraction of the total particulate mass in the
atmosphere, typically 20-60% in the continental mid-latitudes®, and up to 90% in
tropical forested areas™®. Despite the abundance of atmospheric PM, the ambient
composition is still poorly understood due to large measurement uncertainties and
chemical complexity.

According to the different sources, PM could be classified into primary and
secondary. The processes of the formation of primary and secondary aerosol are
shown in Figure 1-1 respectively. Primary particles are directly emitted into the
atmosphere from many sources such as motor vehicle emissions (anthropogenic) or

volcanic eruptions (natural). Secondary particles, on the other hand, are formed by

1



gas-particle conversion process such as nucleation, condensation and multiple
chemical reactions™. While the composition across all environments/sizes is not
completely known, components formed from the oxidation of gas phase organic
molecules (Secondary Organic Aerosol, SOA) have been shown to be a large
contributor to overall aerosol mass'?. It has been shown that about 80% of SOA
in mass is from biogenic sources™. Biogenic SOA is formed form the reaction of
biogenic volatile organic compound (VOC) with atmospheric oxidants such as Os,
OH and NOs resulting in semi- or non-volatile compounds that migrate to the

%13 The SOA formation mechanisms

particle phase through gas-particle transfer
are complex and even though we nowadays have a detailed chemical knowledge
on the degradation of most VOC, a large part of the SOA formation and ageing is
still unclear as well as understanding how different VOC precursors interact with
each other during aerosol formation. In addition to biogenic sources (of which
monoterpenes are most important), SOA could also be generated from other
anthropogenic sources, and of the anthropogenic VOCs, chamber experiments
indicate that aromatic compounds from vehicle emissions produce the majority of
anthropogenic SOA™.  However, a number of recent studies clearly show that

anthropogenic VOCs lead to much more SOA than expected*>*®

suggesting other
unknown production pathways.

Recently, there are several field observations where SOA has been
attributed to originate from both biogenic and anthropogenic sources and it seems

1719 Efforts have

that anthropogenic activities enhance biogenic SOA abundance
been made to quantify the aerosol formation potential (aerosol yield) of both
monoterpenes and aromatic compounds. Odum et al. (1997) showed that the
aerosol yield of whole gasoline vapor can be explained by the sum of the single
SOA vyields of its aromatic constituents'*.  Most models describing SOA
formation assume a thermodynamic equilibrium of organic compounds between
the gas and the aerosol phase. However, these models underestimate the organic

partitioning into the aerosol phase of many compounds®.  As a result, in the
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equilibrium gas/particle partitioning framework, an increase in aerosol leads to a
shift in partitioning from the gas to the condensed phase, therefore increased
anthropogenic emissions of organic particulate matter or semi-volatile OC may
lead to a shift of biogenic carbon from the gas to the condensed phase’.
However, the influence of biogenic SOA on anthropogenic SOA is not well

understood yet.

Secondary Aerosol
Oxidation
(05, OH, NO,)
i Volatile Organic
Primary Aerosol Compound (VOC)
Wood Combustion Miatas Vahick Biogenic Source Anthropogenic

Emissions Source

Figure 1-1: Formation of primary and secondary aerosol in the atmosphere.

The composition of SOA on the molecular level is difficult to analyze,
and it has been shown that studies conducted so far were only able to resolve a
small fraction of the entire organic particle mass?. More accurate studies are
needed to solve the chemical composition SOA and its time dependence. In
recent years, online aerosol mass spectrometers have enabled chemical analyses of
aerosols in real time with high time resolution (seconds to minutes)?. A range of
mass spectrometers using various particle vaporization and ionization techniques
have been developed to solve the complex chemical composition of aerosol.
Most of the currently available aerosol mass spectrometers rely on ‘hard’
ionization methods, and therefore observe many ionic fragments®. A ‘soft’

ionization method that converts the precursor molecules into positive or negative



ions without fragmentation is a key prerequisite for the molecular assignment of
organic compounds, which fragment rather extensively under the traditional
electron impact ionization conditions®. A number of soft ionization methods
have been developed in recent years, and successfully coupled with high
resolution mass spectrometers (HR-MS).  For example, Bruggemann et al.
(2015) presented the development and characterization of a new soft ionization
technique that allows mass spectrometric real-time detection of organic
compounds in aerosols. lonization of the analytes occurs in the afterglow region
after thermal desorption and produces mainly intact quasimolecular ions,
facilitating the interpretation of the acquired mass spectra; Horan et al. (2017)
recently introduced a new ionization method, droplet assisted inlet ionization
(DAII), where aqueous droplets are produced from airborne nanoparticles
allowing for the characterization of airborne nanoparticles with sufficient
sensitivity and application to ambient aerosol as well as laboratory experiments®.
The application of HR-MS combined with tandem mass spectrometry
(MS") for structural characterization of SOA constituents, pioneered by the
Johnston research group in 2004”2, is currently a rapidly growing area of
research in aerosol chemistry. In particular, the chemical composition of
secondary organic aerosol formed from the ozone-initiated oxidation of limonene
was characterized by high-resolution electrospray ionization mass spectrometry in
both positive and negative ion modes®®; additionally, Hall et al. (2012)
successfully studied the formation mechanisms of oligomers produced in the
laboratory by ozonolysis of a-pinene and characterized monomer building blocks
within the reactions that couple them together by utilizing the MS and MS/MS
measurements with high accuracy and resolving power?®.  As a result,
high-resolution mass spectrometry becomes a more and more powerful tool for

detailed characterization of such complex SOA samples.



1.2 Si has been Observed in Ambient Nanoparticles

Silicon (Si) has been reported sporadically in ambient nanoparticles in the
past?®3! but its quantitative contribution to nanoparticle mass has not been
assessed. Bzdek et al. (2014) combined nanoparticle elemental composition
measurements over several field campaigns to show that Si is a frequent
component of atmospheric nanoparticles®®.  In particular, nanoparticle chemical
composition measurements were performed with the Nano Aerosol Mass
Spectrometer (NAMS), which provides quantitative elemental composition of

33-35

nanoparticles in the 10—30 nm diameter size range Specifically, they
analyzed data obtained with the instrument between 2006 and 2012 at urban,
suburban, and rural sites around the U.S. and at a pristine forest site in Finland, in
measurement campaigns lasting several weeks. A surprising observation during
many of these campaigns is that Si was found in a large fraction of ambient
nanoparticles. For example, in Pasadena (CA), which is part of the Los Angeles
metropolitan area, 40% of the measured nanoparticles contained silicon; in
Wilmington (DE), a smaller city in the Philadelphia metropolitan area, the
proportion ranged from 5 to 13%%.  In these populated areas, the proportion of
silicon-containing nanoparticles did not vary greatly with wind direction,
suggesting a diffuse source®’. At the pristine site in Finland, only about 2% of
nanoparticles contained silicon®”. ~ Given the greater proportion of
silicon-containing nanoparticles in populated areas, the researchers suspected the
particles had a human-made source®®. Because the method of nanoparticle
analysis provides only elemental composition, it is not possible to determine the
molecular forms of Si in the nanoparticles®>. However, several studies have
addressed the atmospheric concentrations and lifetimes of organosilicon
compounds such as cyclic siloxanes, which are widely used in personal care
products and industrial applications and which have the potential for long-range
transport and bioaccumulation®’. These sources are related to human activity and

could be manifested on both local and regional scales. To test this hypothesis, a



Johnston group collaborator, Professor Charles Stanier at the University of

lowa, made an atmospheric transport model for three of the most common cyclic
siloxanes found in personal care products—octamethylcyclotetrasiloxane (D),
decamethylcyclopentasiloxane (Ds), and dodecamethylcyclohexasiloxane (Dg).
The team estimated emission rates for the compounds based on U.S. population
data, as well as information based on antiperspirant sales and usage®.  They then
applied known rates for the reaction of siloxanes with hydroxyl radicals in the
atmosphere, to predict the concentration of oxidized cyclic siloxanes across the
U.S. These concentrations peaked in populated areas such as Los Angeles and

the East Coast, consistent with the team’s field data®.

1.3 Cyclic Volatile Methyl Siloxane

One possible source of silicon in ambient nanoparticles is the atmospheric
oxidation of cyclic volatile methylsiloxanes (cVMS). cVMS compounds
predominantly made of —Si(CH3),—O— units and the Si-O atoms are singly bonded
forming aring. Octamethylcyclotetrasiloxane, (D,) and

decamethylcyclopentasiloxane (Ds) are shown as examples in Figure 1-2.

CH; H3C  CHj Hyc HsC HaC

: R > H,C

o/ \o o So” o

\ / HaCal | . |._.-\‘H3C

HyCinne-Si Simi CHy O //S'!\ /S'\
3 2 “
| ~o | 2 o he? he
CHg, CHg, H,C 3 3 3
Octamethylcyclotetrasiloxane (D,) Decamethylcyclopentasiloxane (D)

Figure 1-2: cVMS molecules D, and Ds.

Numerical values of several important physicochemical properties of cVMS
moleucles from D3 to Dg were compiled and discussed in previous publications®.
Especially some thermochemical properties of D3, D4, and Ds (vapor pressure,
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liquid density, viscosity, heat capacity, surface tension, thermal conductivity) were
measured®”. Generally, cVMS are low viscosity silicone fluids with low water
solubility and relatively high vapor pressure representing potential for long range

transport and bioaccumulation in the environment®,

1.3.1 Occurrence of cVMS in the air

Owing to high vapor pressure, more than 90% of cVMS are released into
atmosphere as gases where they may react with OH* to form semi- or
non-volatile products. Table 1-1 then summarizes the results of siloxane
concentration measurements published in the past few years in both of indoor and
outdoor environments, with a much higher concentration in indoor environments=.
Basically, D;—Dg were measured indoor and outdoor air at 20 sites worldwide in
2009, mostly in North America and Europe, including five sites in the Arctic
region®”. High levels of Ds together with some Dg were found in urban areas,
whereas D3 and D4 occurred mostly in northwestern America®. It seems that Ds
and Dg occurrence was explained by the use of personal care products while D3
and D4 were industrial emissions. For example, Buser et al. reported Ds and Dg
at levels up to 650 and 79 ng/m?® respectively in ambient air in Zurich,
Switzerland*. Tang et al. examined the sources of VOCs in a university
classroom and reported a Ds concentration of 60£32ug/m®, which represented >90%
of all VOCs detected*?.  For Ds concentrations, rather good accord with
predictions from two global contaminant models was found, which led to the
conclusion that sources, transport paths, and sinks of Ds are fairly

well-understood®.

matrix siloxane location Concentration ref.
Indoor Office building in San Indoor 1.1-7.4 ppb,
and Ds - 43
. Francisco Bay area outdoor 0.03-0.08 ppb.
outdoor air
. Commercial building 3
Indoor air Ds in California 1.3-120 g/m 44
F . 3 .
Indoor air Dy-De Class room in Ds: 48 g/m®, Dy: 32 45

Northrhine-westphalia, g/m®, Ds: 23 g/m®
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Germany

Rural site of

3
Stockholm, Sweden 0.7-8 ng/m’ for 4 month | 46

Outdoor air Ds

Ambient air of Zurich,

. 3
Outdoor air Ds Switzerland. 650 ng/m 41
. ] 20 sites in North Ds: 117 ng/m®, D4: 50
Outdoorair | DsDs | Arerica and Europe ng/m°, Ds: 280 ng/m® 40

Table 1-1: Occurrence of cyclic siloxanes in the air published in the past a few
years.

As discussed earlier, the major degradation pathway of cVMS in the
atmosphere is oxidation by hydroxyl radical (OH) *°, where generation of
semivolatile and nonvolatile products can lead to aerosol formation*”.  An
atmospheric transport model with built-in OH and Ds chemistry was used to
predict Ds concentrations in air at a rural site in Sweden, with good agreement
between measured and predicted concentrations*.  Janechek et al. modified the
Community Multiscale Air Quality (CMAQ) model by incorporating cVMS and
their gas phase oxidation products, and found that oxidized Ds concentrations
could be up to 9 ng/m* downwind of major urban areas®. It has been reported
that the atmospheric half-lives of cVMS have been estimated to range from days
to weeks (e.g., 30 days for D3, 15 days for D4, and 10 days for Ds) indicating the
long range transportation in the air*®. In 1991, Atkinson®® determined the
first-order rate constants (k) for gas-phase reactions of D3, D4, and Ds with OH
radical at 298 K to be (0.52 #0.17) <10 %%, (1.01 +0.32) %10 *?, and (1.55 %0.17)

1.*° measured the rate

=10 *2cm® molecule ™ s, respectively; Sommerlade et a
constant for reaction of D4 with OH radical to be (1.26 +0.40) <10 *?
cm?® molecule™ s at 297K and confirmed several identified products by using

GC/MS. In arecent study, Safron et al.>®

measured reaction rates of D4, Ds, and
Ds with OH between 313 and 353 K in a small scale reaction chamber, using the
method of relative rates with cyclohexane as a reference substance. The reported

k values of D4, Ds, and Dg calculated at 298 K from the resulting Arrhenius



equations are (1.9 +0.3) <10 *, (2.6 +0.3) x10*?, and (2.8 +0.3) <10 **
cm?® molecule™ s7*, respectively®.

The reaction mechanism between cyclic siloxane and OH radical is
complicated. Generally, the first step of the reaction of cVMS and OH is
considered to be H-atom abstraction from the methyl group, producing a siloxane
methyl radical and water®.  Subsequent reactions of the siloxane methyl radical,
involving consecutive initiation, self-reaction, chain propagation, and
isomerization steps, are still not well understood. Reaction scheme could only be

proposed and based on known atmospheric chemistry of similar compounds as

shown in Figure 1-3°,

o0—o o
/ an
CH, CH, CH, CH,
OH | 02 | \ ,.."
—0—Si—0— —= _O—Ti_o_ + H,0 —=— —o-—Ti—o— — —o-—Tu—o—
CH, CH, CH, CH,
[~ [
OH o o
H,0 | 0, |
HCOOH + —O0—Si—O0— «—— —0—Si—0— —o—Ti—o—
CH, CH, CH,

Figure 1-3: Proposed oxidation reaction mechanism of Si-CHs groups

1.3.2 Analysis of cVMS
Quantitative analysis of cVMS at trace levels is a demanding task.
Methods, intricacies, and potential fallacies of cVMS analysis were well described

36,52

in reviews Difficulty of analysis, and thus lack of analytical methods for

routine use, is probably one reason why siloxanes were not included in
environmental monitoring programs®. It is only recently that analytical methods
for determination of individual cVMS in environmental samples have been
developed. Quite logically, for volatile analytes such as D4 and Ds, GC is the

method of choice, preferably in combination with MS detection* 9%, As
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discussed above, although degradation by OH radical is the main oxidation
pathway of cVMS in the atmosphere, the products and mechanisms are not well
understood. In other words, explicit molecular identification of products was not
included. This is justified given the lack of knowledge about the distribution of
products under atmospherically relevant oxidation conditions.  Specific products
have been identified in chamber studies using GC/MS analysis of filters, denuders,
and extracts from reaction vessels®.  Studies also propose multistep mechanisms
leading to a first generation of stable oxidation products. Sommerlade et al.
(1993) detected D3TOH (one OH substituted D,4) as a major product species from
reaction of D4 using GC/MS*. However, DsTOH only accounted for 46% of the
mass of products resolved by GC/MS. Several other products were resolved, and
still other products could not be resolved. Fragmentation in the GC/MS may
occur as well.  Whelan et al. (2004) modeled multigenerational oxidation leading
to progressive substitution of methyl groups by alcohol groups, but experimental
observations of atmospheric products to support their model are not available®.
This dissertation includes the first report of using high resolution mass
spectrometry(HR-MS) to characterize the chemical composition in the aerosol

phase, which will be discussed late in Chapter 2473,

1.4 Scope of this dissertation

As discussed in previous sections, there exists a need for the research of
aerosol produced from cVMS-OH oxidation, especially the products on molecular
levels and chemical evolution under the atmospheric relevant conditions.
Focusing on siloxane-derived aerosol by using multiple mass spectrometry
techniques, this dissertation seeks to help bridge those gaps by characterizing the
aerosol molecular composition and aerosol formation mechanisms.

Specifically, Chapter 2 describes the chemical composition of secondary
aerosol produced from the OH-initiated oxidation of

decamethylcyclopentasiloxane (Ds, C19H300sSis) by high performance mass
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spectrometry. Experiments are detailed which give insight into the molecular
characterization of oxidized Ds products by utilizing high resolution MS and
MS/MS.

Chapter 3 then describes the molecular composition of secondary aerosol
obtained from Ds oxidation generated both in the presence and absence of
ammonium sulfate seed aerosol. Systematic changes in the molecular
composition with aerosol mass loading are observed and interpreted on the basis
of estimated volatilities of the individual molecular products, which give
fundamental insight into the pathways involved in secondary aerosol formation.

Chapter 4 expands the single silxoane precursor to a mixed VOC precursor
condition.  Aerosol generated from a mixture of Ds and 3-pinene was used to
study the influence of biogenic and anthropogenic precursors on each other.

High resolution MS/MS is performed to elucidate the chemical structure of the
products generated from the mixed oxidation system.

Chapter 5 concludes with an overview of the aerosol generated from OH
oxidation of Ds. Remaining questions are needed to study this chemistry under a
wider range of experimental conditions and particle phase morphologies that

might be encountered in ambient aerosol.
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Chapter 2

MOLECULAR CHARATERIZATION OF SECONDARY AEROSOL
FROM OXIDATION OF CYCLIC METHYLSILOXANES

2.1 Silicon observed in ambient nanoparticles.

As described in Chapter 1, ambient nanoparticles (smaller than 100 nm in
diameter) can disproportionately affect climate and human health relative to their
mass loading in the atmosphere. These particles influence climate by scattering
the incoming solar radiation' and/or serving as cloud condensation nuclei
(CCN)*. They influence human health by penetrating deep into the respiratory
system>”.  To better understand these effects, knowledge of the chemical
composition is needed®.  Organic aerosol constitutes a large portion of this matter
and most of this contribution is secondary, meaning that it is formed through
reaction of gas phase volatile organic compounds (VOC) with oxidants (OH, Os,
NOs) to give semi- or non-volatile products®®.

Recently, silicon was reported as a frequent component of ambient

10,11

nanoparticles Measurements with Nano Aerosol Mass Spectrometer

(NAMS), which provides quantitative elemental composition of particles in the

1213 showed that Si was often observed in urban and

10-30 nm diameter range
suburban environments but rarely detected in a remote environment**.  The
location dependence suggests that Si in these particles is associated with human
activity. One possible source is atmospheric oxidation of cyclic volatile
methylsiloxanes (cVMS), which are commonly used in personal care products™ *.
cVVMS are considered to be environmentally acceptable cleaning agents*’ due to
their inertness to ozone'®.  Owing to high vapor pressure, they are easily released
into atmosphere where they may react with OH to form semi- or non-volatile

products. An atmospheric transport model for three most common cVMS in
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personal care products: (octamethylcyclotetrasiloxane, Dg;
decamethylcyclopentasiloxane Ds; and dodecamethylcyclohexasiloxane, Dg) is
consistent with c\VVMS as a possible source of nanoparticulate Si'“.

In this chapter, the molecular composition of secondary aerosol obtained
from cVMS oxidation is studied in detail. Dswas chosen as the precursor and
Ds-derived secondary aerosol was produced in a Photo-oxidation Chamber (PC) to
simulate photo-oxidation in the atmosphere by reaction with hydroxyl radical.
Several measurements were performed including high-resolution ESI-MS,
ESI-MSMS and EI-MS.  Previous work used only low-resolution GC-MS
analysis, which could only provide partial characterization of the oxidation

products™.
2.2 Method Configuration

2.2.1 Aerosol Formation and Particle Collection

The experimental setup is shown in Figure 2-1.

®

Air Scanning Mobility Particle

Blow Gas Bubbler Sizer (SMPS)
Photo-Oxidation
Air Ozone Deionized Chamber .
Flow Generator Water Filter Vacuum

@ Collection Pump

Figure 2-1: Experimental Setup.

Aerosol was generated in a Photo-oxidation chamber (PC) (Figure 2-2)
consisting of a 50L box shaped chamber made of a perfluoroalkoxy copolymer?.
Before each experiment, the chamber was flushed continuously with clean, dry,
air for 2-3 days.  After flushing, background particle concentrations in the PC

were below 100/cm® and 0.5 pg/m®.  The air was cleaned by passing compressed
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air through charcoal and high efficiency particulate matter air (HEPA) filters to
remove organic vapors and particulates, and through silica gel to remove moisture.
A Scanning Mobility Particle Sizer (SMPS; Model 3080/3078, TSI, St. Paul,
Minnesota) was used to measure particle size distributions before and during

experiments.

Figure 2-2: Photo-Oxidation Reaction Chamber.

Ds vapor was generating by passing clean, dry air with a flow rate of ~700
cpm (cm®/min) over the surface of Ds fluid (CAS No0.541-02-6, Gelest,
Morrisville, Pennsylvania) in a gently heated gas flask bubbler (Flow 1 in Figure
2-1). Ozone was generated by passing clean air around a mercury lamp (Model
No0.81-1025-01, BHK Inc., Ontario, California) and the ozone concentration was
monitored with a Model 49i O3 Analyzer (Thermo Fisher Scientific Inc., Waltham,
MA). The gas flow of Dswas sent into the PC along with additional 100cpm
flow of 15-20 ppmv ozone and 240cpm flow of water vapor, which was created by
bubbling air through deionized water (Flow 2 in Figure 2-1). These flows

yielded a nominal residence time of 40 min in the PC. Once the gas flows, 0zone
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concentration and relative humidity were stabilized, reaction was initiated by
irradiating the chamber with UV lamps to generate OH from ozone and water:
Ost+hv — 0,+O(*D)
O(‘D)+H,0 — 20H
The hydroxyl radical concentration used in these experiments was estimated with
a method introduced elsewhere ?° by sending a known concentration (5ppm) of
SO, into PC, along with ozone and water vapor.  After turning on the UV lamps,
OH will react with SO, to produce H,SO,4 with a second order rate constant of
15,

9.0x 10" cm®molecule The OH concentration is estimated by:

d[H,S0,]
dr

= k'[OH]

where the change of H,SO,4 concentration with time is determined from the
change of aerosol mass with time (measured by SMPS) and k’ is the second order
rate constant multiplied by SO, concentration (5ppm). For the experiments
performed in this study, the OH mixing ratio for these experiments was estimated
to be ~1.5x 10® molecules cm™.  Particulate matter in the air flow exiting the PC
was collected at a flow rate of ~2 Ipm for 20-24 hrs onto a Teflon coated, glass
fiber filter (GF/D, CAT No0.1823-025, Whatman, GE Healthcare, Piscataway, NJ)
for chemical analysis. Under the conditions used in this study, the secondary
aerosol mass concentration was ~60 pg/m?, more than one hundred times larger
than the background concentration. Generally, 0.3 to 0.5 mg of aerosol was
collected in each experiment for analysis. In all experiments, chamber, filter and
solution blanks were collected prior to the injections of reactants to identify and
eliminate any artifacts.

After particle collection, the filter was sonicated for one hour with ~8 ml
acetonitrile (ACN) (CAS No. 75-05-8, Fisher Scientific, Pittsburgh, Pennsylvania)
and the resulting solution was filtered through a polyvinylidenedifluoride (PVDF)
filter (CAT No. 6747-2504, GE Healthcare, Piscataway, NJ). The filtered
solution was then concentrated nearly to dryness (<0.5ml) with a Speed Vac
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Concentrator (Model SC110A, Thermo Scientific, Waltham, Massachusetts).
Finally, the sample was reconstituted to 1 mg/ml with acetonitrile (ACN).
Reconstitution with methanol or ACN/H,0 50/50 by volume gave similar mass
spectrometry results.

A few experiments were performed by bubbling air through a solution of
D, rather than Ds.  All other conditions for the experiment remained the same.
The D4 concentration in the chamber for these experiments was not estimated,

though the aerosol mass loading was similar to the Ds oxidation experiments.

2.2.2 Mass Spectrometer

High resolution electrospray mass spectra (ESI-MS) in both positive and
negative ion modes were obtained with a Q-Exactive Hybrid Quadrupole-Orbitrap
Mass Spectrometer (Thermo Scientific, Waltham, Massachusetts) equipped with a
heated electrospray ionization source (HESI). Samples were injected at a flow
rate of 0.5 pL/min with a spray voltage of 3.5 kV and a temperature of 250 °C.
Mass spectra were obtained over the range 50-950 m/z with a nominal mass
resolving power of 70000. Typically, data were acquired for 1 min with ~60
spectra averaged. For ESI-MS/MS experiments, a quadrupole mass filter
isolated each chosen precursor, with subsequent analysis using collision
induced dissociation (CID) with the collision energy adjusted between 10 and 30
eV depending on the precursor ion.

Samples were also analyzed by GC-MS with a Waters GCT
Premier high-resolution time-of-flight mass spectrometer with a scan range of
50-950 m/z coupled to an Agilent 7890A gas chromatograph. lonization was
performed by 70eV EI with a source temperature of 180 °C. Chromatographic
separation was performed with an Agilent HP-5 column using a 3puL injection
volume and an injection port temperature of 280 °C.

Four separate experiments of Ds oxidation were performed under the

conditions given above, and only those ions which were detected by ESI-MS in all
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four experiments are discussed below. These ions represented ~85% of the total
number of ions detected. lons that were detected in fewer than four experiments
generally had very low signal intensities, which may have inhibited detection in

some experiments and/or may have compromised accurate m/z measurement.

2.3 Molecular Characterization of Ds-Oxidized Products

2.3.1 High Resolution Mass Spectra Interpretation

Figure 2-3 shows mass spectra of Ds-derived secondary aerosol averaged
from the four replicate experiments in the positive and negative modes
respectively. Both monomer and dimer products are observed. Aerosol
formation was also studied under lower mass loading condition by injecting a
smaller amount of gas phase Ds into chamber.  Figure 2-4 shows ESI mass
spectra of aerosol generated from low and high mass loading conditions.  75% of
total peaks are observed in both spectra, indicating that the effect of mass loading
on the types of extractable products may be small. The monomer signal intensity
appeared to increase relative to the dimer signal intensity when the mass loading
was decreased, though more work is needed to explore this dependence

thoroughly (see Chapter 3).
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Figure 2-3: Representative ESI mass spectra of secondary aerosol from Ds
oxidation.
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Figure 2-4: Representative ESI mass spectra in the positive ion mode of
Ds-derived aerosol generated under conditions giving high (60 ug/m) vs. low (~6
ng/m®) mass loading.

lons observed in all four experiments were further characterized in the
following way. First, background peaks from the PC and filter were removed
from consideration, as were peaks with <0.5% (positive spectrum) and 0.1%
(negative spectrum) relative intensity. This left a total of 190 (positive spectrum)
and 233 (negative spectrum) peaks between 50 and 950 m/z.  Chemical formulas
with theoretical m/z values within + 5 ppm of the measured m/z values were
determined with the mass spectrometer software (Xcalibur). Reasonable
formulas were selected based on the following general criteria: a)
Co-10H1-3001-20Si1-5 for monomers and C10-20H30-60010-30Si5-10 for dimers, b) up to 1
Na atom for peaks in the positive ion spectrum, and c) H/C atomic ratio between
2.7 and 3.8.

Of the original 190 peaks in the positive spectrum, 154 peaks (81%) were

assigned a reasonable single formula based on the above criteria.  Of the original
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233 peaks in the negative spectrum, 203 peaks (87%) were assigned a single,
reasonable formula. The average mass difference between measured and
theoretical m/z for peak assignments was 1.28 ppm. The majority of the
assigned peaks in the positive ion spectrum (72%) contained one Na atom.
Additionally, there was no evidence for multiply charged peaks. Only 30 peaks
from the positive spectra and 26 peaks from the negative spectra could not be
assigned a reasonable formula, and their relative intensities were generally < 1%.
Assigned peaks are given in Appendix A of this thesis. The mass weighted
signal intensity fractions (MIF)? of these ions (defined below in Section 2.3.1.2)
showed that the average O/Si atomic ratio increased from 1 in Ds to ~1.3 in the
oxidized aerosol while the C/Si atomic ratio decreased from 2 to ~1.7 under the
experimental conditions used in this study.

Peak assignments from the positive and negative ion spectra were
combined, and redundancies due to charge (assuming M+H", M+Na*, M-H) and
isotopic substitution were removed, giving 135 unique molecular formulas for the
(neutral) products. The products were divided into three types: fragmented or
ring-opened products, unsaturated products and saturated substituted products.
Ring-opened products were defined as those where the siloxane ring had to be
broken, i.e. silicon numbers of 1-4 (monomers) or 6-9 (dimers); representative
examples are CgH2404Si, and C1oH3208Sis.  Unsaturated products were defined
as those having silicon numbers of 5 (monomers) or 10 (dimers) but with an H/C
atomic ratio less than 3, indicating the presence of unsaturated functional group(s);
representative examples are CoH26035Sis and C1gHs,01,Si10.  Saturated,
substituted products were defined as those having silicon numbers of 5 (monomers)
or 10 (dimers), but H/C >3 and O/Si>1; representative examples are CgH»307Sis
and C1gHs4011Si10.  Under the conditions of these experiments, more that 95% of
the total mass weighted signal intensity was encompassed by ring-opened and
saturated products as shown in Table 2-1. Therefore, only these two product
types are discussed below.
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Ring-Opened Saturated Unsaturated
Positive | # of products 11 49 13
MIF (%) 31 66 3
Negative | # of products 52 30 22
MIF (%) 20 79 1

Table 2-1: Number and Mass-Intensity Weighted Fraction, MIF (%), of
ring-opened, saturated and unsaturated products of Ds oxidation in the positive
and negative ion modes, respectively.

2.3.1.1 Ring-Opened Products of Ds

A total of 58 neutral ring-opened products were assigned. The molecular
formulas suggest the presence of both cyclic and linear siloxane structures with
different numbers of subunits, e.g. D, D3, D4, Ly, Ls, L4 (D=cyclic; L=linear) with
various fragmentations and substitutions e.g. loss of a CH3 group, substitution of
an OH group for a CH3 group, etc. as shown in Table 2-2.  Figure 2-5 gives the
positive ESI mass spectrum of pure Ds as a control.  Several fragmentation peaks
are observed, some examples being 355.069 m/z assigned as (CH3)o(OSi)s" and
297.082 m/z assigned as (CH3)s(OSi)sH". It is likely that oxidation products of
Ds will also fragment during ESI analysis, making it difficult to distinguish
whether or not the ring-opened products observed in this work are the result of

photooxidation or an ESI artifact.

2 Slioxane subunits 3 Slioxane subunits 4 Slioxane subunits 553:)'8;](?[29
Cyclic (CH3)4(0Si), (CH3)s(OSi)3 (CH3)s(OSi), (CH3)o(OSi)s
(CH3)3(OH)(OSi), (CH3)s(OH)(OSi)s (CH3)7(OH)(OSi)4 (CH53)g(OH)(OSi)s
(CH3)s(CH,OH)(OSi)3 | (CHs)7(CH,OH)(OSi)4
(CH3)sO(OSi)4
Linear (CH3)5(OH)OS|2 (CH3)5(OH)2028|3 (CHg)g(OH)zo3S|4 N/A
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Table 2-2: Several ring-opened products in Ds-derived secondary aerosol.
Molecular formulas are written based on likely structures (linear, cyclic) and
functional groups. However, it should be noted that these structures have not
been confirmed by e.g. MS/MS analysis.
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Figure 2-5: Positive ESI mass spectrum of pure Ds in ACN with a concentration
of 100 pg/ml.

2.3.1.2 Saturated Oxidation Products of Ds
The mass-weighted signal intensity fraction (MIF) of an individual peak (i)

is given by:

where (m/z); is the mass to charge ratio of peak i, |; is the signal intensity of the
peak and the summation is over all assigned peaks. The MIF takes into account
that higher intensity and/or higher mass ions tend to represent a greater portion of
the total sample mass?2.  Under the experimental conditions of this study,
saturated products represent the majority of the MIF (~70%). Relative to Ds and

its dimer, these products contain higher amounts of oxygen and lower amounts of
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carbon and hydrogen. Figure 2-6 provides a graphical summary of these
formulas as a function of carbon to silicon (C/Si) and oxygen to silicon (O/Si)
atomic ratios. The change in O/Si and C/Si ratios between the Ds reactant and its
oxidation products indicate the types of reactions that take place?®. For example,
substituting a CH,OH group for a CH3 group increases the O/Si ratio while the
C/Si ratio remains constant, i.e. oxidizing (CH3)10(SiO)s to produce
(CH3)10x(CH20OH)«(SiO)s.  Substituting an OH group for a CH3 group decreases
C/Si ratio and increases O/Si ratio, i.e. oxidizing (CHs3)10(SiO)s to produce
(CH3)10-y(OH)y(SiO)s.  For monomers, the assigned product formulas indicate
various combinations of OH and CH,OH substitution with up to 6 CH3 groups
replaced (Fig. 2-6a). The same types of substitutions are observed for dimers
(Fig. 2-6b), but with the additional complication that the two monomers in a dimer

can be linked with several species i.e. O, CH; and CH,CH,.
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Figure 2-6: Plots of C/Si versus O/Si for saturated products of Ds oxidation in the
monomer (a) and dimer (b) regions. Each dot represents an assigned molecular
formula of a saturated oxidation product. The arrows in the monomer plot extend
from unoxidized Ds and represent the two types of substitution that can occur. The
arrows in the dimer plot take into account difference possible linkages between
monomers.

2.3.2 High Resolution MS/MS Spectra Interpretation

2.3.2.1 OH Substitution of a CH3 group

Figure 2-7a and 2-7b show ESI-MS/MS spectra of the CoH2506Sis neutral
product in positive and negative ion modes, which is considered to have one OH
substitution for a CH3 group.  The positive spectrum in Figure 2-7a shows the
dissociation of the precursor at 373.080 m/z(+) which is assigned as CoH2906Sis",
with -2.43 ppm mass accuracy, while the negative spectrum in Figure 2-7b shows
the dissociation of the precursor at 371.066 m/z(-) which is assigned as
CgH2706Sis™  with mass accuracy -1.06 ppm.  The first neutral loss in positive
spectrum is H,0 (CgH2906Sis" to CoH2705Sis™), while the corresponding loss in
the negative spectrum is CH, (CgH2706Sis to CgH2306Sis).  These products are
consistent with protonation of the OH group in the positive spectrum and
deprotonation of the OH group in the negative spectrum.  Other diagnostic ions
are protonated and deprotonated trimethyl silanol, [Si(CH3);OH+H'] and

[Si(CH3)307] respectively, neutral loss of Si(CH,)4, and a series of
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protonated/deprotonated products corresponding to successive loss of siloxane
subunits e.g. loss of C4H1,0,Si; or CgH1803Sis3.

It should be noted that a nearby precursor ion is observed in the positive
mass spectrum at 373.043 m/z(+), which is assigned as the unsaturated product
CgH250Sis” (-2.17 ppm).  While this ion could lead to some of the products in
Figure 2-7a, several product ions including the first neutral loss cannot be
explained by its molecular formula (precursor has fewer carbon atoms than
product). Furthermore, when the collision energy is increased from 10eV to
30eV, the product ion signal intensities increase substantially. At the same time,
the normalized intensity of the precursor of interest 373.080 m/z(+) decreases by
almost a factor of 6 (1.8x 10° to 3.4x 10°), while the normalized intensity for the
“impurity” precursor at 373.043 m/z(+) hardly changes at all (8.0x 10° to 6.5x
10°). Taken together, the inconsistency of several product ions with the
“impurity” precursor and the disparities in signal intensity suggest that the OH
substituted product at 373.080 m/z(+) is the main contributor to the spectrum in
Figure 2-7a and 2-7b products observed in this work are the result of

photooxidation or an ESI artifact.
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Figure 2-7: Product ion spectra for isolation of a) 373 m/z(+), b) 371 m/z(-) and ¢)

387 m/z(+). These precursors correspond to the oxidation product of Ds having

one OH substitution for a CH3 group and Ds having one CH,OH substitution for a
CHj; group.

2.3.2.2 CH,OH Substitution of a CH3z Group

Figure 2-7¢ shows the product ion mass spectrum for the 387.098 m/z(+)
precursor C1oH3106Sis" (+0.22 ppm) which corresponds to one CH,OH
substitution for a CHz group.  The first neutral loss is H,O, consistent with
protonation of the OH functionality. The second and more intense neutral loss is
355.069 m/z(+) (CgH,705Sis", 2.92 ppm), which corresponds to the loss of

CHsOH from the precursor. Another diagnostic ion is C4H130Si", which

corresponds to protonated trimethylsilyl-methanol.

2.3.2.3 Dimer Linkages by O and CH,
Figure 2-8a shows the product ion spectrum of the 727.140 m/z(+)

precursor assigned as C1gHs5011Si10" (-3.47 ppm), while Figure 2-8b shows an
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expansion of the product ion spectrum between 350 and 380 m/z(+). Two dimer
linkages are possible for the precursor molecular formula. One is linkage by an
O atom with all side groups as CH3 (Figure 2-9a) and the other by a CH, group
with one side group as OH and the remaining as CH3 (Figure 2-9b). The two Cg
product ions labeled in black in Figure 8a cannot distinguish between the two
linkages since they are expected products of both structures as shown in Figure
2-9aand b. However, insight can be gained from other product ions in the
spectrum.  The first fragmentation from this precursor (C17Hs1011Siyo", -1.90
ppm) corresponds to a neutral loss of CH4 while no H,O loss is detected (Figure
2-8a). When compared with the neutral losses in Figure 2-7a and 2-7c, this
observation suggests that very few precursors have an OH group and, therefore,
the two siloxane rings are linked by an O atom in most dimers. However, the
expansion in Figure 2-8b shows the presence of very low intensity fragment ions
that are consistent with a CH, linkage. In particular, the C1oH,90sSis" product
ion cannot be obtained from a dimer linked by an O atom (see structures in Figure
2-9aand b). Taken together, there is strong evidence that both O and CH,
linkages exist, though products unique to the O linkage have much greater

intensity than those unique to the CH, linkage.
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locations of the two CH,OH groups in ¢) can be anywhere on the left hand ring,
while the location of the OH group can be anywhere on the right hand ring. The

Cy1 product confirms the existence of a CH,CH,- linkage.

Other labeled ions are

consistent with, but not unique to, this linkage.
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2.3.2.4 Dimer Linkage by CH,CH,

A CH,CHj; linked dimer has been discussed previously as a product of Dy
oxidation'®. Here, there are many precursors having formulas consistent with a
CH,CHj, linkage, but it is very difficult in to distinguish by MS/MS a structure
having a CH, li nkage with a CH,OH substitution from one having a CH,CH,
linkage with an OH substitution. Nonetheless, one precursor at 795.128 m/z(+)
assigned as C19Hs6013SiioNa” with (-3.18 ppm) provides clear evidence for a
CH,CHj; linkage.  This precursor must have either a CH; linkage with 3 CH,OH
substitutions or a CH,CH;, linkage with 2 CH,OH substitutions and 1 OH
substitution.  The key product ion shown in Figure 2-8¢ is C11H300;SisNa" (-1.12
ppm), which can only be formed from a precursor having a CH,CH, linkage as

illustrated by the structure in Figure 2-9c.

2.4 Comparison to Previous Work

High resolution GC-MS analysis is performed to study the major building
blocks of Ds-derived aerosol. These data provide the opportunity to check
consistency with ESI MS/MS analysis and compare with previous work. The gas
chromatogram obtained is shown in Figure 2-10a.  Similar to the study of
Sommerlade®®, GC-MS confirms that major components of Ds-derived secondary
aerosol are Ds (presumably partitioned to the particle phase and/or bound within
dimers), and an oxidation product corresponding to one OH substitution for CHj
as shown in Figure 2-10b.  Our GC-MS results and those of Sommerlade provide
evidence for a CH,OH substitution product and the presence of dimers (O and
CHjy linked dimers) (Figure 2-10c), which is consistent with ESI-MS results,
though the full range of products observed with ESI cannot be characterized by

GC-MS.
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Figure 2-10: a) GC-MS total ion chromatogram of Ds-derived aerosol. b) EI mass
spectra of three peaks in the chromatogram corresponding to Ds, OH substituted
Ds and CH,OH substituted Ds.  The EI mass spectra match library spectra for
these compounds. ¢) EI mass spectra of what appear to be peaks corresponding to
O and CHj linked dimers.
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The major products characterized in this work can be explained by OH
abstraction of a hydrogen atom from Ds as the initial step. Figure 2-11 shows
possible formation pathways for several of these products. Formation of the OH
substitution product is similar to the reaction sequence proposed by Atkinson®”.
Note that formation of a multiply substituted product does not necessarily require
multiple OH abstractions, since an auto-oxidation process based on internal
hydrogen rearrangements® could lead to several substitutions. Figure 2-11 also
shows a possible way that a dimer can be produced in the gas phase, while the
results discussed in Chapter 3 suggest that dimers are only formed in the particle
phase. Ring-opened products could be produced in the gas phase — particularly

those that appear to contribute to nucleation (> 5 Si atoms).”®
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Figure 2-11: Possible pathways for product formation from OH oxidation of Ds.

2.5 Dy-derived Secondary Aerosol

Secondary aerosol derived from OH oxidation of D4 (CgH2404Si4) was
briefly studied for comparison to Ds-derived aerosol. Representative ESI-MS
spectra of D4-derived aerosol were shown in Figure 2-12. The ESI-MS spectra for
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D,-derived aerosol showed many more peaks than Ds-derived aerosol, especially
in the dimer and trimer regions. By applying the analysis procedure as discussed
previously for Ds, of the original 736 peaks in the positive spectrum, 671 peaks
(91%) were assigned a reasonable, single formula.  Of the original 455 peaks in
the negative spectrum, 409 peaks (90%) were assigned a single, reasonable
formula. The average mass difference between measured and theoretical m/z for
peak assignments was 2.56 ppm. After removing redundancies due to charge
(assuming MH*, MNa*, M-H") and isotopic substitution, 529 unique molecular
formulas for the (neutral) products were obtained, which could be subdivided into
ring-opened, unsaturated and saturated products. About 96 % of the total
products were ring-opened or saturated, but more ring-opened products were
observed for Ds-derived aerosol than Ds-derived aerosol. MIF analysis showed
the O/Si ratio increased from 1 in D4 to ~1.48 in the oxidized aerosol while the
C/Si ratio decreased from 2 to ~ 1.56 for the conditions used in this study.
Saturated products are shown graphically in Figure 2-13 where C/Si vs.
O/Si is plotted for each observed molecular formula. Both OH and CH,OH
substitutions for CH3 were identified, and relative to Ds, a greater fraction of the
CHs; groups were found to be oxidized in D4.  Furthermore, monomer products
having more than 8 oxygen atoms added to the D4 molecule were detected,
indicating that peroxy groups (CH,OOH) must also be formed which also

consistent with the result published by Sommerlade et al.*
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a) monomer and b) dimer regions. Each dot represents an assigned molecular
formula of a saturated oxidation product. The arrows in the monomer plot extend
from unoxidized D, and represent the two main types of substitution that occur.
The arrows in the dimer plot take into account different possible linkages between
monomers. Circles represent monomer products where all eight CH3 groups
have been substituted. Formulas to the right of the circles (same C/Si but higher
O/Si) must contain peroxy groups.

2.6 Conclusions

In this chapter, the molecular composition of cVMS-derived secondary
aerosol was characterized by high performance mass spectrometry. Based on
chemical assignments, the products can be divided into three types: ring-opened
products, unsaturated substituted products and saturated substituted products.
Ring-opened products arise at least probably in part as artifacts of electrospray
ionization.  Saturated substituted products exhibit the highest signal intensities.
Based on a mass-weighted intensity fraction analysis, gas phase Ds (O/Si=1,
C/Si=2) was oxidized to produce aerosol whose detected products have an average
O/Si~ 1.3 and an average C/Si =~ 1.7 under the conditions studied. Gas phase D,
was oxidized to produce trimers in addition to monomers and dimers, with the
detected products having average O/Si~ 1.5 and C/Si = 1.6 under the conditions

studied. ESI-MS/MS analysis of the Ds-derived aerosol provided evidence for
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major substitution types along the siloxane ring and the linkages of two siloxane
rings to produce dimers.  The results showed that OH and CH,OH substitutions
are prevalent, and dimers can be linked by O, CH, and CH,CH, groups.
D4-derived aerosol gave evidence for the presence of peroxy groups (CH,OOH).
GC-MS with EI generally confirmed the ESI analysis, though products were
incompletely characterized owing to the greater extent of ion fragmentation. The

work presented in this chapter was published in Journal of The American Society

for Mass Spectrometry by Wu and Johnston in 2016%.
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Chapter 3

AEROSOL FORMATION FROM OXIDATION OF VOLATILE CYCLIC
METHYL SILOXANE (cVMS) DECAMETHYLPENTASILOXANE
In this chapter, the molecular composition of secondary aerosol obtained

from Ds oxidation is studied both in the presence and absence of ammonium
sulfate seed aerosol using high performance mass spectrometry. Systematic
changes in the molecular composition with aerosol mass loading are observed and
interpreted on the basis of estimated volatilities of the individual molecular
products, which give fundamental insight into the pathways" involved in
secondary aerosol formation.  Accretion reactions, specifically those where two
semivolatile monomers react in the particle phase to give a nonvolatile dimer, are
shown to have a substantial impact on aerosol formation as the aerosol mass

loading increases.

3.1 Experimental Section

As discussed in Chapter 2, secondary aerosol was generated in a
Photo-oxidation chamber (PC) consisting of a 50L (251 <251 <800 mm, WxHXL)
rectangular bag composed of a perfluoroalkoxy copolymer (Welch Fluorocarbon,
Dover, New Hampshire). To avoid any potential contaminations from the air, a
Zero-Air generation system (Model 737, Aadco, Cleves, Ohio) is applied in all
experiments. Before each experiment, the PC was still cleaned by exposure to 20
ppmv ozone in the presence of ultraviolet radiation for at least 48 hr and flushed
continuously with clean, dry, air for 4-5 days. A Scanning Mobility Particle
Sizer (SMPS; Model 3080/3078, TSI, St. Paul, Minnesota) was used to measure
particle size distributions.

To better control the amount of precursor sent into the chamber, a syringe

pump (Model No. 55-1199, Harvard Apparatus, Holliston, Massachusetts) was
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used to replace the gas bubbler used in chapter 2 and to feed precursor fluid
(Ds/MeOH as 1/5 by volume) (CAS No0.541-02-6, Gelest, Morrisville,
Pennsylvania) at a rate of 0.1 pL/min into an airflow through a gently heated
Teflon fitting.  This airflow was then diluted to adjust the initial concentration of
gas phase Ds and a constant flow of the diluted air was sent into the PC. Ozone
was generated by passing clean air around a mercury lamp (Model No.81-1025-01,
BHK Inc., Ontario, California). The ozone laden air was then bubbled through
deionized water and sent into the PC where interaction with ultraviolet radiation
produced OH. When combined and sent into the PC, the ozone, Ds and a third
make-up air flow yielded a nominal residence time of 15 min in the PC. Seed
particles were generated by atomizing a 5mM ammonium sulfate solution. The
particles were then sent through a diffusion drier and entered the PC through a
third portion of the makeup air flow. After mixing, the seed aerosol mass
concentration in the PC was 1.9 pg/m®.  All experiments were performed with
low relative humidity (typically 8-10%) and a temperature of 27 °C.  Table 3-1
summarizes the experiments that were performed, five each seeded and unseeded.
Figure 3-1 then shows representative particle size distributions for three aerosol

mass loading
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Initial Ds Estimated ADs Volume/Surface Area

Expt. No. conc. (ppbv)  conc. (ppbv)° AM (ug/m’)’ (nm)®
12 5.4 1.0 1.2 +0.1 7.7 £0.2
2° 8.4 2.2 3.3+0.2 12.7 0.4
3? 11.0 2.9 5.6 +0.4 19.5 +0.6
42 12.4 3.7 8.0 +0.3 21.5+0.3
58 13.3 5.0 12.0 +0.6 34.7 +16
6° 5.4 1.1 2.3%0.2 16.1 +0.4
7° 8.1 1.4 3.2+0.1 216+04
g° 8.5 1.7 4503 23305
9° 11.1 2.9 9.6 +0.7 28.9+03
10° 12.4 3.6 12.6 +0.2 316+03

a: Unseeded experiments.
b: Seeded experiments (1.9 pg/m® ammonium sulfate).
c: Estimated from [OH] concentration.

d: Secondary aerosol mass concentration (seed concentration subtracted from total
concentration in experiments 6-10.

e: Volume and surface area of the aerosols were calculated from measured size
distributions by SMPS using vendor-supplied software; seed ratio was subtracted from total
ratio in experiments 6-10.

Table 3-1: Experimental conditions for secondary aerosol formation from OH
oxidation of Ds with/without seed particles. ADs is the estimated reacted
concentration of gas phase Ds, AM is the aerosol mass concentration.
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Figure 3-1: a) Number based size distributions from unseeded experiments with
secondary mass loadings of 1.2, 5.6 and 12pg/m®, respectively. b) Number based
size distributions from a seeded experiment before and after secondary aerosol
formation.

Particulate matter in the air flow exiting the PC was collected at a flow rate
of ~2 L/min for 20-24 hrs onto a Teflon coated, glass fiber filter (GF/D, CAT
No0.1823-025, Whatman, GE Healthcare, Piscataway, NJ) for chemical analysis.
Generally, ~0.2 mg of aerosol was collected in each experiment for analysis and

four separate filter collections were obtained for each experiment in Table 3-1.
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Chamber, filter and solution blanks were collected prior to the injections of
reactants to identify and remove artifacts. After particle collection, each filter
was sonicated for three hours with 8 ml acetonitrile (ACN)/deionzied H,0O 50/50
by volume (CAS No. 75-05-8, Fisher Scientific, Pittsburgh, Pennsylvania) and the
resulting solution was filtered through a polyvinylidenedifluoride (PVDF) filter
(CAT No. 6747-2504, GE Healthcare, Piscataway, NJ).  The filtered solution
was then concentrated nearly to dryness (<0.3 ml) with a Speed Vac Concentrator
(Model SC110A, Thermo Scientific, Waltham, Massachusetts). Finally, the
sample was reconstituted to 1 mg/mL with ACN for off line analysis.

Sample analysis was performed with a Q-Exactive hybrid
Quadrupole-Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA)
coupled with a heated-electrospray ionization (HESI) probe using a spray voltage
of 3.5 kV and capillary temperature of 275 <C. Mass spectra were obtained over
the range 100-1200 m/z with a nominal mass resolving power of 70000.
Typically, data were acquired for 0.8 min with ~180 spectra averaged. The mass
spectra were processed with Xcalibur software supplied with the mass
spectrometer using the procedure described in our previous work®.  Briefly, only
those ions that were positively detected in all four filter samples for a given
experiment were considered for molecular formula assignment.  Assigned peaks

represented on average 88% of the total signal intensity in each experiment.

3.2 Aerosol Formation in Unseeded Experiments

Figure 3-2 shows the positive ion mass spectra averaged over replicate
samples for three aerosol mass loadings. The ions observed from these samples
are very similar to the previous study, discussed in Chapter 2, with a much higher
aerosol mass loading (> 60 ug/m3), where accurate mass measurements and
MS/MS spectra were used to characterize the molecular products of Ds oxidation?.
Similarly, although the mass spectra are complex, molecular products can be

divided into three main types according to the chemical assignments. First are
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monomer products, defined here as those containing exactly 5 Si atoms, at least 5
O atoms, and a molecular formula (and MS/MS spectra) consistent with one
siloxane ring but no other sites of unsaturation. Relative to the Ds precursor
molecule, monomer products contain various combinations of functionalization
where CH3; groups are replaced by OH and/or CH,OH groups. In Figure 3-2,
monomer products are coded red.

Second are dimer products, defined here as those containing exactly 10 Si
atoms, at least 10 O atoms, and a molecular formula (and MS/MS spectra)
consistent with two siloxane rings but no other sites of unsaturation. Dimers also
contain various combinations of functionalization where CH3 groups are replaced
by OH and/or CH,OH, and the two siloxane rings can be linked by O, CH; or
CH,CH, groups. In Figure 3-2, dimer products are coded black.

Third are ring-opened products, defined here as those containing neither 5
nor 10 Si atoms. Formation of these products necessarily requires fragmentation
of the original Ds siloxane ring structure. Molecular formulas and MS/MS
spectra of these products are consistent with CH3 replacement by OH and/or
CH,0H, and sometimes indicate an additional site of unsaturation, for example,

Si=0. In Figure 3-2, ring-opened products are coded blue.
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Figure 3-2: ESI mass spectra in positive ion mode of secondary aerosol from Ds
oxidation under various aerosol mass loadings. lon signal intensities are
averaged over four separate measurements from four different samples. Peaks
considered as ring opened products are coded blue, dimers are coded black, and
monomers are coded red. Candidate structures for starred ions are given in Figure
3-3.

Figure 3-3 shows candidate structures for three prominent ions of each
type, which are starred in the mass spectra of Figure 3-2. While not proven,
candidate structures are consistent with molecular formulas and MS/MS spectra.
Figure 3-4 shows MS/MS spectra for the three starred ions in Figure 3-2.

Accurate mass and MS/MS spectra often permit identification of specific
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functional groups and dimer linkages, but they generally cannot determine

functional group locations?.
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Figure 3-3: Candidate structures for the three types of reaction products found in

siloxane secondary aerosol. These structures are consistent with molecular
formulas and MS/MS spectra of the starred ions in Figure 3-2.

52



a) [M+H"- 3CH |’
C4H13068i4 C:5H17()85i5+ +q+
l / [M+Na']
Ll L l i ' |
100 200 300 400 500 600

b) CH OSi.’

9 27 55

+

“ [M+H'- CH ] MSHT
+
L1 I |

100 200 300 400 500 600 700 800

Relative intensity (%0)

¢) | Si(CH,),OH+H’
CH OSi* [M+H-HOJ

5 17 6 4
‘ { M
|| .

100 200 300 400
m/z (+)

Figure 3-4: Product MS/MS ion spectra for isolation of (a) 607 m/z(+), (b) 729
m/z(+), and (c) 373 m/z(+). These precursors correspond to the three starred ions
in Figure 1 and the candidate ring opened product (a), dimer (b) and monomer (c),

respectively in Fig 3-3.

In Chapter 2 with a high aerosol mass loading (> 60 pg/m®) %, ring-opened
products had very low signal intensities that could be explained in part by
molecular decomposition within the ESI source. Therefore, those ring-opened
products were discussed only briefly. In contrast, the ring-opened products in
Figure 3-2 have very high signal intensities especially at a very low aerosol mass
loading that cannot be explained simply by ESI decomposition. Additionally, a
control experiment was performed by sonicating 100 g/ml Ds (dissolved in
ACN/H,0 50/50 by volume) for 3 hours under the same experimental condition.
Figure 3-5 then shows that the positive ESI mass spectrum obtained after

sonication was generally devoid of ring-opened species, indicating that the high
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abundance of these products in the filter samples was not from sonochemistry. It
should be noted that ring-opened products have been reported previously in
plasma polymerization experiments®, so it is not unreasonable to expect they can

be formed by OH oxidation.
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Figure 3-5: Positive ESI mass spectrum of pure Ds in ACN/H,0 50/50 by volume
with a concentration of 100 pg/ml sonicating for 3 hours.

To understand possible formation mechanisms of different types of
products, the total surface area of aerosol (S) and volume (V) is calculated based
on the particle number concentration (N;) in each diameter bin (D;):

nD?

S:ZNIT[DIZ,V: Ni_
i i 6

As a result, the volume to surface area ratio of the aerosol (\V/S) is obtained at
different aerosol mass loading conditions (as displayed in Table 3-1). After
calculation, the volume to surface area ratio of the unseeded aerosols studied in
this work scale approximately linearly with mass loading as shown in Figure 3-6.
The mass loading dependence of the three product types are explored further in

Figure 3-7a where the ratio of the summed signal intensities of dimers to
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ring-opened products is plotted as a function of aerosol volume to surface area

ratio.
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Figure 3-6: Volume-to-surface area ratio vs. mass loading for the unseeded
aerosols studied in this work. Error bars represent one standard deviation.
Error bars smaller than the symbol are not shown.
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Figure 3-7: Signal intensity ratio of a) dimers to ring-opened products and b)
monomers to dimers vs. volume/surface area ratio of the secondary aerosol. Error
bars represent one standard deviation. Error bars smaller than the symbols are not

shown.

Figure 3-7a shows that the ratio of dimers to ring-opened products

increases approximately linearly with increasing volume to surface area ratio.

As will be discussed later, all dimers and most ring-opened products are expected

to be extremely nonvolatile with predicted saturation concentrations (C*) that are
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orders of magnitude lower than the aerosol mass loadings in these experiments.
The approximately linear relationship in Figure 3-7a suggests different formation
mechanisms for these two types of products. Ring-opened products appear to be
necessary for particle formation and/or early growth since they are most prevalent
at low volume to surface area ratio. These species are likely to be formed
directly in the gas phase and then condense when they strike the particle surface.
It is also possible that ring-opened products are formed directly at the particle
surface. In either case, particle growth via ring-opened species is determined by
the available surface area.

Chapter 2, performed with a high aerosol mass loading, speculated that
dimers were formed in the gas phase®. However, the mass loading dependence
observed in the current study shows that dimers must be formed by accretion
reactions in the particle phase, since they are nonvolatile but strongly represented
only in higher mass loadings where the aerosol volume is larger. The possibility
of condensed phase formation of oligomers has been reported previously”.

Dimer linked by O can be produced from the hydrolysis of two OH substituted
monomers”.

A linear dependence on volume to surface area ratio would be expected for
a volume-limited process such as accretion chemistry relative to a surface-limited
process such as condensation.  The linear relationship in Figure 3-7a is similar to
that recently reported by our group for accretion reaction products in biogenic
secondary organic aerosol (SOA) as a function of particle size in the 35-110 nm
range®. Note that the volume to surface area ratio for a particle of diameter d is
2d/3, making the range of volume to surface area ratios where accretion chemistry
becomes important similar for the siloxane secondary aerosol in Figure 3-7a and
the biogenic SOA studied previously by another Johnston research group
member®.

Figure 3-7b shows ratio of monomer to dimer mass-weighted signal
intensities.  In contrast to ring-opened products, the monomer to dimer ratio is
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relatively invariant with volume to surface area ratio as would be expected for a
quasi-equilibrium process where monomers react to form dimers. Note that
monomer partitioning between the gas and particle phases like accretion chemistry
is a volume-limited process. The slight increase in monomers to dimers at the
lowest volume to surface area ratio arises from a slight change in the distribution
of monomers — compare the mass spectrum in Figure 3-2a to those in 3-2b and
3-2c. Asagroup, the monomers in Figure 3-2a are less volatile than those in
Figures 3-2b and 3-2c based on calculated saturation concentrations of candidate

molecular structures (see below).

3.3 Aerosol Formation in Seeded Experiments

SOA formation usually occurs in the presence of background particles that
are ubiquitous in the ambient atmosphere. Therefore, many chamber studies
have focused on the potential effects of preexisting particles on aerosol
formation”®.  In particular, most chamber studies of SOA yields to date have
either used no seed at all (i.e., homogeneous nucleation of SOA) °, or added
ammonium sulfate (AS) seed to provide a surface area for condensation®®.

In this study, secondary aerosol formation in the presence of ammonium
sulfate seed was found to give different product distributions than those observed
in the unseeded experiments. Figure 3-8 compares the mass spectra of secondary
aerosol from seeded and unseeded experiments where the aerosol mass loadings
after subtraction of the seed are the same. The main difference between the two
is the very low contribution of ring-opened products to the seeded spectrum. In
fact, the mass spectra obtained from seeded experiments show no significant
change with aerosol mass loading.

These results are consistent with the above conclusions for unseeded
aerosol. In seeded experiments, formation and/or growth of new particles is less
important since secondary aerosol is able to grow on the preexisting seeds. The

volume to surface area ratio of the seed aerosol was 18 nm, which then increased
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to as high as 32 nm depending on the amount of secondary aerosol produced.
Based on the plot in Figure 3-7a, ring-opened species would be expected to
represent only a minor contribution to aerosol mass at such high values of volume
to surface area ratio. Once particle formation and early growth has been
accomplished (or replaced through the presence of seed particles), secondary
aerosol formation proceeds mainly by a combination of monomer partitioning and

particle phase accretion reactions to produce dimers.
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Figure 3-8: ESI mass spectra in positive ion mode for a) unseeded and b) seeded
aerosol produced by OH oxidation of Ds under conditions that give similar mass
loadings (after subtraction of seed aerosol) of ~3 pg/m>. lon signal intensities are
averaged over four separate measurements from four different samples. Peaks

considered as ring opened products are coded blue, dimers are coded black, and
monomers are coded red.

3.4 Product Volatility Estimation

The difference in composition between the seeded and unseeded aerosols
in Figure 3-8 is further examined on the basis of molecular volatility as given by
the saturation concentration (C") which is numerically the vapor pressure of the
compound in units of pg/m®.  Measuring or estimating values of C” for individual
molecular components is important since in combination with the aerosol mass
loading it determines the fraction of that component that exists in the gas vs.

10,11

particle phase at equilibrium Specifically, the fraction F of a semi-volatile

compound in the particle phase can be expressed in terms of C’:
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po P MK 1
G+P 1+MK, 1+C/M

As the amount of absorbing material (M) increases, compounds of higher
volatility (larger C”, smaller Kp) will partition increasingly into the particle phase.
When C =M, half of the semivolatile mass resides in the particle phase. If M >>
C’, essentially all of the semivolatile species is in the particle phase (F=1)".
Several volatility estimation methods have been reported in the literature with

13-15

varying degrees of complexity The method introduced by Nannoolal et al. is

most relevant to the current study since it considers group contributions involving

silicon®™ 28,

Beginning with a candidate molecular structure, the method
calculates a normal boiling point based on the sum of group contributions (3> N;C;),
a group interaction term (Gl) and finally the vapor pressure (saturation

concentration) by using following equations:

2NiG
T, = +c (a=0.6583b = 1.6868,c = 84.3395)
nd+b
dB = (Z N,C, + GI) — 0.176055
_ Trp-1
log (p/atm) = (4.1012 + dB)(T—rh_l/E)

To clarify how the method applied, Table 3-2 represented an example of
the estimations of boiling point and saturation vapor concentration of one OH
substituted Ds (CgH506Sis).  According to the method introduced by Nannoonlal
et al., group contributed from carbon is the CH3 not connected to N, O, F and Cl;
group contributed from oxygen represents the OH connected to Si which has four
non-hydrogen neighbors and the -O- connected to two neighbors which are Si;
group contributed from silicon is the Si attached to two carbon and Si attached to

one carbon. OH-O interaction is also considered to estimate the final value.
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Number of atoms: 20, formula: CgH»506Sis.

Group Frequency Contribution (K) Total
-CHs 9 177.3066 1595.7594
-OH 1 349.9409 349.9409

Si-O-Si 5 146.4836 732.4180

H3C-Si-CH3 4 282.0181 1128.0724
H3C-Si-OH 1 207.9312 207.9312
Interactions Frequency Contribution (K) Total

OH-O 10/20 435.0923 217.5462

Sum 4231.6681
To= oo +84.3395 = 561.28K

Group Frequency Contribution (dB) Total
-CHs 9 0.0133 0.1197
-OH 1 0.7194 0.7194

Si-O-Si 5 0.1085 0.5425

H3C-Si-CH3 4 -0.0474 -0.1896

H3C-Si-OH 1 -0.0666 -0.0666
Sum 1.1257

Correction Frequency Contribution (dB) Total
OH-0O 10/20 -0.7995 -0.3998

dB =1.1257 — 0.3998/20 — 0.176055 = 0.9297
pS = [10(4.1012 +0.9297)((299.15/561.28) — 1)/((299.15/561.28)71/8)] = 0.0012 kPa:

logC* = 4.42ug/m3.

Table 3-2: Estimation of boiling point and volatility at 299.15K of one OH
substituted Ds (C9H28068i5).

To confirm the validity of this method in this study, this approach was
tested by comparing measured and calculated boiling points and saturation
concentrations for cyclic siloxanes D3 to Dy first.  The results, shown in Table
3-3, demonstrate agreement between measured and calculated C* within a factor

of 5orless. To further test the method, | took the molecular formula for the
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ring-opened product in Figure 3-3 and calculated C* values for eight candidate
structures including the one shown in Figure 3-3.  The results, shown in Table
3-4, give predicted C” values within a factor of 2-4 of each other. The relatively
close agreement for different candidate structures arises in large part from similar
Si-O scaffolding and only minor perturbation due to type and location of
functional groups. Applying this method to candidate structures for all
molecular products leads values spanning many orders of magnitude in C,
whereas the uncertainty associated with any individual prediction is likely to be
much less than one order of magnitude. A complete list of molecular formulas
and predicted C” values is given in Appendix B. A summary plot of O/Si ratio of
the molecular formula vs. log C” is shown in Figure 3-9.  All dimers and most
ring-opened products are relatively nonvolatile, having predicted log C” values
below -2. Most monomers are semivolatile or volatile, though a few can be

considered nonvolatile.

Boiling point (K) logC* (saturation conc., pg/m°)
Siloxane Measured Calculated Measured Calculated
Ds 404.15 428.80 7.63 7.75
D4 448.15 481.32 7.22 6.82
Ds 483.15 525.66 6.60 5.95
Ds 518.15 556.78 5.73 5.28
D~ 609.15 591.91 4.78 4.45

Table 3-3: Estimation of boiling point and volatility at 299.15K of various
siloxanes.
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* *
Isomer logC Isomer logC

1 -5.65
-5.35
-5.68

-5.38

2
3
4

-5.98
-5.68
-5.38
-5.36

5

6
7
8

Table 3-4: Estimation of volatility at 299.15K for candidate isomers of the ring
opened product (C11H36012Sis).
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Figure 3-9: O/Si ratio and estimated C* values for molecular formulas assigned
from siloxane secondary aerosol.  This figure summarizes the data in Appendix
B. Ring opened products are coded blue; dimers are coded black; monomers are

coded red.

Figure 3-9 summarizes the mass spectra in Figure 3-8 using a volatility

12,18

basis set representation™ =, which normally involves a plot of aerosol mass

concentration (or mass fraction) vs. log C".  In Figure 3-10, the mass-weighted
signal intensity is used as a surrogate for mass fraction (discussed in Chapter 2)*.
| find for the mass spectrometer used in this study that ESI detection efficiencies
for different cyclic siloxanes can vary by up to a factor of 3. A smaller variation
is likely for linear polydimethyl siloxanes since ESI has been shown to be able to
accurately determine average molecular weights for polymeric samples®® % .
Figure 3-10 provides insight into the contributions of different volatility
species to seeded vs. unseeded aerosol.  Figure 3-10a shows that the majority of
nonvolatile matter (log C* < -2) in unseeded aerosol consists of ring-opened
products with a minor contribution from dimers, while the opposite is true for
seeded aerosol in Figure 3-10b.  This observation is not surprising since
ring-opened species are needed for particle formation and/or early growth in an

unseeded experiment but not in the presence of seeds. The fraction of
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intermediate volatility monomers is higher in the seeded experiment, which
suggests that dimer formation in the particle phase is at least partially reversible.
However, it is not clear from the experiments performed whether such
decomposition would have occurred during the sample preparation process or in
the reactor itself when the aerosol was formed. If reversibility occurred on the
timescale of aerosol formation, then the higher fraction of intermediate volatility

monomers in Figure 3-10b would suggest that they can be trapped within the

22-24 25-28

particle phase owing to hindered diffusion® " and/or phase separation

66



§ 0.8 NVIOC lLVOCl : SV(l)C : : IVOCl
4 (a) Unseeded

2 06}

3

=

S 0.4}

2

n

e

2 0.2F

e

B
[}

3 <2 2 - 0 1 2 2
=

logC (saturation conc., ug/m3)

g 0.8 NVIOC lLVOCl : SVCl)C : : IVOCl
.§ (b) Seeded

2 06}

8

£

< 04}

2

n

§o;

I 02F

c

(@)]

o

i 0.0‘ _i=_-

@ <2 -2 -1 0 1 2 >2
>

logC (saturation conc., pg/mg)

Figure 3-10: Mass-weighted signal intensities summed over the three types of ions
ina) unseeded and b) seeded aerosols vs. log C” for candidate structures that
correspond to individual ions.  These plots are for assigned ions in the mass

spectra of Figures 3-8a and 3-8b, respectively. Ring-opened products are coded

blue, dimers are coded black, and monomers are coded red.

3.5 Aerosol Yield and Atmospheric Implication

Efforts to represent aerosol formation in ambient conditions have been
based on using experimentally determined fractional aerosol mass yields®® *°. The
aerosol mass yield (Y) is defined as the fraction of a reactive organic gas mass that

is converted into aerosol mass, and has been estimated for SOA produced in
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laboratory environmental chambers by various researchers over the last 30 years®®
% Substantial progress has been then made in understanding reaction
mechanisms and the factors that influence aerosol yields and chemical
compositions.  For example, aerosol yields appear to have a complex dependence
on precursor concentration®, temperature®, relative humidity®. In typical
chamber experiments, a range of initial precursor concentration is employed in
order to determine aerosol yields as a function of mass concentration of particles
generated®’. Chamber experiments are conducted over a range of initial VOC
concentrations, affording a view of the full spectrum of oxidation products and
thereby facilitating the formulation of chemical mechanisms.

In this work, aerosol mass yield could be determined by calculating the

ratio of aerosol mass concentration M (in pg/m®) to the amount of precursor (P)

reacted ADs (in pg/m°) at the end of each experiment:

v M
~ AD.

Gas vapor Ds reacts with OH radical with a second order rate constant of 2.6x

-134

102 cm®molecule’’s Here, the amount of reacted Ds in these experiments

could be then estimated by using the flowing equation:

d[Ds] .
d_ts = -k [Dg]

where k’ is the second order rate constant multiplied by OH concentration and t is
considered as the residence time (15min) in the chamber. As shown in Table 3-1,
for the unseeded experiments performed in this study, the reacted Ds

concentration could be varied from ~1 to 5ppbv.  Generally, aerosol formation
was observed immediately after the addition of the second reactant in the presence
of UV. The time-dependence of the aerosol number and mass concentrations are
given in Figure 3-11 showing that there was a very fast increase in number
concentration followed by a gradual decrease throughout the experiments.  This

observation was consistent with an initial nucleation step to produce a burst of
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nano-particles, followed by the coagulation of those particles resulting in an
increase in mean diameter along with a corresponding decrease in the number
concentration®. Particle wall loss was also studied to correct the aerosol mass
concentration, however, no significant wall loss was observed probably due to the
smaller surface area to volume ratio of photo-oxidation chamber designed in this
experiment (~18nm™) compared to the Potential Aerosol Mass reactor (PAM)

which is also identical in Figure 3-11%.
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Figure 3-11: Plot of number and mass concentration as a function of time after
reaction was initiated.

Figure 3-12 shows plots of aerosol yield and aerosol mass concentration
against reacted Ds mass concentration, respectively, for unseeded experiments.
Both of aerosol mass concentration and yield were reacted mass concentration
dependent. Aerosol mass concentration increased as a function of increasing
reacted Ds concentration, suggesting that aerosol formation is due to oxidation of
gas-phase species and then leading to subsequent condensation or further
oxidation of initial products®’.  Aerosol yield increased with reacted mass
loading as well, ranging from ~0.08 to 0.15. At an initial stage, there was a rapid

increase in aerosol yield representing the condensation of the lowest volatility
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products. The yield curve then showed a slight reduction in the slope as a
function of increasing reacted mass concentration reaching at a final value as 0.15.
This suggested the partitioning of more volatile species as aerosol organic
volume increases, due to continued gas phase reactions or to the larger
concentration of the volatile products®’.  However, | caution that these values for
aerosol yields are not based on direct measurement of the change in Ds
concentration, but calculated from the OH mixing ratio which itself was estimated

from a different set of measurements whose error was difficult to assess.
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Figure 3-12: Plot of aerosol yield and aerosol mass concentration versus reacted
mass concentration. These data are for unseeded experiments.

The first basic model of SOA formation can be represented by the SOA
formation of two products (one semi-volatile and one non-volatile product), which
is introduced by Odum et al. ', Donahue et al. then modified this model in terms
of volatility of several products which will be applied in this study*2. Therefore,
the yields can also be further described by a volatility basis set model and applied

to fit the experimental SOA vyields to reproduce chamber data:

Y—Z 1+1O_j -1
= _ aj( Mo)
1
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where o; is the mass-based gas-phase stoichiometric fraction for semi-volatile
species J, M, is the aerosol mass concentration. In this study, the mass of aerosol
in bin j is obtained by optimal fitting to the experimental SOA yield data by a
three product model (NVOC, SVOC and IVOC). Figure 3-13 shows the plot of
aerosol yield as a function of aerosol mass concentration. By applying the
parameters shown in Table 3-5, the model can be fitted to the experimental data
with R? value as 0.997. o, additionally, represents the mass yield of a product in
the aerosol phase. As a result, the product with C* as 100 pg/m® shows the highest

mass yield compared to the products with lower volatility.

a | @ | as | C*i(ug/m’) | C*x(ug/m’) | C*3(ng/m’)

0.02 | 0.09 | 0.53 0.01 1 100

Table 3-5: Empirical parameters for three products model describing the particle
mass yield of aerosol produced from unseeded experiments.
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Figure 3-13: Plot of aerosol yield versus aerosol mass concentration. These
data are for unseeded experiments. The dashed line represents the volatility basis
set model fit.

Adding seed particles had the effect of significantly increasing the aerosol
yield. For example, the unseeded experiment in Figure 3-1a had identical
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reaction conditions to the seeded experiment in Figure 3-8b, yet the secondary
aerosol mass concentration was a factor of 2 greater for the seeded experiment.
The higher aerosol yield in the seeded experiment is likely a reflection on the
kinetics of aerosol formation. In the unseeded experiment, particle formation
was slow since it relied on formation of ring-opened species that represented a
small fraction of the Ds oxidation product yield. The consequence of slow
particle formation would be a significant amount of time needed to reach a volume
to surface area ratio that became favorable for dimer formation. In contrast, the
aerosol volume to surface area ratio reached a favorable level much faster in the
presence of seed particles, enhancing the formation of dimers through accretion
chemistry and hence the amount of secondary aerosol produced within the
residence time of the reactor. The higher aerosol yields of the seeded
experiments may also reflect a smaller impact due to vapor wall loss than in the

unseeded experiments.

3.6 Morphology of Ds-derived Aerosol

In the past a few years, a Thermophoretic Nanoparticle Sampler (TPS) has
been designed and used to collect naonparticles onto a standard STEM (scanning
transmission electron microscope) grid®® . After collection, nanoparticles on
STEM grid are analyzed with an electron microscope and the resultant data used
to determine the characteristics of aerosol sampled. Through the collaboration
with Justin Krasnomowitz (Johnston research group) and RJ Lee Group Inc
(Monroeville, Pennsylvania), aerosol produced from chamber reaction of Ds in the
absence and presence of seed were collected by TPS for ~30min respectively,
particles were deposited on removable electron microscopy grid which caused by
the temperature gradient within the sampler (110°C of hot plate and 25°C of cold
plate). The elements observed in unseeded aerosol include C, O and Si while
seeded aerosol contains C, O, Si, N and S indicating the ammonium sulfate seed

particles are coated on the outside of Ds-derived liquid-like matter which enables
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the formation of dimer in the particle phase.  This result also provides
confirmation of a spherical geometry for calculating aerosol surface area.
However, additional data should be obtained under a wider range of experimental

conditions, especially atmospheric relevant conditions.

3.7 Conclusion

This chapter shows that condensation, partitioning and particle phase
chemistry (in this case accretion reactions) all contribute to secondary aerosol
formation by gas phase Ds oxidation. Condensation appears to be driven mainly
by the formation of ring-opened products in the gas phase, though a few monomer
oxidation products are also nonvolatile. Partitioning is dominated by monomer
oxidation products, most of which are semivolatile. Dimers are nonvolatile but
formed mainly by accretion reactions within the particle phase.

Future experiments should focus on accurate and precise measurements of
aerosol yield. Since aerosol formation from Ds oxidation is strongly influenced
by accretion reactions, work is also needed to study this chemistry under a wider
range of experimental conditions and particle phase morphologies that might be
encountered in ambient aerosol. The work presented in this chapter was published

in Environmental Science and Technology by Wu and Johnston in 2017%°
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Chapter 4

SECONDARY AEROSOL FORMATION FORM OXIDATION OF
DECAMETHYLOENTASILXOANE MIXED WITH B-PINENE

4.1 SOA from Biogenic and Anthropogenic Sources

It has been discussed in chapter 1 that volatile organic compounds (VOCSs)
are emitted into atmosphere from anthropogenic and biogenic sources.
Anthropogenic VOC sources comprise organics such as alkanes, alkenes,
aromatics and siloxanes, while biogenic sources include organics such as isoprene,
monoterpenes and sesquiterpenes’.  The investigation of key physical and
chemical processes during SOA formation in the atmosphere is complicated by the
large number of species involved and their generally low concentrations.
Globally, the production of biogenic SOA (BSOA) dominates over the
anthropogenic (ASOA) with estimated fluxes of 88 and 10 TgC per year,
respectively®. As discussed by Hallquist et al. (2009)° there are large
uncertainties, but all global estimates indicate the production of BSOA to be
significantly larger than ASOA (Spracklen et al., 2011; Kanakidou et al., 2005;
Heald et al., 2010; Goldstein and Galbally, 2007)*".  The formation of ASOA
and BSOA could be influenced by each other. In some locations, ASOA can
supersede BSOAZ?  In several field observations, SOA has been attributed to
originate from both biogenic and anthropogenic sources, and it seems that
anthropogenic activities enhance BSOA abundance® °.

Several studies have stressed the potential of anthropogenic-biogenic
interactions to be important for SOA formation®°.  There are several potential
ways of interactions, both directly by gas-particle chemistry and physics, and
indirectly by anthropogenic influence on the emission rates of biogenic VOCs®.

Hildebrandt et al. found that anthropogenic-biogenic SOA derived from mixtures
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of AVOC and BVOC can be treated as ideal mixtures**. The yields can be
parameterized applying the assumption of a common organic phase for
partitioning'’.  In the atmosphere there are a number of interesting issues
regarding SOA formation from mixed air masses where typical anthropogenic
precursors behave differently compared to biogenic precursors**.

Reaction chambers can be used to produce controlled atmospheres to
investigate a range of physical phenomena from the formation of gas-phase
reaction products to the partitioning of semi-volatile compounds between the gas
and particle phase™®.  Such experiments can be useful in understanding the
chemical and physical parameters that control the formation of secondary organic
aerosols. A number of reaction chamber studies have investigated gas-particle
partitioning of products of photochemical reactions involving anthropogenic as
well as biogenic precursors™. Much of the effort has been directed toward
quantifying the aerosol formation potential (aerosol yield) of small aromatic and
natural hydrocarbon compounds both in the absence and presence of seed aerosol
particles'®.  Other studies have attempted to identify the molecular composition
of the oxidation products of anthropogenic and biogenic precursors, mainly
aromatic and monoterpene compounds, and have offered detailed reaction
mechanisms for the formation of various chemical species™?. However, relatively
little effort has been made to study the influence of BSOA on ASOA, and the
effect is still not well understood.

Aerosol formation products and mechanisms from OH oxidation of Ds
which is a certain type of ASOA has been discussed in detail at the molecular
level in Chapters 2 and 3.  Although there is a potential to produce
siloxane-derived aerosol in ambient air, aerosol formation is complicated due to a
low concentration of the Ds precursor and relatively higher abundance of biogenic
SOA under atmospherically relevant conditions. As a result, in this chapter, a

mass spectrometric study of secondary organic aerosols formed from the
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photo-oxidation of mixed Ds and -pinene precursors in the photo-oxidation

chamber will be investigated.

4.2 Aerosol Generation from Photo-oxidation of Ds and B-pinene

The experimental setup for generating secondary aerosol was identical to
that discussed in Section 3.2.  Similarly, before each experiment, the PC was
cleaned by exposure to 20 ppmv ozone in the presence of ultraviolet radiation for
at least 48 hr and flushed continuously with clean, dry, air for 4-5 days obtained
from a Zero-Air generation system (Model 737, Aadco, Cleves, Ohio). A
Scanning Mobility Particle Sizer (SMPS; Model 3080/3078, TSI, St. Paul,
Minnesota) was used to measure particle size distributions.

To better control the amount of precursor sent into the chamber, a syringe
pump (Model No. 55-1199, Harvard Apparatus, Holliston, Massachusetts) was
used to feed precursor fluid at a rate of 0.1 pl/min into an air flow through a
gently heated Teflon fitting. Ds/methanol solution was mixed with B-pinene
(CAS No. 18172-67-3, Sigma-Aldrich, Louis, Missouri) to a volume ratio of
1/5/0.25 (Ds/methanol/B-pinene).  This airflow was then diluted to adjust the
initial concentration of precursor and a constant flow of the diluted air was sent
into the PC. Ozone was generated by passing clean air around a mercury lamp
(Model N0.81-1025-01, BHK Inc., Ontario, California). The ozone laden air was
then bubbled through deionized water and sent into the PC where interaction with
ultraviolet radiation produced OH. Another make up air flow was added and
adjusted to maintain the same residence time at 15 min in the PC. All
experiments were performed with low relative humidity (typically 8-10%) and a
temperature of 27 °C.  Table 4-1 summarizes four experiments that were
performed in the absence of seed aerosol. Particulate matter in the air flow
exiting the PC was collected and analyzed with the same procedures discussed in

Chapter 3. Mass analysis was performed by direct infusion ESI on a Q-Exactive
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hybrid Quadrupole-Orbitrap mass spectrometer with full scan MS and MS/MS

modes.
Expt. | Initial precursor Esﬁ:ﬁigrrgﬁﬁfd AM Volume/Surface
No. conc. (ppbv)? P (opbv)’ ' (ng/m®)° Area (nm)"
Ds B-pinene Ds B-pinene
1 5.2 1.3 0.9 1.3 1.0+0.2 13.1+0.8
2 5.4 1.4 1.1 1.4 2.1+0.1 13.8 +0.3
3 7.7 1.9 1.9 1.9 49+1.2 18.0 0.9
4 10.7 2.7 2.8 2.7 102 +£1.2 26.7£1.3

a: Ds and B-pinene initial precursor concentration.

b: Ds and B-pinene reacted precursor concentration which estimated from [OH]
concentration. [OH]: 1.5x 10® molecules cm™; [Os]: 6.0x 10® molecules cm™

c: Secondary aerosol mass concentration.

d: Volume and surface area of the aerosols were calculated from measured
number size distributions by SMPS.

Table 4-1: Experimental conditions for secondary aerosol formation from OH
oxidation of Dsand B-pinene. AM is the aerosol mass concentration.

4.3 Chemical Composition of Aerosol Formation in Mixed System

4.3.1 Molecular Characterization of Mixed Aerosol

Figure 4-1 shows the representative positive ion mass spectra averaged
over replicate samples for four aerosol mass loadings. Molecular products can
be divided into three main types according to formula assignment from high
resolution mass analysis. First are p-pinene SOA products coded as red; second
are Ds-derived products coded as blue. Third are “mixed products”, defined as
products arising from a combination of f-pinene and Ds oxidation coded as black.
Specifically, the mixed products contain silicon, but are not observed as products
from either Ds or 3-pinene oxidation alone, for example m/z 299.111 assigned as

C11H2404NaSi,".  Typically, only one or two silicon atoms were observed within
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the mixed product formulas. More details of mixed products will be discussed
later in this chapter. It has been reported that the rate constant of gas phase
B-pinene and Ds with OH radical to be ~7.9 x10™*, and 2.6 <10 *?

1415 And the rate constant'® of ozonolysis of gas

cm?® molecule™ s7* respectively
phase B-pinene was reported to be ~ 2.1 x10"*" cm® molecule™ s*, estimated
reacted concentration from ozonolysis is calculated to be negligible compared to
OH oxidation. Therefore, as shown in Table 4-1, almost 100% of B-pinene was
reacted while only ~20% of Ds reacted with OH radical. As shown in Figure 4-1,
B-pinene SOA represents more than 85% of overall mass weighted signal intensity
of total observed products no matter how the aerosol mass loading varies, while
Ds-derived aerosol consists of about 5% of the signal intensity, and the rest (about
10%) is attributed to mixed products. One possible reason is Ds products are
diluted within the particle phase (mostly B-pinene SOA), and therefore there is
much less oligomerization.

In this chapter, | will mainly focus on Ds-derived reaction products under
various aerosol mass loadings (blue ions in Figure 4-1).  For consistency with
Chapter 3, when | make plots of Ds products, as shown Figure 4-2a, | will revert

to the color coding in Chapter 3 where monomer products are coded red, dimer

products are coded black and ring-opened products are coded blue.
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Figure 4-1: ESI mass spectra in positive ion mode of secondary aerosol from
mixed Ds and B-pinene oxidation under various aerosol mass loadings. lon
signal intensities are averaged over four separate measurements from four
different samples. Peaks considered Ds-derived aerosol are coded blue, B-pinene
SOA are coded red, and mixed products are coded black. Note that the color
coding in this figure is different from that in Chapter 3 and for most Figures that
follow in Chapter 4.
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Figure 4-2: a) ESI mass spectra in positive ion mode of oxidation products of Ds
observed in secondary aerosol from the mixed precursor experiments. lon signal
intensities are averaged over four separate measurements from four different
samples. Peaks considered as ring opened products are coded blue, dimers are
coded black, and monomers are coded red. The relative abundance is ranged from
0 to 15%; b) Plot of average O/Si as a function of aerosol mass loadings.

4.3.2 Chemical Composition of Mixed Aerosol

The mass weighted signal intensity fractions (MIF)*" analysis is used to
calculate the average O/Si and C/Si ratios of aerosol produced under various mass
loadings for all experiments (unseeded, seeded and mixed). Figure 4-2b
represents the plot of average O/Si as function of aerosol mass loadings. The
effect of aerosol mass loading on the chemical composition as shown by e.g.
Shilling et al. (2009), is very pronounced®®.  Apparently, with increase mass
concentration less oxidized (more volatile) compounds tend to partition to the
particle phase which generally give lower O/Si ratio as described'®. Figure 4-3
shows the chemical composition of Ds-derived aerosol as O/Si and C/Si ratios
plotted against each other. For similar aerosol mass loadings, the mixed aerosol
is the least oxidized, the unseeded aerosol is the most oxidized, and the seeded
aerosol is overlapped in between.  The relative contribution of ring opened
species, monomers and dimers were analyzed respectively for different
experimental conditions. Particularly in the mixed aerosol, a much higher
amount of monomers was observed. It is not surprising because the B-pinene
SOA matrix with larger volume would promote the partitioning of those
semi-volatile monomers, finally resulting in much higher O/Si elemental ratio.
Additionally, the black dashed line shown in Figure 4-3 indicates OH substitutions
on siloxane, red dashed line is the CH,OH substitutions and average elemental
composition under various experimental conditions. Both of OH and CH,OH
substitutions influence the deviation of the experimental data from the dashed
lines. Specifically, average O/Si (~1.2) of mixed aerosol suggests one OH
substitution, while average O/Si (~1.4) of single aerosol suggests two OH
substitutions. It is also consistent with the fact that the one OH substituted
siloxane tends to partition between the particle and gas phases, while the two OH

substituted siloxane is nonvolatile and found in the particle phase only®.
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Figure 4-3: Plot of C/Si versus O/Si showing chemical composition of unseeded
(black), seeded (red) and mixed (blue) experiments. The black dashed line
represents OH substitutions on siloxane (CH3—>OH); the red dashed line
represents CH,OH substitutions on siloxane (CH;->CH,0OH).

4.4 Aerosol Formation from of Mixed Conditions

4.4.1 Aerosol Yield Expression
Aerosol yield of the precursor mixture is calculated from the total reacted

precursor mass concentration:
M

Y =
AB-pinene + AD.

As a result, aerosol yields are compared for mixed and single siloxane
experiments and shown in Figure 4-4.  Figure 4-1 shows that most of the
products detected are from B-pinene oxidation. However, elemental composition
derived from Nano Aerosol Mass spectrometer (discussed in Section 2.1) needs to
be confirmed, to eliminate any possibilities that electrospray is more sensitive to
B-pinene products. Generally, for B-pinene and Ds experiment the yield is

consistently lower than single Ds experiment indicating that 3-pinene suppresses
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aerosol growth by Ds oxidation. To investigate the deviations from the yield, |
compared the aerosol size distributions in the different experiments by plotting the
volume to surface area ratio as a function of aerosol mass loading in Figure 4-5.
At relatively lower mass concentrations, mixed aerosol represents a higher volume
to surface area ratio indicating large size of the particles, and a lower volume to
surface area ratio at higher aerosol mass loadings indicating smaller size of the
particles. This suggests that nucleation is suppressed by B-pinene (fewer number
of particles for a given aerosol mass). Also, the two plots cross suggesting that
growth by Ds oxidation is more efficient than in the mixed case. To form
particles, a sufficient concentration of low volatility products must be formed.
B-pinene on the other hand produces much less low volatility material that is able
to induce nucleation'®.  The effect of -pinene SOA on mixtures can be
explained from the reactor dynamics.  The concentration of nucleating vapours
from Ds may therefore initially be suppressed due to B-pinene consumption of OH,
even though the integral OH-exposure was not influenced. With a slower initial
production and consequent lower concentrations, these vapors will be more likely
to condense on existing particles rather than forming nucleation clusters. This will
lower the total number concentration exiting the reactor while SOA mass is kept
constant if the integrated OH exposure is not changed”.  The yields are also
affected by the fate of the low volatility organic compounds (LVVOCs) that are
produced by precursor oxidation. These LVOCs can react with OH, stick to the

walls, exit the reactor or condense onto particles.
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Figure 4-4: Plot of aerosol yield versus aerosol mass concentration of single
siloxane experiment (red) and mixed experiment (blue) respectively.
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Figure 4-5: Volume-to-surface area ratio vs. mass loading for the single siloxane
experiments (red) and mixed experiments (blue) studied in this work. Error bars
represent one standard deviation.  Error bars smaller than the symbol are not
shown.

Figure 4-6a then shows the ratio of the summed signal intensities of dimers to
ring-opened products plotted as a function of aerosol volume to surface area ratio.

The relationship is approximately linear, and the mixed aerosol shows a higher
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ratio compared to the single siloxane aerosol, suggesting the formation of dimers
is more favored in the mixed oxidation system. This is not surprising the aerosol
produced by B-pinene oxidation could serve as the condensed phase volume
needed to promote the particle phase reaction dimerization) of Ds oxidation
products. Figure 4-6b shows ratio of the summed signal intensities of monomers
to dimers as a function of particle volume to surface area ratio. The signal
intensity ratio is much higher in mixed oxidation system especially at very high
aerosol mass loadings, which is consistent with the fact that Ds-derived aerosol
consists of monomers as the highest portion. This is also confirmed with the
discussion in Section 4.3.2, because most of the aerosol is from p-pinene resulting
in larger aerosol volume that monomers can partition into.  In contrast, in the
unseeded experiments, the aerosol volume is entirely siloxane derived.

Therefore, it would be expected a higher fraction of monomers in the mixed

experiment than in the unseeded experiment.
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Figure 4-6: Signal intensity ratio of a) dimers to ring-opened products and b)
monomers to dimers vs. volume/surface area ratio of the secondary aerosol.
Unseeded aerosol coded black and mixed aerosol coded red. Error bars represent
one standard deviation. Error bars smaller than the symbols are not shown

4.4.2 Product Volatility Estimation

Figure 4-7 then provides insight into the contributions of different
volatility species to aerosol produced under different experimental conditions
(a-unseeded, b-seeded and c-mixed). More non-volatile matters are observed in
unseeded aerosol and since partitioning of SVOC and IVOC increases in seeded
and mixed aerosol. Figure 4-7a shows that the majority of nonvolatile matter
(log C* < -2) in unseeded aerosol consists of ring-opened products with a minor
contribution from dimers, while more dimers are observed in the seeded and
mixed aerosol which is shown in Figure 4-7b, c.  This observation is not
surprising since ring-opened species are needed for particle formation and/or early
growth in an unseeded experiment but not in the presence of seeds or B-pinene
SOA. The fraction of intermediate volatility monomers is highest in the mixed
experiment, which mainly consists of monomers, suggesting that monomers tend

to partition more into those non-siloxane volumes.

89



Mass-weighted Signal Intensities (%)

Mass-weighted Signal Intensities (%)

Mass-weighted Signal Intensity (%0)

0.8

0.6

0.4

0.2

0.0/

0.8

0.6

0.4

0.2

0.0/

0.8

0.6

0.4

0.2

0.0t

logC (saturation conc., ug/ms)

90

NVOC LVOC SVOC IVOC
(@) Unseeded
e . |
<-2 -2 -1 0 1 2 >2
logC (saturation conc., ug/ms)
NVOC LVOC SVOC IVOC
(b) Seeded
| |
<-2 -2 -1 0 1 2 >2
logC (saturation conc., pg/m3)
NVOC LVOC SVOC IVOC
(©) Mixed B Ring opened
i B Monomers
B Dimers
I I, D | s ; E—  —
<-2 -2 -1 0 1 2 >2




Figure 4-7: Mass-weighted signal intensities summed over the three types of ions

in a) unseeded, b) seeded and c) mixed aerosols vs. log C” for candidate structures

that correspond to individual ions.  These plots are for assigned ions in the mass

spectra of Figure 3-6a, b and Figure 4-2c, respectively. Ring-opened products are
coded blue, dimers are coded black, and monomers are coded red.

4.4.3 Chemically Resolved Partitioning

A view of chemically-resolved gas-particle partitioning can be obtained
from the high resolution mass spectra. A volatile basis-set model would be used
parameterize the empirical formulas of those basis-set products normalized to on
silicon atom®’.  Basically, the empirical formulas (O/Si); and (C/Si); of the
basis-set products i are related to (O/Si); and (C/Si); measured at each aerosol

mass loading j by applying following equations,

(0/5i), = X fi,j}\i(O/Si)i /s, = X fi_j)\i(C/Si)i, (/5D = X fi,j)\i(H/Si)i

J % £ J %ifis J 2ifiiA
where A; is the silicon molinity, defined as the moles of silicon of product i per
kilogram of product i. In the case of siloxane-derived aerosol of composition
CxHyO,Sis and no other elements, we could express
%i=1000/[28+16(O/Si)i+12(C/Si)i+(H/Si)i]. The mass fraction f;; is then obtained
from the basis-set parameterization of aerosol yield. The particle phase partial
mass yield &i,j at loading C; is given by aiyj:(li(l'l'c*i/Cj)_l, where C*; belongs to
[102, 107, 10° 10"... ug/m®] and o; is the aerosol mass yield of producti*’. Asa
result, at each mass loading C;, the relative concentration of product i in the
particle phase on a mass fraction basis as follows: fi =& (%, gi'i)'l. According
to the estimated volatility distribution (See Chapter 3), C* is chosen as 0.01, 1 and
100 pg/m?® respectively representing one NVOC, SVOC and IVOC.  Eventually,

the empirical formulas of basis-set products are shown in Table 4-2 for unseeded

and mixed aerosol respectively.
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0 (O/Si); (CISi); Formulas

C*i (g/m3) | Unseeded Mixed Unseeded Mixed Unseeded Mixed Unseeded Mixed
Product 1 0.01 0.02 0.01 1.70 1.34 1.30 1.30 C13017Si C13013Si
Product 2 1 0.09 0.01 1.40 1.34 1.40 131 C1.401.4Si C13013Si
Product 3 100 0.53 1.07 113 1.20 1.69 1.54 C17014Si C15012Si

Table 4-2: Three model products i describing the partitioning of Ds-derived
aerosol molecules between the gas and particle phases. Shown are the mass yield
0; , the decadal volatility C*; (ug/m®), the atomic ratios (O/Si); and (C/Si); , and the
corresponding empirical formulas on a one-silicon basis.

After comparison, product 1 is much more highly oxidized in unseeded
aerosol considering to be NVOC; both of product 2 (SVOC) and product 3 (IVOC)
show similar chemical compositions. According to the molecular
characterization and estimated volatility results, in unseeded aerosol, three
empirical products are thought to be C13H44016Si109, C10H30011Sig and CgH2506Sis;
while in mixed aerosol, three empirical products are thought to be C14H4,013Si1,
C10H30011Sig and CyH,06Sis. Additionally, chemical composition of mixed
aerosol is mainly dominated by product 3 which presents a greatly highest mass
yield relative to the rest of the other two. This is also consisted with the fact that
no obvious aerosol mass loading dependent relationship is observed in mixed

aerosol.

4.5 MS/MS Analysis for Structure Identification of ‘Mixed Products’

As mentioned in section 4.3, besides 3-pinene SOA and Ds-derived aerosol,
a third type of mixed products is observed in mixed oxidation condition as well.
Figure 4-8 shows the average representative mass spectra of mixed products at
various aerosol mass loadings. In order to understand the aerosol formation
mechanism in the mixed oxidation system, chemical structure of mixed products

is studied by performing MS/MS experiments.
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Figure 4-8: ESI mass spectra in positive ion mode of mixed products. lon signal
intensities are averaged over four separate measurements from four different
samples. The relative abundance is ranged from 0 to 30%.

Figure 4-9 shows ESI-MS/MS spectra of the C;1H,404Si, neutral product
in positive ion mode, which is considered as combination of B-pinene (structure
shown in Figure 4-9) SOA and Ds-derived aerosol building blocks. This
precursor was chosen not only because of relatively higher signal intensity, but
also because the formula contains smaller number of Si, which rules out more
complexity. Based on the chemical composition of Ds-derived aerosol building
block, which more likely to be a ring-opened species with/without OH
substitutions on it.  And after subtracting the composition of siloxane, the rest
would be considered as B-pinene SOA building block. As shown in Figure 4-9a,

H,O is observed as neutral loss for twice suggesting that there are at least two
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O-containing functional groups (especially -OH). There are multiple
combinations and one possible representative structure is shown in Figure 4-9b
especially fragment ions, C;H1;0" and C4H1,03Si," are observed (Figure 4-9a);
No mixed products were observed containing oligomers produced from either
B-pinene or Ds. It indicates that the oligomerization of 3-pinene and Ds are

different and not comparable with each other.
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Figure 4-9: Product ion spectrum of 299 m/z (+). a) Complete product ion
spectrum. b) Representative chemical structure of isolated precursor and -pinene.
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4.6 Conclusions

This chapter discussed a set of mixed OH oxidation experiments in a
photo-oxidation chamber, using B-pinene (biogenic) and Ds (anthropogenic) as
precursors. The SOA mass yields and chemical compositions from single Ds
experiments are compared even though no correction was made for wall losses.
For two component mixtures containing Ds and B-pinene, respectively, the aerosol
yields are slightly lower than the single Ds experiment indicating the formation of
Ds-derived aerosol is superseded by B-pinene SOA due to aerosol dynamics.

The main products produced in mixed condition are from f-pinene
oxidation representing ~80% of mass weighted intensity fraction. Chemical
compositions of Ds-derived aerosol were characterized in terms of elemental
ratios, especially O/Si and C/Si, by high-resolution mass spectrometry. The
results showed that aerosol generated from mixtures was much less oxidized than
unseeded aerosol. That is because a much higher amount of volatile monomers
tend to partition to the particle phase in the presence of large p-pinene SOA
matrix.

The elemental ratios were also studied on a molecule by molecule base and
accurately parameterized by a three-product basis set of decadal volatility (0.01, 1,
100pg/m®). Those employing products having empirical formulas of
C13H44016Si10, C10H30011Sig and CoH»506Sis in unseeded aerosol;  while in
mixed aerosol, three empirical products are thought to be C14H4,013Si1,
C10H30011Sigand CgH306Sis. It is not surprising because B-pinene SOA would
be generated first serving as seed particles to promote the partitioning of more
semi-volatile products. The role as seed of B-pinene SOA with higher volume to
surface area ratio is also convinced by the product volatility estimation showing
that more dimers were observed. Finally mixed products were analyzed by
high-resolution MS/MS which confirms that those mixed products consist of Ds

and B-pinene SOA fragments. No oligomers consisting of intact Ds and B-pinene
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monomers were observed among mixed products suggested that the condensed

phase oligomerization of Ds and 3-pinene oxidation products are not compatible.
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

This dissertation is the first detailed study of aerosol chemical composition,
formation mechanisms, and aerosol yield of aerosol generated from OH oxidation
of the cyclic volatile methyl siloxane (cVMS), decamethylcyclopentasiloxane (Ds).
The use of multiple methods of aerosol generation, reaction and molecular
characterization has allowed the study of aerosol formation under a variety of
reaction conditions that include atmospheric relevant conditions.

The first step of this research was to characterize the chemical composition
of molecular products in secondary aerosol produced from the OH-initiated
oxidation of decamethylcyclopentasiloxane (Ds, C1oH300sSis) by high
performance mass spectrometry. Both of monomer (300 < m/z < 470) and dimer
(700 < m/z < 870) oxidation products were observed among the hundreds of
molecular species assigned. With the aid of high resolution ESI-MS and MS/MS,
it was shown that oxidation leads mainly to the substitution of a CH3 group by OH
or CH,OH, and that a single Ds molecule can undergo many CHs; group
substitutions. Dimers also exhibit OH and CH,OH substitutions and can be
linked by O, CH; and CH,CH; groups. GC-MS confirmed major building blocks
were Ds, one OH substituted Ds and dimers linked by O and CH,, which is
consistent with the ESI-MS results.  Oxidation of D4 (CgH2404Si,) exhibited
similar substitutions and oligomerizations to Ds, though the degree of oxidation
was greater under the same conditions and there was direct evidence for the
formation of peroxy groups (CH,OOH) in addition to OH and CH,OH.

The next step was to study the aerosol formation mechanisms under
varying experimental conditions. In Chapter 3, aerosol mass concentrations were

controlled by adjusting the initial Ds concentrations, both in the absence and

100



presence of ammonium sulfate seed. Aerosol yield was measured for 1 to S5ppbv
of reacted Ds.  For unseeded experiments, the aerosol mass yield ranged from
~0.08 to 0.15 for aerosol mass concentrations between ~1 and 12ug/m®.  For the
unseeded experiments, chemical characterization showed that the molecular
composition is aerosol mass loading dependent in the 1-12 pg/m? range.
Monomers (5 Si atoms/molecule) and dimers (10 Si atoms/molecule) dominated
the mass spectra of aerosols at higher mass loadings while ring opened species
(neither 5 nor 10 Si atoms/molecule) dominated the mass spectra of aerosols at
lower mass loadings.

Molecular signal intensity dependencies on the aerosol volume-to-surface
area ratio suggested that nonvolatile ring opened species are formed in the gas
phase and assist particle formation through condensation, favored in smaller
particles, while dimers are formed by accretion reactions within the particle phase
as the particles grow, favored in larger particles. These conclusions were
supported by experiments in the presence of seed aerosol with similar siloxane
aerosol mass loading but higher volume to surface area ratio, where ring-opened
species are much less prevalent than monomers or dimers and the aerosol yield is
higher.

Finally, Chapter 4 studied the aerosol generated from OH oxidation of Ds
mixed with B-pinene in the photo-oxidation chamber. Under the conditions
studied, B-pinene oxidation was much faster than Ds and it’s secondary aerosol
dominated the overall chemical composition of mixed aerosol. Those produced
B-pinene SOA with large volume would take up more monomers formed from Ds
oxidation to partition and also promote the particle phase reaction of dimers.

Future directions of this research should focus on a wider range of
experimental conditions. Relative humidity should be changed to make the seed
more liquid-like or to be solid to see the effect on the particle phase reaction. This
overall graph of siloxane-derived aerosol could also be utilized into field
measurement or modeling research.
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Appendix A

MOLECULAR FORMULAS FOR IONS DETECTED IN Ds-DERIVED
AEROSOL

Formula M+H* M+Na"

T
T

CeH180,Si; \

C3H1003Si;

C3H1205Si,

C4H14038i2

CeH103Si3 v

CsH1604Si3

CeH2004Si3

C4H14O5Si3

CsH1605Si3

CsH1505Si3

CgH2404Si4

<2 |2

C7H2205Si4

CgH2405Si4

CgH2605Si4 \

CeH2006Si4

C5H22068i4

C7H2206Si4

C7H2406Si4 \

CsH1507Si4

C4H15085i4

2|22 |2 |2 |2 |2 |2 |2 < || |2 (< < |2 |<

CgH2605Sis

CoH2605Sis

C10H2805Sis

C7H2006Sis

CgH2406Sis5

C5H2007Si5

< < |2 |2 |2

C7H220+Sis

C7H240+Sis

CsH150sSis

CsH200¢Sis5

CeH2205Sis

CsH100Sis

C4H16010Sis

C10H3206Sis

CsH2607Sis

2|l |l ||l (2|2 |2 || |2 |2

CoH2505Sis
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C10H3208Sis

C7H2204Sis

CgH2604Sig

CoH2504Sig

CoH3000Sis

CgH28010Sis

C7H26011Sis

CoH30011Sis

Ce6H24012Sis

C11H3404Si7

CoH25010Si7

C10H32010Si7

C11H36010Si7

CgH26011Si7

CoH30011Si7

C11H34011Sisg

C12H35011Sig

CoH2501,Sis

C10H32012Sisg

C11H36012Sisg

C13H40012Sig

L ||| |l (||| ||| |2 |2 |2 |2 (2 |2 |2 |2 |2 |2

C13H40014Si10

Table A- 1: Assigned ring-opened formulas for ions detected in
Ds-derived aerosol.
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Formula

T
T

C10H3005Sis

CgH2506Sis

C10H3006Si5

CgH2607Sis

CoH250+Sis

<
S e R e
=t

C10H3007Sis

C7H24OgSi5

CgH260gSis

CoH2505Sis

C10H3008Sis

CsH2,04Si5

C7H24OgSi5

CoH2500Sis

<
S D P P o P I P o o e e
QD
+

C10H3004Sis

CsH20010Sis

CgH26010Sis

CoH25010Sis

C10H30010Sis5

CoH25011Si5

C10H30011Sis

CsH20013Sis

2|l ||l |2 |2 |2 |2 |L|L |2 |2 |2 |2 |2 |2 |2 |2 |2 |2

C19Hs6010Si10

C20Hs8010Sli10

C18H54011Si10

C19Hs6011S110

C20Hs8011Si10

C17H52012Si10

C18H54012Si10

C19Hs6012Si10

C20Hs5012Si10

C16Hs50013Si10

C17H52013Si19

C1H54013Si10

2|2 |2

C19Hs6013Si10

C20Hs8013Si10

C15H48014Si10

C16H50014Si10

C17H52014Si19

C18H54014Si10

C19Hs56014Si10

C20Hs8014Si10

C14H46015S110

< <2 2 |2 (<

C15H45015S119

C16H50015S119

2L ||l ||l |2 |2 |2 |2 |2 |2 |2 |2 |2 |2 |2 |2 |2 |2 |2 |2 |2 (2
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C17H52015S119

C18H54015Si19

C19Hs6015S110

C13H44016Si10

C16Hs50016Si10

C17H52016Si10

C18H54016Si10

2|2 (L (<2 2 |2 <

C17H52017Si10 \

Table A- 2: Assigned saturated formulas for ions detected in Ds-derived
aerosol.
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T
T

Formula M+H" M+Na"

CoH2606Sis \

CoH2607Sis

C10H2507Sis \ \

C7H2204Sis

C8H24088i 5

CoH2605Sis

C10H2508Sis

CsH2004Si5

C8H24OgSi5

CoH2600Sis

< | |2 ||

C10H2804Sis

C7H2010Sis

CoH26010Si5

C10H28010Sis

CgH24011Sis

CoH26011Si5

C10H28011Sis

C7H201,Sis

C10H28014Sis

C16H48012Si10

<2 |2

C15H46013Si10

< |2 2L ||l ||l || |2 |2 |2 || |2 |2 |2 (<2 <

C16H48013Si10

C17Hs50013Sli10

C19H54013Si10

< |2 | < <

C14H44014Si10

C15H46014Si10

2|2 |2

C13H42015Si19

Table A- 3: Assigned unsaturated formulas for ions detected in Ds-derived
aerosol.
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Appendix B

MOLECULAR FORMULAS AND VOLATILITIES (LOG C") OF THE
CORRESPONDING CANDIDATE STRUCTURES AT 299.15K FOR
PRODUCTS DETECTED IN Ds-DERIVED SECONDARY AEROSOL

Formula logC*(png/m?) Formula logC*(pg/m®)
C4H120,Si, 8.75 C14H42011Sig -3.08
CsH1503Sis 7.75 CoH2501,Sig -5.27
CsH1604Si3 6.41 C10H3,015Sig -5.33
C4H1405Si3 4.56 C11H3401,Sig -5.51
C7H2004Si4 6.82 C11H3601,Sig -5.35
CgH2404Siy 6.82 C1oH36015Sig -5.76
CsH1405Siy 5.04 C1oH35015Sig -5.54
CsH1505Siy 5.04 C1oH40015Sig -5.33
C/H2905Siy 5.21 C13H40015Sig -5.78
C7H2,05Siy 5.40 C14H42015Sig -6.08
C4H1206Siy 2.80 CgH26013Sig -8.51
CsH1606Sis 3.17 CgH39013Sig -8.53
CsH1506Siy 3.04 C10H34013Sig -8.52
CsH2006Sis 3.55 C11H3g013Sig -8.47
CsH1507Sia 1.20 C12H36013Sis -9.14
C/H2,06Siy -1.98 C1oH35013Sig -8.86
C4H140Siy 0.80 C13H40013Sig -9.13
CsH1307Siy 1.20 C14H42043Sig -9.46
CsH2007Siy 1.14 C11H34014Sig -12.62
C4H1604Si4 -1.75 C12H35014Sig -12.58
C;H2,0¢Siy -1.98 C13H40014Sig -12.87
CsH2009Siy -5.21 CoH2045Sig -16.61
CoH2605Sis 5.95 C10H3,045Sig -16.56
C-H2006Sis 4.20 C13H40015Sig -17.03
CgH2406Sis 4.20 C14H42011Sig -0.94
CoH2606Sis 4.22 C11H3,01,Sig -3.25
CoH2506Sis 4.42 C1oH36015Sig -3.25
CsH140+Sis 2.06 C13H35015Sig -3.68
CsH1507Sis 2.06 C13H40015Sig -3.43
C;H»,04Sis 2.29 C14H44015Sig -3.57
CgH»,0+Sis 2.12 C11H34013Sig -6.12
CgH2607Sis 2.54 C1oH3g013Sig -6.26
CoHy50+Sis 2.36 C13H42015Sig -6.37
CsH160¢Sis -0.32 CoH2014Sig -9.21
CesH200gSi5 -0.06 C10H32014Sig -9.36
C;H2,0¢Sis -0.17 C11H36014Sig -9.47
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C7H2404Si5 0.22 C12H40014Sig -9.54
CgH2604Sis 0.09 C11H38015Sig -13.13
CsH1804Si5 -2.91 C13H40015SIg -13.66
CeH2204Si5 -2.60 C11H34016Sig -17.53
CyH2504Si5 -3.03 C12H38016Sig -17.56
C6H22095i5 -2.60 C16H480128i10 -2.44
CsH1504Si5 -2.91 C13H38013Si10 -4.83
C7H220108i5 -6.45 C14H420138i10 -4.83
CgH26010Sis -6.14 C15H46013Si10 -5.16
CoH260;Sis 3.58 C11H3,014Si10 -7.56
C10H3007Si6 3.58 C12H36014Si10 -7.56
C7H2004Sig 1.54 C13H40014Si10 -7.91
C8H24035i6 1.54 C14H44014Si10 -8.21
CyH2504Sis 1.65 C15H48014Si10 -8.47
C10H32,04Sig 1.79 C11H34015Si19 -11.05
CsH1800Sis -0.91 C12H38015Si19 -11.38
C7H2,04Sig -0.80 C13H40015Si10 -11.49
CgH2404Sis -0.96 C13H42015Si19 -11.65
CgH2604Sis -0.66 C14H46015Si10 -11.88
CyH2304Sis -0.82 C10H32016Si19 -14.99
CyH3004Sis -0.50 C11H36016Si10 -15.28
C7H240108i6 -3.41 C12H400165i10 -15.52
CgH»3010Sig -3.22 C11H38017Si39 -19.86
CsH16010Sis -3.74 C15H46015Si11 -7.92
CsH20010Sis -3.59 C13H40016Si11 -10.90
C7H24010Sis -3.41 C14H44016Si11 -11.21
CgH26010Sis -3.51 C15H48016Si11 -11.47
CgH25010Sis -3.22 C11H34017Sip1 -14.28
CsH22011Sis -6.67 C12H3017Si11 -14.60
CgH»3011Sig -7.00 C13H42017Si11 -14.87
C10H32,01:Sig -6.80 C14H46017Si11 -15.10
CgH2601,Sis -10.53 C15H50017Si11 -15.28
C11H3,04Si7 2.74 C13H44018Si11 -19.13
C12H3604Si7 2.74 C14H48018Si11 -19.27
CoH2604Si 0.73 C17H5,016Si12 -8.86
C10H3004Si~7 0.73 C15H46017Si12 -11.81
C11H3404Si7 0.73 C16H50017Si12 -12.19
C7H2001,Si7 -1.65 C17H54017Si12 -12.52
C3H240108i7 -1.65 C15H480188i12 -15.87
CgH3501,Si7 -1.65 C16H52018Si12 -16.17
C10H32010Si7 -1.62 C17H5,018Si12 -16.41
C11H360108i7 -1.54 C13H400188i12 -15.13
C7H201:Siy -4.47 C14H44018Si12 -15.53
C8H260118i7 -4.43 C15H480188i12 -15.87
CoH25011Si7 -4.36 Ci16H52018Si12 -16.17
C9H300118i7 -4.36 C14H460198i12 -19.94
C10H34011Siy -4.26 C15H50010Si12 -20.19
C7H2401,Si7 -7.66 C16H50019Si12 -20.39
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CgH2501,Siy -7.55 C16H54019SI112 -20.41
CgH3,01,Si7 -7.42 C17H50018Si13 -13.06
C11H34045Si7 -8.04 C15H46010Si13 -16.04
CoHyg013Si7 -11.64 C16H48010Sl13 -16.32
C10H32,013Siy -11.52 C16H50019Si13 -16.50
CgH26014Si7 -15.66 C17H54019Si13 -16.91
C12H36010Sig -0.10 C16H52020Si13 -20.99
C13H40010Sig -0.18 C17H56020Si13 -21.31
CgH26011Sig -2.44 C15H5002:Si13 -25.46
C10H30011Sig -2.44 C16H5402:Si13 -25.74
C11H3,01:Sig -2.76 C17H5802:Si13 -25.98
C11H3401:Sig -2.53 C15H46021Si14 -20.62
C12H36011Sig -2.76 C17H5,020Si14 -16.98
C12H3501:Sig -2.59 C16H50021Si14 -21.17
C13H40011Sig -2.81 C17H5402:Si4 -21.65

Table B-1: Molecular formulas and volatilities (logC*) of the
corresponding candidate structures at 299.15K for products detected in Ds-derived
secondary aerosol. The products listed were positively detected in all four samples

of at least one secondary aerosol studied.
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